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Prostate cancer is the most frequently diagnosed non-cutaneous cancer in 
men and the second leading cause of male cancer deaths in the United States. 
The two main risk factors for developing prostate cancer are being male and 
aging, with additional contributions from genetic and environmental factors. 
These genetic and environmental factors may also account for disparities in 
prostate cancer among certain populations, such as men of African ancestry. 
The development of new technologies for characterization of prostate cancer 
specimens at the DNA, RNA, protein, microenvironment, and metabolite 
level has identified multiple ways the disease can be categorized into specific 
subtypes. These subtypes may be reflective of the original, single cell within 
a prostate gland that accumulates sufficient genetic damage—mutations, 
copy number alterations, and chromosomal rearrangements—to progress to 
prostate cancer. Identifying and characterizing the prostate cancer cell of ori-
gin could illuminate strategies to prevent carcinogenesis, cellular transforma-
tion, and ultimately prevent prostate cancer. Additionally, defining prostate 
cancer subtypes based on genomic, transcriptomic, or other features has clini-
cal relevance because these subtypes have been shown to provide prognostic 
information about disease course or predictive information about therapeutic 
responses. Finally, investigating how the various cell types and metabolites 
within a localized or metastatic prostate tumor interact and communicate 
could provide opportunities for developing new targeted therapies.

The purpose of this book is to provide a contemporary overview of the 
causes and consequences of prostate cancer within these cellular and 
genetic frameworks. This book will provide an overview on key cellular 
and genetic aspects of prostate cancer, written by experts in the fields of 
epidemiology, toxicology, cell biology, genetics, genomics, cell–cell 
interactions, cell signaling, hormone signaling, and transcriptional regu-
lation. The following subjects will be reviewed:

• The interplay of genetics, environment, lifestyle, and diet in the develop-
ment and progression of prostate cancer.

• The cell types in the normal prostate gland that are susceptible to muta-
genesis and transformation to become prostate cancer, and how they con-
tribute to different subtypes of prostate cancer.

• Heterogeneity of localized and metastatic prostate cancer and subclassifi-
cation schemes based on genomic and transcriptomic profiles that are 
being used to facilitate patient stratification.

Preface
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• The various cell types that comprise a prostate cancer when the disease is 
localized to the prostate, or has metastasized to distant sites.

• The metabolic milieu and energetic requirements of prostate cancer cells.

Endocrine and cell intrinsic signal transduction and transcriptional regula-
tory pathways that control prostate cancer cell proliferation, survival, invasion, 
and metastasis.

Overall, these chapters should provide the reader with a thorough under-
standing of the origin, development, and progression of prostate cancer from a 
cellular and genetic perspective. This book will be distinguished from other 
books on prostate cancer because of this focus on cellular and genetic mecha-
nisms as opposed to clinical diagnosis and management. As a result, this book 
will be of broad interest to basic and translational scientists with familiarity of 
these topics, as well as trainees at earlier stages of their research careers.

Minneapolis, MN, USA Scott M. Dehm 
Rochester, MN, USA  Donald J. Tindall 
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Diet and Lifestyle in Prostate 
Cancer

Kathryn M. Wilson and Lorelei A. Mucci

Prostate cancer is the most commonly diagnosed 
non-skin cancer among men in the United States 
(US). In addition, three million men in the US are 
prostate cancer survivors. Given the large public 
health burden of prostate cancer, the identifica-
tion of the factors associated with prostate cancer 
prevention could improve health and outcomes 
for men.

A variety of diet and lifestyle factors have 
been studied with respect to prostate cancer risk 
in large, prospective cohort studies. More 
recently, researchers have begun to study the 
association of diet and lifestyle with prostate can-
cer survival after diagnosis. Cohort studies are 
generally considered to be a higher level of evi-
dence than case-control studies, which are sus-
ceptible to recall bias and selection bias. For this 
reason, we focus on results from prospective 
cohort studies when possible. The major cohort 
studies with results discussed in this chapter are 
summarized in Table 1.

In spite of this work, few modifiable risk fac-
tors have been firmly established as playing a 
role in prostate cancer. Among modifiable risk 
factors, smoking and obesity are consistently 
associated with higher risk specifically of 
advanced prostate cancer. There is also consider-

able evidence for a positive association between 
dairy intake and overall prostate cancer risk, and 
an inverse association between cooked tomato/
lycopene intake and risk of advanced disease. 
Several other dietary factors consistently associ-
ated with risk in observational studies, including 
selenium and vitamin E, have been cast into 
doubt by results from clinical trials. Results for 
other well-studied dietary factors, including fat 
intake, red meat, fish, vitamin D, soy and phy-
toestrogens are mixed.

Migrant studies have found that moving from 
countries with low prostate cancer incidence to 
countries with high incidence increases the risk 
of prostate cancer over time. Among Japanese [1, 
2] and Korean [3] immigrants to the US, Chinese 
immigrants to the US and Canada [4], and 
European immigrants to Australia [5] prostate 
cancer risk is much higher than that of their 
native counterparts, but still below that of white 
men born in the US, Canada, and Australia. This 
suggests that there are important environmental 
contributors to prostate cancer risk in addition to 
strong genetic factors.

The lack of well-established modifiable risk 
factors for prostate cancer compared to other 
common cancers is likely due to several possi-
bilities. First, prostate cancer has among the 
highest heritability of all common cancers [6]; 
second, early life exposures may play an impor-
tant role in risk, rather than mid- and later-life 
exposures assessed in most epidemiological 

K. M. Wilson (*) · L. A. Mucci 
Channing Division of Network Medicine, Harvard 
Medical School, Brigham and Women’s Hospital, 
Boston, MA, USA
e-mail: kwilson@hsph.harvard.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-32656-2_1&domain=pdf
mailto:kwilson@hsph.harvard.edu
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 studies. Finally, prostate-specific antigen (PSA) 
screening plays a critical role in prostate can-
cer detection and incidence rates, which has 
important implications for epidemiological 
studies. It is important to understand the impact 
of PSA screening on prostate cancer epidemi-
ology, as screening must be considered in the 
interpretation of risk factor studies. We will 
briefly discuss this below, and we will then 
review current evidence on dietary and other 
lifestyle factors, including tobacco use, obe-
sity, and physical activity. For each of these 
potential risk factors, we will discuss findings 
for both incidence and survival, if available. A 
summary of risk factors for prostate cancer is 
provided in Table 2.

 The Impact of PSA Screening 
on Epidemiological Studies 
of Prostate Cancer

Autopsy studies have shown that latent prostate 
cancer is quite common. A review of 19 studies 
of prostate cancer prevalence upon autopsy 
found that 29% of white men aged 60–69 and 
36% aged 70–79 had undiagnosed prostate can-
cer at the time of death, with even higher preva-
lence among black men [7]. Screening by 
prostate specific antigen (PSA) allows for the 
detection of these lesions, many of which would 
never come to light clinically in the absence of 
screening. Thus, PSA screening has a great 
impact on incidence rates and the clinical pre-
sentation of prostate cancer in populations where 
it has been introduced.

The mix of indolent and aggressive disease 
in a given study population will depend on the 
time period of the study and the PSA screening 
practices in the population. This makes is dif-
ficult to compare relative risks for “total” pros-
tate cancer across studies, as relative risks will 
reflect a weighted average of indolent and 
aggressive disease specific to the time and 
place in which the study was conducted. To 
deal with this, it is helpful to assess associa-

tions separately for fatal or advanced stage dis-
ease and localized disease, and/or to stratify 
results by pre-PSA and PSA time periods. 
Some studies also look at associations for 
high-grade and low-grade disease separately; 
however, changes in grading over time, along 
with between-pathologist differences in grad-
ing, introduce substantial misclassification into 
grade-based categorization in large cohort 
studies [8].

Table 2 Summary of epidemiological evidence on diet 
and lifestyle in prostate cancer

Risk factor Direction of effecta

Well-confirmed risk factors
Height ↑
Probable relationship exists, based on substantial data
Insulin-like growth factor 1 ↑
Smoking ↑ (advanced 

disease)
Obesity/Body mass index ↑ (advanced 

disease)
Obesity/Body mass index ↓ (localized 

disease)
Physical activity (vigorous) ↓ (advanced 

disease)
Dairy intake ↑
Fish intake ↓ (advanced 

disease)
Lycopene/tomato intake ↓
Weak, if any, relationship exists, based on substantial 
data
Total fat intake –
Alpha-tocopherol supplements –
Selenium supplements –
Childhood/young adult body size –
Inconsistent findings or limited study to date
Long-chain marine fatty acid 
intake

–

Alpha-linolenic acid intake ↑
Red & processed meat intake –
Calcium intake ↑
Vitamin D ↓ (advanced 

disease)
Soy/phytoestrogen intake ↓
Dietary vitamin E intake ↓ (advanced 

disease)
Dietary selenium intake ↓

aArrows indicate direction of relationship: ↑: increase in 
risk; ↓: decrease in risk; —: no association

K. M. Wilson and L. A. Mucci
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 Dietary Factors and Prostate Cancer 
Risk and Survival

A western dietary pattern has long been sus-
pected to contribute to prostate cancer risk based 
on ecologic studies that compared prostate can-
cer mortality rates around the world and migrant 
studies as discussed above. Early ecologic stud-
ies demonstrated the striking disparity in animal 
product and fat consumption between high-risk 
(US, Sweden) and low-risk (Japan, China) coun-
tries [9]. Such studies are quite limited, however, 
as they do not assess individual-level behaviors 
and subsequent disease outcomes and are unable 
to account for confounding elements.

Western dietary patterns are also implicated 
based on the strong evidence of positive associa-
tions of adult height and circulating insulin-like 
growth factor 1 (IGF-1) levels with prostate can-
cer risk. Both height and circulating IGF-1 levels 
reflect, in part, nutritional status.

Height. A systematic review found 22 out of 
25 studies of height and prostate cancer incidence 
reported positive associations [10]. The dose- 
response meta-analysis found a significant 4% 
increase in risk of prostate cancer overall per 
5 cm increase in height (95% CI 1.03–1.05). The 
same review found that four of five studies on 
height and risk of prostate cancer mortality 
reported positive associations. Results were con-
sistent for non-advanced, advanced, and fatal dis-
ease. Two large pooled analyses [11, 12] found 
very similar results for associations of height 
with prostate cancer incidence as well as 
mortality.

Adult height partially reflects nutritional sta-
tus in early life [13–15], which impact circulating 
growth factors and other hormones during child-
hood and puberty [16]. Although genetics plays a 
major role in determining height, [17], dietary 
factors are essential to reach the genetic poten-
tial. Total energy intake, protein, and dairy intake 
in childhood are all associated with greater 
attained height [18–20].

IGF-1. Total energy intake and protein intake 
are, in turn, positively associated with circulating 
IGF-1  in children and adults in observational 
studies [21, 22] and in feeding trials [23]. In addi-

tion, adult height is positively correlated with 
IGF-1. [24] IGF-1 is a major growth-regulating 
molecule, which is a potent mitogen that can also 
inhibit apoptosis. It is secreted mainly by the 
liver but is also produced in several other tissues, 
including the prostate, in response to growth 
hormone.

Adult levels of circulating IGF-1 have consis-
tently been associated with increased risk of 
prostate cancer. A pooled analysis of data from 
3700 cases and 5200 controls in 12 prospective 
cohort studies [25] found an odds ratio of 1.38 
(95% CI 1.19–1.60, p-trend = <0.001) for pros-
tate cancer comparing the top to bottom quintile 
of serum IGF1. The association was stronger for 
low-grade than for high-grade disease, but did 
not vary by stage of disease. Adjustment for vari-
ous sex hormone levels also measured in 8 of the 
12 studies did not affect the IGF-1 results. Results 
from a meta-analysis of 42 retrospective and pro-
spective studies found a similar significant and 
positive association for IGF-1 and prostate can-
cer risk [26].

Evidence supporting associations of height 
and IGF-1 with prostate cancer is quite consistent 
across study populations. In combination with 
results from migrant studies and the large geo-
graphical variation in incidence rates of prostate 
cancer, this suggests that nutritional status plays 
some role, perhaps early in life, in the develop-
ment of prostate cancer. A variety of specific 
dietary factors have been investigated in detail 
with respect to prostate cancer risk, including fat 
intake, meat intake, intake of fish and marine- 
derived long-chain fatty acids, dairy products and 
calcium, vitamin D, tomato and lycopene, soy 
and phytoestrogens, vitamin E, and selenium. 
Each is discussed in detail below.

 Fat Intake

Driven by early ecologic studies, dietary fat 
intake has been of great interest in studies of diet 
and prostate cancer, as high fat intake, particu-
larly from animal sources, is a major attribute of 
the western diet. However, a meta-analysis of 14 
prospective cohort studies found no association 
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between total fat intake and risk of prostate can-
cer [27]. Intakes of saturated, polyunsaturated, 
and monounsaturated fats were also not associ-
ated with risk, and fat intakes were not associated 
with risk of advanced stage disease.

Several prospective studies have evaluated 
intake of specific fatty acids in relation to pros-
tate cancer. In western diets, alpha-linolenic acid 
(ALA) is the principal dietary n-3 (or omega-3) 
fatty acid. Commonly consumed foods rich in 
ALA include: mayonnaise, vegetable oils, mar-
garine, walnuts, cheese, beef, pork, and lamb. 
Several meta-analyses of ALA intake and pros-
tate cancer have found no association with over-
all disease risk, though there appears to be 
significant heterogeneity between studies [28–
30]. The Health Professionals Follow-up Study 
(HPFS) cohort found that ALA intake was not 
associated with overall prostate cancer risk but 
was associated with significantly increased risk 
of fatal prostate cancer [31]. This positive asso-
ciation between ALA intake and risk of lethal 
disease was observed among cases diagnosed 
prior to the advent of PSA screening (~1994), 
and not for cases diagnosed in the PSA-screening 
era [32]. Two other prospective studies of ALA 
intake did not find increased risks for more 
advanced prostate cancer; however, both were 
limited by low case numbers [33, 34], while a 
fourth prospective study did not examine associa-
tions specifically with advanced disease [35].

A pooled analysis [36] of individual-level data 
from seven prospective studies with measured 
blood levels of ALA found no association with 
overall prostate cancer risk. There was some sug-
gestion of heterogeneity by stage of disease 
(p  =  0.032), with no significant association for 
localized disease and a borderline significant 
inverse association for risk of advanced prostate 
cancer (OR 0.68, 95% CI 0.46–1.00); however, 
the number of advanced cases was low in the 
seven included studies. There was no suggestion 
of an association between blood ALA levels and 
risk of high- or low-grade disease. Overall it does 
not appear that ALA is an important risk factor 
for prostate cancer; however, the evidence in this 
area is unusually inconsistent across studies.

The role of long-chain n-3 fatty acids in pros-
tate cancer has also been debated; see the section 
below on fish intake for discussion.

Survival. Fewer studies have examined the 
association between fat intake and survival 
among men with prostate cancer, but these stud-
ies are consistent in finding improved survival 
with increased vegetable fats and poorer survival 
with saturated and animal fats. In the Physicians’ 
Health Study (PHS) men who consumed more 
saturated fat in place of carbohydrate in the post- 
diagnosis diet were at increased risk of cancer- 
specific and all-cause mortality [37]. Increased 
intake of vegetable fats after diagnosis was asso-
ciated with lower risk of all-cause, but not cancer- 
specific, mortality. In HPFS, post-diagnosis 
vegetable fat intake was associated with signifi-
cantly lower risk of both cancer-specific and all- 
cause mortality. Higher intakes of saturated and 
trans fats were positively associated with all- 
cause mortality [38]. A study of men diagnosed 
with prostate cancer in Sweden found that those 
reporting a higher intake of saturated fat at the 
time of diagnosis were at significantly greater 
risk of prostate cancer mortality [39]. To date, the 
literature has been consistent in showing that 
higher intakes of vegetable fats and lower intake 
of animal and saturated fats after diagnosis are 
associated with improved cancer-specific and 
overall survival.

 Meat Intake

Red meat and processed meat have both been 
intensively studied as possible risk factors for 
prostate cancer, as both are notable components 
of the western diet. However, meat intake does 
not appear to be associated with prostate cancer 
risk.

A meta-analysis of 11 prospective studies 
found a combined relative risk for extreme cate-
gories of red meat intake of 0.98 (95% CI 0.93–
1.04) for total prostate cancer and 1.01 (95% CI 
0.94–1.09) for advanced prostate cancer (8 stud-
ies) [40]. A recent pooled analysis of individual 
data from 15 cohort studies also found no 
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 association between red meat intake and risk of 
total or fatal prostate cancer [41].

For processed meat, the meta-analysis of 11 
prospective studies found a relative risk for 
extreme categories of intake of 1.05 (95% CI 
0.99–1.12) for total prostate cancer and 1.10 
(95% CI 0.95–1.27) for advanced cancer (8 stud-
ies) [40]. There was evidence of publication bias 
for processed meat studies, and risk estimates 
were weaker in more recent studies that adjusted 
for more potential confounders. The pooled anal-
ysis of 15 cohorts found a suggestion of a slight 
increase in risk of total prostate cancer for the 
highest category of processed meat intake, 
though there was no significant trend across cat-
egories (HR 1.04, 95% CI 1.01–1.08, 
p-trend = 0.29); there was no association for fatal 
disease [41]. Similarly, several more recent stud-
ies found no associations for red or processed 
meat. One paper found no evidence that red or 
processed meat was associated with risk total or 
advanced prostate cancer among African- 
Americans in the NIH-AARP Diet and Health 
Study [42]. A study [43] focused on the PSA 
screening era in the HPFS cohort also found no 
associations of meat intake with lethal prostate 
cancer. Finally, a study in the Netherlands found 
no association between low- or no meat con-
sumption and risk of prostate cancer [44].

One possible mechanism by which red meat 
could raise the risk of cancer is through heterocy-
clic amines (HCA) formed during cooking [45–
48]. HCAs are mutagenic compounds formed 
during cooking of muscle of meat and fish at high 
temperatures. Preference for doneness of red 
meat and calculated intakes of common HCAs 
have been studied with respect to prostate cancer 
in several prospective studies with mixed results. 
Three found no clear associations between done-
ness or HCA intake and risk of prostate cancer 
[47–49]. Three found positive associations 
between well done red meat [42, 45, 46, 50], as 
well as HCA intake [50], and risk of prostate can-
cer, including advanced disease. Overall, intakes 
of red and processed meat do not appear related 
to prostate cancer risk; however, well-done red 
meat and the associated carcinogens may play 
some role.

Survival. In a study of post-diagnosis meat 
intake and survival among men diagnosed with 
apparently localized prostate cancer, one study 
found suggestive but not statistically significant 
associations between intake of red meat and 
poultry and risk of lethal prostate cancer [43]. 
Another study found that a “Western dietary pat-
tern”, characterized by higher intakes of red and 
processed meats, high-fat dairy, and refined 
grains, was associated with increased risk of 
prostate cancer-specific and all-cause mortality 
[51]. Finally, a study [52] among men surgically 
treated for localized cancer found that lower 
intakes of red meat, particularly well-done red 
meat, and higher intakes of poultry and fish were 
associated with lower risk of PSA recurrence, 
independent of stage and grade of disease. 
Overall, it appears that lower intakes of red meat 
may be associated with improved survival, which 
is consistent with the findings on post-diagnosis 
fat intake and survival discussed above.

 Fish Intake and Marine Fatty Acids

Populations with a high consumption of fish, for 
example in Japan and among Alaskan natives, 
have lower rates of prostate cancer than popula-
tions with western dietary patterns, where fish 
intake is generally lower [53–55]. Fish contain 
long-chain marine n-3 fatty acids (eicosapentae-
noic acid, EPA, [20:5n-3] and docosahexaenoic 
acid, DHA, [22:6n-3]), which can modify inflam-
matory pathways and may therefore affect pros-
tate cancer risk and progression [56]. Indeed, a 
study among men without cancer in the Prostate 
Cancer Prevention Trial (PCPT, a randomized 
trial of finasteride for prostate cancer prevention) 
found that men with higher serum levels of n-3 
fatty acids had lower levels of prostatic inflam-
mation [57].

However, the role of fish and long-chain fatty 
acids in prostate cancer has been debated due to 
reports from PCPT and The Selenium and 
Vitamin E Cancer Prevention Trial (SELECT) of 
significant positive associations between higher 
concentrations of serum long-chain n-3 fatty 
acids and risk of high-grade disease [58]. Neither 
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trial had enough advanced or fatal cases to study 
those outcomes separately.

The European Prospective Investigation into 
Cancer and Nutrition (EPIC) cohort found a posi-
tive association between serum EPA and risk of 
high-grade disease, consistent with PCPT and 
SELECT. However, they observed no association 
with advanced or fatal disease [59]. The PHS 
cohort [60] assessed whole blood fatty acid con-
tent and also found no association with advanced 
disease, and a significant inverse association with 
localized disease.

A pooled analysis of seven prospective studies 
[36], including all four discussed above, found a 
significantly increased risk of total prostate can-
cer with higher serum levels of both EPA and 
DHA.  Risk was approximately 15% higher for 
men in the highest quintile of either fatty acid 
compared to men in the lowest quintile of that 
fatty acid. However, there was significant hetero-
geneity between studies (p  =  0.02 for EPA, 
p < 0.001 for DHA). Thus there may be modest 
positive associations between blood levels of 
marine long-chain fatty acids and risk of total 
prostate cancer; however, it is unclear if these 
associations are causal, and the reason for hetero-
geneity across studies is unclear. Differences in 
PSA screening may explain some of the hetero-
geneity. The positive associations were stronger 
for cases diagnosed after 2000 than those diag-
nosed earlier. In addition, the vast majority of 
cases from the SELECT and PCPT trials were 
screen-detected, whereas the PHS, which found 
inverse associations, contained many cases diag-
nosed between 1982 and 1995, prior to the onset 
of widespread PSA screening in the US.

Multiple studies have examined questionnaire- 
assessed intake of fish and fish-derived long- 
chain fatty acids. A 2010 meta-analysis of fish 
intake found no association between fish con-
sumption and incidence of total prostate cancer; 
for the highest versus lowest category of intake 
across 12 cohort studies the relative risk was 1.01 
(95% CI 0.90–1.14) [61]. However, in four cohort 
studies of prostate cancer-specific mortality, fish 
intake was associated with a significantly lower 
risk (RR 0.37, 95% CI 0.18–0.74). A recent sys-
tematic review [62] of long-chain n-3 fatty acids 

found similar results, with no association for risk 
of overall prostate cancer, and an inverse associa-
tion for prostate cancer mortality. Of seven stud-
ies investigating associations between long-chain 
n-3 fatty acid intake and prostate cancer-specific 
mortality, five found significant inverse associa-
tions and two found non-significant inverse asso-
ciations. A study in Iceland, where there is a 
tradition of fish-oil consumption, found that fish 
oil consumption in later life was associated with 
a lower risk of advanced prostate cancer [63].

The recently completed VITAL trial [64] 
tested marine n-3 fatty acids (at a dose of 1 g per 
day, equal to about 4 servings/week of fish) in the 
primary prevention of cardiovascular disease and 
cancer among 12,786 men 50  years of age or 
older. Mean follow-up was 5.3 years. There was 
no difference in the incidence of prostate cancer 
(a predefined secondary outcome) between 
groups. (N = 411 total cases, RR = 1.15, 95% CI 
0.94–1.39). However, low power and a relatively 
short follow-up time limit the conclusions that 
can be drawn from this null result.

Overall, current evidence is quite mixed 
regarding associations of serum fatty acid levels 
and fish intake with risk of disease by both grade 
and stage. Additional studies in cohorts with 
long-term follow-up are needed to draw conclu-
sions about the role of fish, fish oil supplements, 
and specific long-chain omega-3 fatty acids in 
prostate cancer risk and progression.

 Dairy Products and Calcium

Dairy products, in addition to containing a sub-
stantial amount of animal fat, are the most com-
mon dietary sources of calcium and vitamin D, 
all of which have been implicated in prostate can-
cer risk. The strong correlation between dairy 
foods and these nutrients create challenges in try-
ing to disentangle their independent effects. A 
meta-analysis conducted as a part of the AICR/
WCRF Continuous Update Project found a statis-
tically significant increased risk of total prostate 
cancer with higher intakes of dairy products and 
dietary calcium (i.e. from foods, not supple-
ments) [10]. The combined estimate across 15 
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cohort studies found a 7% increased risk per 
400 g of dairy products per day (95% CI 2–12%) 
and 5% increased risk per 400 mg of dietary cal-
cium (95% CI 2–9%). Intakes of milk, cheese, 
and total calcium (i.e. foods plus supplements) 
were also positively associated with risk. There 
was evidence of non-linear associations for cal-
cium (from foods alone and total intake), with 
positive associations more pronounced at very 
high intakes (>1500 mg/day).

Associations according to stage of disease 
were less clear, with significant positive associa-
tions for non-advanced disease but not for 
advanced disease for both dairy and dietary cal-
cium. However, across five studies of fatal can-
cer, the association with dairy was an 11% 
increased risk per 400 g per day (95% CI −8% to 
33%), quite similar to the risk estimate for overall 
prostate cancer, but with lower power and a wide 
confidence interval.

Estimates for total calcium were somewhat 
weaker than for dietary calcium, suggesting that 
some other component of dairy, rather than cal-
cium itself, is driving the dietary calcium esti-
mates. However, interpretation of this, too, is 
complicated, as the only two studies that exam-
ined total calcium and fatal prostate cancer found 
a significantly increased risk (RR 1.11, 95% CI 
1.02–1.21). In addition, there was significant het-
erogeneity for the total calcium estimate based 
on study follow-up time, with a non-significant 
association with total prostate cancer in six stud-
ies with less than 10 years of follow-up, but a sig-
nificant positive association in three studies with 
10 or more years of follow-up. This heterogene-
ity by follow-up time is supported by a report 
from the HPFS [65], which found a significant 
association between total calcium intake 
12–16 years prior to diagnosis of advanced pros-
tate cancer, but not for shorter time periods 
between intake and diagnosis. This suggests that 
calcium may play a role early in the carcinogen-
esis process.

Possible mechanisms linking dairy or calcium 
and prostate cancer risk include the down- 
regulating effect of high calcium intake on vita-
min D levels [66] and the positive association 
between dairy and IGF-1 levels [67]. The positive 

association observed for low-fat or skim milk 
argues against dairy fat playing an important role 
in the association.

Interestingly, the HPFS cohort also found a 
positive association between phosphorus intake 
and risk of total, lethal, and high-grade prostate 
cancer, independent of the association with cal-
cium [65]. In contrast to the pattern observed for 
calcium, the phosphorus association was stron-
gest for intakes shortly before the time of diagno-
sis (0–4  years). Phosphorus, like calcium, is 
concentrated in dairy, but is more widespread in 
other foods than is calcium. Fewer studies have 
examined phosphorus than calcium, particularly 
with respect to advanced or fatal disease, but this 
should be explored in other studies. High phos-
phorus intake increases parathyroid hormone, 
which promotes bone remodeling [68]. Prostate 
cancer preferentially metastasizes to bone and is 
more likely to spread to bone with higher remod-
eling activity [69, 70].

Overall, there is substantial evidence that 
dairy intake is associated with increased prostate 
cancer risk; however, the role of calcium, phos-
phorus, or other specific components is less clear.

Survival. There have been three studies of 
post-diagnosis dairy intake and prostate cancer 
survival among men diagnosed with apparently 
localized disease. HPFS and a Swedish study 
both found that higher post-diagnosis intake of 
whole milk was associated with worse survival 
[71, 72], while higher intake of low-fat dairy was 
associated with improved survival that was statis-
tically significant in HPFS and suggestive in the 
Swedish population. On the other hand, PHS 
reported that intake of total dairy, including both 
high- and low-fat dairy foods, was associated 
with increased risk of all-cause and prostate 
cancer- specific mortality [73]. Thus, evidence 
has consistently shown that high-fat dairy after 
diagnosis is associated with worse survival, 
whereas the role of low-fat dairy is uncertain.

 Vitamin D

Vitamin D, which is an important regulator of 
calcium homeostasis, has also been considered as 
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a prostate cancer risk factor. The main source of 
vitamin D is endogenous production in the skin 
resulting from sun exposure, and diet is a second-
ary source. Dihydroxyvitamin D [1,25(OH)2D] is 
a steroid hormone involved in regulating differ-
entiation and proliferation of many cell types, 
including prostate epithelial cells, which express 
functional vitamin D receptors. 1,25(OH)2D is 
the most biologically active form, whereas 
hydroxyvitamin D [25(OH)D] is found in much 
higher concentrations in blood and better reflects 
sun and dietary exposure, as its levels are less 
strictly regulated by the body.

A meta-analysis of circulating 25(OH)D lev-
els in 14 prospective nested case-control studies 
found no association with total prostate cancer 
risk (OR 1.04, 95% CI 0.99–1.10) [74]. In six 
studies of aggressive prostate cancer, defined as a 
mix of high grade and advanced stage, there was 
also no association (OR 0.98, 95% CI 0.84, 1.15); 
however, there was evidence of heterogeneity 
between studies. A similar null association was 
found in another meta-analysis [75]. A consor-
tium of cohort studies with 518 fatal cases and 
2986 controls similarly found no association 
between 25(OH)D and risk of fatal prostate can-
cer. However, there was evidence that the 25(OH)
D association may be modified by genetic varia-
tion in several vitamin D-related genes [76].

Five large studies published after these meta- 
analyses have had mixed results. The PCPT [77] 
found no association overall, but a significant 
inverse association between 25(OH)D and high- 
grade cancer. Conversely, a Swedish study [78] 
found a suggestive positive association with total 
prostate cancer, and the ATBC study [79], a 
cohort of Finnish smokers, found a significantly 
increased risk of total and aggressive (stage 3 or 
4 or Gleason grade 8+) disease. Finally, the 
SELECT [80] trial reported a U-shaped relation-
ship between circulating Vitamin D and risk of 
total prostate cancer, with significantly lower risk 
in the middle quintile relative to the lowest quin-
tile and no difference in risk between the highest 
and lowest quintiles.

The recently completed VITAL trial [81] 
tested vitamin D3 (cholecalciferol) at a dose of 
2000  IU per day (together with fish oil) in the 

primary prevention of cardiovascular disease and 
cancer among 12,786 men 50  years of age or 
older with mean follow-up of 5.3  years. There 
was no association between vitamin D supple-
mentation and prostate cancer incidence (N = 411 
total events, RR 0.88 (0.72–1.07)). However, as 
with the VITAL results for fish oil supplements, 
the limited power and short follow-up time of the 
trial limit how informative this null result is.

1,25(OH)2D has been less studied than 25(OH)
D.  However, a meta-analysis of seven prospec-
tive studies of 1,25(OH)2D found no association 
with total prostate cancer (OR 1.00, 95% CI 
0.87–1.14). Only two studies have looked at 
1,25(OH)2D and risk of aggressive disease (both 
based on high grade, or advanced stage, or pros-
tate cancer death) with a suggestive combined 
odds ratio of 0.86 (95% CI 0.72–1.02) [82].

Survival. In spite of the null findings for asso-
ciations between vitamin D and incidence of total 
or aggressive disease, there is some evidence that 
vitamin D plays a role in prostate cancer progres-
sion. Several studies have found inverse associa-
tions between 25(OH)D and survival among 
prostate cancer patients [83–86], though others 
have not [79, 87]. In addition, genetic variants in 
the vitamin D pathway are associated with risk of 
recurrence or progression and prostate cancer- 
specific mortality [76, 85, 88]. Genetic variants 
in the vitamin D receptor were associated with 
Gleason score in some studies [89, 90], and high 
expression of the vitamin D receptor protein in 
prostate cancer tissue was associated with lower 
risk of prostate cancer mortality among men with 
prostate cancer in the HPFS and PHS cohorts, 
with adjustment for PSA at diagnosis, Gleason 
grade, and stage [91].

Thus, while vitamin D exposure does not 
seem to be associated with lower risk of prostate 
cancer incidence, several lines of evidence sug-
gest that the vitamin D pathway may play a role 
in prostate cancer progression.

 Lycopene and Tomatoes

Tomatoes and lycopene, a carotenoid consumed 
mainly from tomato products, have been the 
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focus of many studies due to early reports of a 
significant inverse association between intake 
and risk of prostate cancer [92]. A meta-analysis 
[93] found significant inverse associations 
between both questionnaire-assessed lycopene 
intake and circulating lycopene levels and risk of 
prostate cancer. Across 16 case-control and 9 
prospective studies, men with the highest lyco-
pene intake had a 12% lower risk of prostate can-
cer compared to men with the lowest intakes 
(95% CI 0.78–0.98, p = 0.02).

A pooled analysis of data from 15 prospective 
studies found no association between circulating 
lycopene levels and risk of overall prostate can-
cer (OR 0.97, 95% CI 0.86–1.08 for top versus 
bottom quintile). However, there was significant 
heterogeneity by stage, with higher lycopene 
associated with lower risk of advanced, but not 
localized disease. Men in the highest quintile of 
circulating lycopene had a HR of 0.65 (95% CI 
0.46–0.91, p-trend = 0.03) for advanced stage or 
fatal prostate cancer compared to men in the low-
est quintile.

These findings are in agreement with those 
from the HPFS cohort [94] based on lycopene 
intake assessed by questionnaire, which found a 
stronger inverse association with lethal cancer 
(death or distant metastatic disease) than for total 
prostate cancer. The HR for lethal cancer was 
0.72 (95% CI 0.56–0.94, p-trend = 0.04) for the 
highest versus lowest quintile. This inverse asso-
ciation with lethal cancer was stronger among a 
sub-cohort of men who received PSA tests (HR 
0.47, 95% CI 0.29–0.75, p-trend = 0.009), sug-
gesting the association is not related to differ-
ences in screening or detection.

Cooked or processed tomato products, such as 
tomato sauce, tomato soup, and ketchup, offer 
more readily bioavailable sources of lycopene 
than fresh tomatoes [95]. Accordingly, some epi-
demiologic studies have found significant inverse 
effects for tomato sauce while reporting weaker 
results for raw tomato intake and no significant 
influence for tomato juice [96]. The correlation 
between dietary estimates of lycopene based on 
food frequency questionnaires and circulating 
levels measured in blood are relatively low, rang-
ing from 0 to 0.47 [96]. A clinical trial found that 

men assigned to consume one serving per day of 
either tomato sauce, tomato juice, or tomato soup 
for at least 2 weeks had significant increases in 
both plasma and prostatic lycopene levels [97].

Experimental studies suggest that lycopene 
can inhibit angiogenesis, perhaps through regula-
tion of vascular endothelial growth factor (VEGF) 
and the PI3K-Akt and ERK/p38 signaling path-
ways [98–101]. Interestingly, three measures of 
tumor angiogenesis—microvessel diameter and 
area and irregularity of the vessel lumen—were 
all associated with lycopene intake such that 
those with higher intakes had more favorable 
angiogenesis markers [94]. These angiogenesis 
markers are associated with risk of lethal disease 
independent of grade [102]. Overall, there is 
fairly consistent evidence that lycopene is associ-
ated with lower risk of advanced or fatal prostate 
cancers, and experimental evidence supports this 
observation.

Survival. Among men diagnosed with aggres-
sive prostate cancers in the American Cancer 
Society’s Cancer Prevention Study II Nutrition 
Cohort (CPS II), high lycopene intake before and 
after diagnosis was consistently associated with 
improved survival; however, there was no asso-
ciation between lycopene intake and survival 
when all prostate cancer cases were included 
[103].

 Soy/Phytoestrogens

Traditional Asian diets are notably high in phy-
toestrogens, chiefly from soy-based foods. 
Intakes of soy and phytoestrogens are low in the 
typical western diet. Because there are stark dif-
ferences in incidence of prostate cancer between 
Asian and western countries, these foods and 
compounds have been of interest with respect to 
prostate cancer risk.

Dietary phytoestrogens, naturally occurring 
constituents of plants, are divided into two main 
categories: lignans and isoflavonoids. Lignans 
occur in whole-grain bread, seeds, berries, vege-
tables, and tea, while the main source of isoflavo-
noids is soy beans and soy products. The primary 
isoflavones in soy are genistein and daidzein. 
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Animal studies have suggested that phytoestro-
gens may play a role in prostate cancer initiation 
and progression through estrogenic effects, inhi-
bition of angiogenesis, antioxidant activity, stim-
ulation of apoptosis, and inhibition of cell growth 
[104–108].

A meta-analysis [109] of 16 studies of soy 
intake and total prostate cancer risk found a sig-
nificant inverse association, with a relative risk of 
0.70 (95% CI 0.58–0.85) for the highest versus 
lowest intakes. The association was stronger for 
unfermented soy foods (including soy milk, tofu, 
and soybeans) and was not significant for fer-
mented soy foods (miso and natto). In addition, 
the inverse association was more pronounced 
among the nine case-control studies than in the 
seven prospective cohort studies. In four prospec-
tive studies that examined risk of advanced dis-
ease specifically there was no association with 
soy intake. The meta-analysis also included nine 
studies of circulating genistein and seven of cir-
culating daidzein and found no association 
between these isoflavones and prostate cancer 
risk.

Another meta-analysis of questionnaire- 
assessed phytoestrogen intakes [110] found a sig-
nificant inverse association with total prostate 
cancer risk in 18 case-control studies (RR for 
highest versus lowest category 0.69, 95% CI 
0.57–0.81) and a borderline significant inverse 
association in 11 cohorts studies (RR 0.87, 95% 
CI 0.89–1.00). However, there was a suggestion 
of publication bias. In addition, the borderline 
significant association in prospective studies sug-
gests that selection and/or recall bias may explain 
some of the results seen in the case-control 
studies.

The Multiethnic Cohort Study (MEC) [111], 
conducted among men in Hawaii and California, 
was the largest study included in both meta- 
analyses. There was a suggestion of an inverse 
association between soy foods and overall pros-
tate cancer risk (HR 0.90, 95% CI 0.80–1.01, 
p-trend = 0.20 for the highest versus lowest ter-
tile), and a borderline significant association for 
high-grade or nonlocalized prostate (HR 0.78, 
95% CI 0.62–0.98, p-trend = 0.05). There was no 
inverse association between soy food and pros-

tate cancer risk among the Japanese-American 
men in the study, who had higher soy intakes than 
the white, Latino, and African-American men. 
Two cohort studies in Japan that involved study 
populations with much higher soy intake than in 
MEC found suggestive, but not statistically sig-
nificant, inverse associations with prostate cancer 
[112, 113].

Overall, weak inverse associations have been 
observed between soy and isoflavone intake; 
however, the lack of association for circulating 
isoflavone levels, along with the weaker results 
among prospective studies and among popula-
tions with higher soy intake suggest that the 
observed associations may be due to bias (selec-
tion bias, recall bias, confounding) rather than an 
underlying causal association. Additional pro-
spective cohort studies are needed in populations 
with high soy intake to determine whether there 
is, in fact, an inverse association with disease 
risk.

Survival. One clinical trial [114] of soy pro-
tein supplementation and biochemical recurrence 
enrolled 177 men at high risk of recurrence fol-
lowing radical prostatectomy and randomized 
them to a daily soy protein isolate supplement 
versus placebo. Treatment lasted up to two years. 
The trial was stopped early due to a lack of treat-
ment effect. It should be noted that adding soy 
protein isolate to an overall western dietary pat-
tern has different nutritional effects than substi-
tuting soy foods for other foods in the diet, which 
is what was studied in the epidemiological stud-
ies of prostate cancer incidence discussed above. 
The association between soy food or isoflavone 
intake and long-term survival among men with 
prostate cancer has not been studied.

 Vitamin E and Alpha-tocopherol

Vitamin E refers to a group of fat-soluble com-
pounds, including tocopherols and tocotrienols, 
which have antioxidant and pro-immune proper-
ties. Gamma-tocopherol is the most common 
tocopherol in the US diet, but plasma levels of 
alpha-tocopherol are higher than those of gamma- 
tocopherol [115]. Alpha-tocopherol is the 
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 biologically most active form, and current dietary 
recommendations for vitamin E in the US are 
based on alpha-tocopherol alone. Possible anti- 
carcinogenic actions of vitamin E include its 
ability to reduce DNA damage and inhibit malig-
nant cellular transformation [116, 117]. In exper-
imental models, derivatives of vitamin E inhibit 
growth, induce apoptosis, and enhance therapeu-
tic effects in human prostate cancer cells [118, 
119].

Interest in Vitamin E with respect to prostate 
cancer was driven by secondary results of the 
Alpha-Tocopherol Beta-Carotene Cancer 
Prevention (ATBC) Study [120]. ATBC was a 
randomized trial of lung cancer prevention 
among male smokers in Finland. While alpha- 
tocopherol supplementation had no effect on 
lung cancer risk, men given alpha-tocopherol had 
a 32% reduction in prostate cancer risk compared 
to placebo [121]. Several years earlier, a large 
trial of a multi-nutrient supplement in Linxian, 
China found that vitamin E (in combination with 
selenium and beta-carotene) reduced overall can-
cer mortality [122]. These results, along with 
laboratory evidence and some epidemiologic 
support, motivated two trials of vitamin E supple-
mentation on the risk of prostate cancer, SELECT 
and the Physicians’ Health Study II (PHS II).

SELECT was a trial of selenium and vitamin 
E supplementation and prostate cancer risk, con-
ducted among 35,533 men from the US, Canada, 
and Puerto Rico. The study was planned for 
7–12 years but was stopped early due to a lack of 
efficacy for risk reduction [123]. The initial 
report, based on an average of 5.5 years of treat-
ment, found a non-significant suggestion of 
increased prostate cancer risk among men receiv-
ing 400  IU/day of alpha-tocopherol. With addi-
tional follow-up time, the vitamin E group was 
found to have a significantly increased risk of 
prostate cancer (RR 1.17, 99% CI 1.004–1.36, 
p = 0.008, among 1149 cases) [124]. Interestingly, 
there was not a statistically significant increased 
risk of prostate cancer in the vitamin E and sele-
nium combination group (HR 1.05, 95% CI 
0.89–1.22), suggesting the two may interact. In 
fact, SELECT was designed as a four-group trial 
rather than a factorial trial based on the hypothe-

sis that the two agents, both of which have anti- 
oxidant activity, may interact [125].

PHS II, conducted contemporaneously with 
SELECT, was a randomized trial of vitamin E 
and vitamin C supplement use and prostate can-
cer risk among 14,642 US physicians. With a 
median of 8  years of follow-up, there was no 
effect of 400 IU of vitamin E taken every other 
day on incidence of prostate cancer (HR 0.97, 
95% CI 0.85–1.09) [126]. PHS II was a factorial 
design, so the vitamin E estimate was made 
across groups of vitamin C supplement use; how-
ever, there was no suggestion of an interaction 
between vitamin E and vitamin C 
supplementation.

Together, the SELECT and PHS II results sug-
gest that vitamin E supplement use is at best inef-
fective and possibly harmful with respect to 
prostate cancer risk. This is in contrast to the 
ATBC findings that spurred these trials. Of note, 
all men in the ATBC trial were smokers, and the 
prostate cancers were diagnosed prior to the 
advent of PSA screening, and thus were gener-
ally aggressive. The SELECT and PHS II trials 
were done in the PSA screening era and could not 
specifically study advanced or fatal prostate can-
cers. Of 2279 prostate cancers diagnosed in 
SELECT through July 2011, only nine were 
diagnosed with stage T3 disease, three with N1 
disease, and 13 with metastatic disease. Even the 
ability to study high-grade cancer was limited, 
with 613 (27%) cases grade 7 and above, only 
134 of which were grade 8–10 [124]. In addition, 
only 8% of men in SELECT and 4% of men in 
PHS II were current smokers, so neither trial 
could address the effect of vitamin E specifically 
among smokers.

Interestingly, epidemiological studies of vita-
min E and prostate cancer risk have tended to 
support the ATBC results, with generally null 
associations for overall prostate cancer, but 
inverse associations for advanced disease and 
among smokers. In the VITamins And Lifestyle 
(VITAL) study, a cohort study in Washington 
state designed specifically to examine supple-
ment use and cancer risk, intake of supplemental 
vitamin E over 10 years was not associated with 
overall prostate cancer risk, but was associated 
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with a reduced risk of advanced prostate cancer 
(n = 123; HR 0.43, 95% CI 0.19–1.0 for average 
intake ≥400 IU/day vs. none) [127]. Other epide-
miological studies have similarly found a protec-
tive association limited to ever smokers, including 
a prospective study of dietary vitamin E intake 
[128], and a study of vitamin E supplementation 
and lethal prostate cancer risk [129].

A pooled analysis of 13 prospective studies of 
blood alpha-tocopherol and prostate cancer risk 
found significant inverse associations overall and 
for advanced prostate cancer (regionally invasive, 
distant metastatic, or fatal cancer), with an odds 
ratio for advanced disease of 0.74 (95% CI 0.59–
0.92; p-trend = 0.001) for the highest versus low-
est quintile, based on 1226 advanced cases [130]. 
There was significant heterogeneity by disease 
aggressiveness, with no association for non- 
advanced disease. In addition, there was no asso-
ciation among never smokers (OR 0.99, 95% CI 
0.82–1.18), and significant inverse associations 
for former and current smokers (OR 0.84, 95% 
CI 0.72–0.97 for former; OR 0.82, 95% CI 0.73–
0.93 for current), although the p-value for hetero-
geneity by smoking was not statistically 
significant.

Overall, use of vitamin E supplements for 
prostate cancer prevention is not supported; how-
ever, diets higher in alpha-tocopherol appear to 
be associated with lower risk of advanced dis-
ease, particularly among smokers. The underly-
ing mechanisms for this association among 
smokers are unclear.

 Selenium

The trace element selenium is not itself an anti-
oxidant, but it is an essential element for the anti-
oxidant enzyme glutathione peroxidase. It is also 
required for the function of other selenoproteins 
involved in exerting anti-tumor effects, including 
apoptosis and inhibition of cellular proliferation 
[131–133]. Dietary intake of selenium depends 
on the selenium content of soil in which foods are 
grown, which varies greatly by geography. 
Ecologic studies have suggested an inverse asso-
ciation between selenium soil content and pros-

tate cancer incidence [134]. Because selenium 
contents in specific foods vary based on the sele-
nium content of the soil, epidemiological studies 
of selenium must be based on biological sam-
pling, primarily measuring selenium levels in 
blood or toenails, rather than questionnaire-based 
diet assessments. Since the activity of some sele-
noenzymes plateau with higher selenium level 
[135], the chemopreventive effect of supplemen-
tal selenium is expected to be greatest in popula-
tions with low baseline selenium exposure, with 
little marginal effect among selenium-replete 
populations [136].

Like vitamin E, selenium was tested in the 
SELECT trial based on secondary results of other 
randomized trials. The Nutritional Prevention of 
Cancer Trial, designed to study the effect of sele-
nium supplementation on non-melanoma skin 
cancer recurrence, found a 63% reduction in 
prostate cancer risk among men taking selenium 
supplements [137]. With additional follow-up 
time, the protective effect was seen only among 
men with low baseline levels of PSA or selenium 
[136]. Another trial of selenium (with vitamin E 
and beta-carotene) in Linxian, China found a 
reduction in total cancer mortality in China [122].

As discussed above, the SELECT trial was 
stopped early due to lack of efficacy of the sup-
plements [123]. With additional follow-up, there 
was still no association between selenium and 
prostate cancer risk (RR 1.09, 99% CI 0.93–1.27) 
[124]. In addition, baseline selenium status (mea-
sured in toenails) was not associated with pros-
tate cancer risk among men in the trial, and 
baseline status did not modify the association 
between selenium supplementation and risk 
[138]. As with vitamin E, conclusions about sele-
nium drawn from SELECT are limited by the 
small number of advanced and high-grade cases.

A recent Mendelian randomization study 
[139] among over 70,000 men in the PRACTICAL 
consortium used a gene score based on 11 SNPs 
that predict circulating selenium levels as a non- 
confounded proxy for selenium status to investi-
gate whether selenium might be causally related 
to prostate cancer risk. The results were similar to 
SELECT, with no association with overall pros-
tate cancer risk. There was a non-significant 
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 suggestion of increased risk of aggressive disease 
(OR  =  1.21, 95% CI 0.98–1.49). However, the 
genetic instrument, while very significantly asso-
ciated with circulating selenium levels 
(p < 5 × 10−8), explained only 2.5–5% of varia-
tion in these levels, limiting how informative this 
study is for shedding light on the true association 
between circulating selenium and prostate cancer 
risk.

In contrast to the SELECT results, observa-
tional studies of selenium and prostate cancer 
risk have been quite consistent in finding inverse 
associations. A recent pooled analysis [140] of 
individual-level data from 15 prospective studies 
found that nail selenium levels were associated 
with lower risk of total and aggressive prostate 
cancer, while blood levels were associated with 
lower risk of aggressive disease. For aggressive 
prostate cancer, the OR for men in the highest 
versus lowest quintile of nail selenium was 0.18 
(95% CI 0.11–0.31), and for blood selenium was 
0.43 (95% CI 0.21–0.87). A recent report from a 
Danish cohort [141] also found an inverse asso-
ciation between plasma selenium and risk of 
high-grade prostate cancer (HR 0.77, 95% CI 
0.64–0·94, p-trend  =  0.009) but no association 
with total or advanced stage disease. Two recent 
meta-analyses of blood selenium [142] and toe-
nail selenium [143] also found significant inverse 
associations.

These results are unusually consistent and 
strong among studies of dietary factors and pros-
tate cancer risk. Because selenium status depends 
on the geographical source of foods in the diet 
rather than the selection of specific foods, it is 
difficult to imagine how confounding by other 
aspects of a healthy diet or lifestyle could explain 
the magnitude of the results from observational 
studies. The results of the SELECT trial do not 
support the use of selenium supplements for the 
prevention of prostate cancer in middle-aged and 
older men. However, the association between 
selenium and prostate cancer risk and survival is 
still not completely clear.

Survival. A study in HPFS found that use of 
selenium supplements of 140 mcg/day was asso-
ciated with significantly increased risk of pros-
tate cancer mortality among men diagnosed with 

localized prostate cancer. The association was 
independent of pre-diagnosis supplement use, 
use of other supplements, and stage and grade of 
disease at diagnosis [144]. The authors suggest 
the possibility of a U-shaped relationship between 
selenium status and cancer incidence and pro-
gression, with adverse effects at very low and 
very high levels.

 Other Lifestyle Factors

 Tobacco

Although strongly linked to a number of cancers, 
cigarette smoking does not appear to be associ-
ated with overall prostate cancer incidence. A 
meta-analysis [145] of 15 studies prior to 1995 
(i.e., the pre-PSA era), found a pooled relative 
risk for current smoking and risk of prostate can-
cer of 1.06 (95% CI 0.98–1.15). For 18 studies 
completed after 1995 (the PSA screening era), 
there was a significant inverse association with 
current smoking (RR 0.84, 95% CI 0.79–0.89). 
This likely reflects the fact that current smokers 
are less likely to undergo PSA screening and are 
therefore not as likely as non-smokers to be diag-
nosed with prostate cancer. This heterogeneity by 
time period highlights the importance of account-
ing for PSA screening in studies of prostate can-
cer incidence. A previous meta-analysis [146] 
similarly found no association between current 
smoking and prostate cancer incidence; however, 
it did show a positive association with risk among 
the heaviest smokers measured by cigarettes per 
day or pack-years.

In contrast to the lack of association for over-
all prostate cancer, a positive association between 
smoking and prostate cancer mortality has been 
documented consistently, as noted by the Surgeon 
General’s 2014 report [147]. A meta-analysis of 
21 prospective cohort studies of smoking and 
prostate cancer mortality found that current ciga-
rette smoking was associated with a 24% 
increased risk of fatal disease (95% CI 18–31%), 
with little evidence of heterogeneity between 
studies [145]. There was a significant dose- 
response relationship between number of 
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 cigarettes smoked per day and mortality. There 
was a suggestion of increased risk for former 
smoking and subsequent prostate cancer mortal-
ity, with a 6% increase in risk (95% CI 0–13%). 
In the HPFS cohort smokers who had quit less 
than 10 years previously were at increased risk of 
fatal prostate cancer (HR 1.73, 95% CI 1.00–
3.01), but that longer-term former smokers were 
not at significantly increased risk (HR 1.04, 95% 
CI 0.66–1.64). Thus smoking is consistently 
observed to be associated with risk of advanced 
or fatal prostate cancer and appears to play a role 
in disease progression, in spite of its lack of asso-
ciation with overall incidence.

Survival. In line with findings on incidence of 
lethal disease, studies of smoking and survival 
among prostate cancer patients suggests that 
smoking is associated with increased prostate 
cancer-specific mortality as well as total mortal-
ity [148–154]. A pooled analysis of five prospec-
tive cohort studies found that current smoking 
was associated with a 40% higher risk of prostate 
cancer mortality (95% CI 20–70%) among pros-
tate cancer patients [155]. A meta-analysis of 28 
studies including both population-based and 
clinically- based study populations with varying 
treatments found that current smokers at treat-
ment have worse overall mortality (HR 1.96, 
95% CI 1.69–2.28), prostate cancer-specific mor-
tality (HR  1.79, 95% CI 1.47–2.20), and 
recurrence- free survival (HR 1.48, 95% CI 1.28–
1.72) than never smokers. Virtually all of the 
included studies adjusted for age at diagnosis, 
stage, and grade, and associations were similar 
across studies judged at high or low risk of bias. 
Another meta-analysis [156] among patients with 
localized prostate cancer undergoing primary 
radical prostatectomy or radiotherapy found very 
similar results.

 Obesity

Because obesity can influence endogenous levels 
of sex hormones [157, 158], as well as the insu-
lin/IGF axis, both of which are relevant to pros-
tate cancer, it has been studied in many 
epidemiologic studies. Body mass index (BMI), 

measured as height (m)/weight (kg)2 is the most 
commonly used measure of obesity in these stud-
ies. At the population level, BMI is highly corre-
lated with other measures of adiposity and is 
uncorrelated with height [159, 160]; it is strongly 
predictive of mortality [161]. However, it does 
not perform well in the very elderly, when high 
BMI may begin to reflect lean body mass rather 
than adiposity [162].

The association between BMI and total pros-
tate cancer incidence is somewhat inconsistent. A 
meta-analysis of 27 studies found a borderline 
significant combined relative risk of 1.03 (95% 
CI 1.00–1.07, p  =  0.11) per 5 unit increase in 
BMI [163]. However, BMI is consistently associ-
ated with a lower risk of localized disease but an 
increased risk of advanced disease. Because of 
this heterogeneity by stage, the association 
between BMI and total prostate cancer varies 
across populations depending on PSA screening 
and the case mix found in that time and place. A 
meta-analysis of 13 prospective studies [164] 
found a relative risk per 5 unit increase in BMI of 
0.94 (95% CI 0.91–0.97) for localized prostate 
cancer, and 1.09 (95% CI 1.02–1.16) for advanced 
prostate cancer. (The definitions of localized and 
advanced were a mix of advanced stage and high- 
grade, depending on the original studies.)

The AICR/WCRF Continuous Update 
Project report on prostate cancer [10] concluded 
that greater body fatness is a “probable” cause 
of advanced prostate cancer. Their meta-analy-
sis of 23 studies of advanced cancer found a 
relative risk per 5 unit increase in BMI of 1.08 
(95% CI 1.04–1.12). For 12 studies of prostate 
cancer mortality, the combined relative risk per 
5 unit increase in BMI was 1.11 (95% CI 1.06–
1.17). These results are consistent with more 
recently published results from the large 
European EPIC cohort [165], which found a 
hazard ratio for fatal prostate cancer of 1.14 
(95% CI 1.02–1.27) per five unit increase in 
BMI. Two recent meta- analyses [164, 166] also 
found similar magnitudes of association with 
prostate cancer mortality, as did a pooled analy-
sis of 57 prospective studies [167] from Europe, 
Japan, and the USA, comprising 1242 prostate 
cancer deaths.
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The NIH-AARP cohort [168], which includes 
over 150,000 U.S. men, studied BMI trajectories 
from early adulthood onward. The BMI trajecto-
ries were not associated with total prostate cancer 
incidence. However, among never-smokers, BMI 
trajectories that resulted in obesity during adult-
hood were associated with a twofold increased 
risk of fatal prostate cancer compared to men 
who maintained a healthy BMI.  These results 
highlight the importance of accounting for smok-
ing in studies of obesity due to the strong inverse 
association between smoking and body weight 
and the positive association between smoking 
and prostate cancer survival.

Survival. Higher BMI is fairly consistently 
associated with poorer outcomes among men 
diagnosed with prostate cancer. In a meta- 
analysis of six studies of survival after prostate 
cancer diagnosis, the relative risk of prostate can-
cer mortality was 1.20 (95% CI 0.99–1.46) for a 
five unit increase in BMI around the time of diag-
nosis or treatment [164]. There was significant 
heterogeneity in this estimate due to the inclusion 
of the largest study, which found a non- significant 
inverse association with mortality based on 4 
years of follow-up. Two studies among men with 
prostate cancer in Sweden published after the 
meta-analysis found significantly increased risks 
of prostate cancer-specific mortality with higher 
BMI [169, 170]. In 16 studies of biochemical 
recurrence after treatment, a five unit increase in 
BMI was associated with a relative risk of 1.21 
(95% CI 1.11–1.31) [164].

 Body Size in Early Life

Childhood obesity is inconsistently associated 
with adult prostate cancer risk. Four studies have 
examined pre-puberty body size (8–10  years) 
[171–174], with two reporting inverse associa-
tions, including for advanced disease [172, 173], 
while two others found no associations [171, 
174]. One of these studies was from HPFS [174], 
which was an update of a previous report from 
this cohort [175], which found significant inverse 
associations between obesity at age 10 and risk of 
advanced and metastatic disease. However, this 

association was no longer observed with 16 addi-
tional years of follow-up. It is possible that child-
hood body size influences risk of prostate cancer 
less among older men. One study of body size at 
the time of puberty also found no association 
with prostate cancer risk [176].

The HPFS found an inverse association 
between BMI at age 21 and risk of advanced and 
lethal (death or distant metastasis) prostate can-
cer, independent of later life and earlier life body 
size [174]. Two other studies found similar 
inverse associations with advanced [172] or fatal 
[177] disease; however, other studies have found 
no associations [178–181]. A review of studies 
on total prostate cancer incidence suggested no 
relationship or a weak positive relationship 
[182].

Adiposity is known to increase estrogen and 
decrease androgen serum concentrations in men 
[157]. Hence, a childhood or early adult hor-
monal milieu characterized by low exposure to 
the stimulating effect of androgens on the pros-
tate might protect against the disease. However, 
overall there is no consistent association between 
childhood and young adult body size and prostate 
cancer risk.

 Weight Change

A meta-analysis of adult weight gain, from 
around age 18 to 25 until study entry in mid or 
late life and risk of prostate cancer found no clear 
association with overall risk [183]. Among eight 
prospective studies, the combined relative risk 
for the highest versus lowest weight gain cate-
gory was 0.98 (95% CI 0.91–1.06). A dose- 
response meta-analysis of four studies also found 
no association, but there was a suggestion of an 
inverse association for localized disease (RR 0.96 
for 5 kg weight gain, 95% CI 0.92–1.00) and a 
suggestion of a positive association for advanced 
disease at diagnosis (RR 1.04 for 5  kg weight 
gain, 95% CI 0.99–1.09). In line with these sug-
gestive findings, several cohort studies have 
found significant positive associations between 
adult weight gain and prostate cancer mortality 
[181, 184, 185].
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Given that obesity itself is associated with 
increased risk of advanced and fatal prostate can-
cer, it is difficult to separate the effect of weight 
gain during adulthood from the effect of obesity. 
The large NIH-AARP study [168] discussed 
above found a similar increase in risk of fatal 
prostate cancer among never smokers for all 
weight change trajectories ending in obesity, 
regardless of the specific timing of the weight 
gain. A study [186] among men diagnosed with 
localized prostate cancer in the HPFS cohort 
found that weight gain from age 21 to the time of 
diagnosis was associated with worse survival 
among never smoking men, whereas BMI itself 
at the time of diagnosis was not associated with 
survival.

Four studies have examined short-term weight 
gain around the time of prostate cancer diagnosis. 
Two studies used mortality as the outcome. One 
[169] found a significantly increased risk of pros-
tate cancer-specific mortality for weight gain of 
>5% compared to stable weight in the 5–10 years 
after diagnosis of localized prostate cancer, and a 
significantly increased risk of total mortality for 
weight loss of >5%. Another [186] found no 
association between weight change in the 4 or 
8  years prior to diagnosis and prostate cancer 
mortality among men diagnosed with localized 
disease. Two other studies among men treated 
with prostatectomy reported that weight gain in 
the year before surgery [187] or from 1  year 
before to 5 years after surgery [188] were associ-
ated with increased risk of biochemical recur-
rence. Additional studies of the role of weight 
changes before and after diagnosis and prostate 
cancer survival are needed.

 Physical Activity

Physical activity is associated with reduced risk 
of several types of cancer. Multiple biological 
mechanisms for this have been proposed, includ-
ing enhanced immune system function [189], 
changes in the endogenous hormonal milieu 
[190–192], reduction in inflammation [193–196], 
and reduced obesity [197]. Both obesity and met-
abolic syndrome have been associated with 

increased risk of advanced prostate cancer and 
worse prostate cancer-specific survival and 
response to hormonal therapy [198], so the posi-
tive systemic effects of exercise may impact 
prostate cancer risk and survival.

Physical activity has not been associated with 
overall prostate cancer risk. A meta-analysis 
[199] of 27 cohort studies and 23 case-control 
studies found a summary relative risk of 0.99 
(95% CI 0.94–1.04) comparing the highest ver-
sus lowest categories of activity. Interestingly, a 
population-based Norwegian cohort study [200], 
which also found no association between higher 
levels of activity and risk of overall prostate can-
cer, did report a positive association between sit-
ting time and risk. Men who reported sitting for 8 
or more hours per day had a 22% (95% CI 
5–42%) increased risk of prostate cancer com-
pared to those who reported less than 8 h/day of 
sitting time.

Results on the association between physical 
activity and risk of advanced or fatal disease are 
mixed. Two prospective cohort studies, HPFS 
[201] and the CPS II [202], found inverse asso-
ciations between higher levels of recreational 
physical activity and the risk of advanced or fatal 
disease, independent of BMI.  However, four 
other cohorts, EPIC [203], the NIH-AARP Diet 
and Health Study [204], the Swedish National 
March Cohort [205], and PHS [206] found no 
associations between greater activity and risk of 
disease by stage or grade. Overall, a meta- 
analysis [199] of 10 cohort studies found no asso-
ciation between pre-diagnosis physical activity 
and prostate cancer mortality, with a relative risk 
of 0.93 (95% CI 0.81–1.08) for the highest versus 
lowest categories of activity.

The assessment of long-term physical activity 
levels is challenging. Study participants are 
often asked to report on the type, intensity, and 
duration of their average physical activity, both 
currently and in the past. The resulting misclas-
sification may be responsible for the weak and 
often nonsignificant findings. Subgroups less 
prone to measurement error, such as, men who 
engage in a consistent program of vigorous 
activity, may offer the best chance of detecting a 
relationship between exercise and prostate can-
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cer if one exists. The HPFS analysis is unique in 
that it was based on repeated prospective assess-
ments of physical activity every 2 years over 
14  years of follow-up. It found significantly 
lower risks of advanced and fatal disease for 
high levels of vigorous activity, but not for more 
moderate activity [201]. It is possible that 
repeated assessments of physical activity over 
time and study populations with a wide range of 
activity, including very active participants, is 
required for an inverse association between 
physical activity and advanced prostate cancer 
risk to emerge.

Survival. Physical activity may improve pros-
tate cancer survival and may also ameliorate 
some of the adverse effects of therapy [207].

The few observational studies of activity after 
diagnosis and prostate cancer progression have 
reported beneficial associations. A meta-analysis 
[199] of four cohort studies of physical activity 
after diagnosis and prostate cancer mortality 
found a significant inverse association, with a 
relative risk of 0.69 (95% CI 0.55–0.85) compar-
ing the highest to lowest activity categories. In 
the HPFS cohort, both moderate activity (≥2.5 h/
week) and vigorous activity (≥1.25  h/week) 
were both associated with significantly improved 
overall and prostate cancer-specific survival 
[208, 209]. The authors estimated that 13–16% 
of deaths among men diagnosed with non- 
metastatic prostate cancer in the study popula-
tion would have been prevented over 10 years if 
all men had engaged in 1.25 h/week or more of 
vigorous activity, and 5–10% of deaths could 
have been avoided with engagement in modera-
tive activity.

A study of PSA recurrence in prostate cancer 
patients found similar decreases in risk with 
higher activity levels [210]. This lends support to 
the results for mortality because PSA recurrence 
is less susceptible to bias due to reverse causation 
(i.e., decreasing activity levels in response to dis-
ease progression) than prostate cancer mortality 
is.

Overall, while evidence on physical activity 
and prostate cancer incidence is mixed, it appears 
that activity is beneficial among men with pros-
tate cancer.

 Summary and Future Directions

Although an inherited genetic component may be 
larger for prostate cancer than for most other 
malignancies, evidence that lifestyle factors are 
important is also overwhelming; the substantial 
geographic variation and changing incidence 
among migrants demonstrate this as well. A sum-
mary of the evidence for diet and other lifestyle 
factors and prostate cancer risk is provided in 
Table 2. Substantial data supports that smoking 
and obesity/higher BMI are associated with 
increased risk of advanced prostate cancer, while 
obesity it inversely associated with risk of local-
ized disease. In addition, an inverse association 
between vigorous activity and risk of advanced 
disease seems likely. Dietary factors associated 
with prostate cancer risk and survival are less 
well established. Of those studied, it seems prob-
able that dairy intake is associated with increased 
risk, while fish intake and lycopene/tomato intake 
are associated with lower risk. However, even 
these dietary factors remain somewhat controver-
sial within the research community.

Aside from these three dietary factors, most of 
the evidence on diet and prostate cancer is incon-
clusive. The role of calcium, vitamin D, and soy/
phytoestrogen intake remains to be clarified. And 
the SELECT trial has complicated the interpreta-
tion of the data on Vitamin E and selenium.

SELECT and PHS II established that use of 
Vitamin E supplements in middle age and later 
are at best not protective, and possibly harmful, 
with respect to prostate cancer risk. However, cir-
culating levels of vitamin E are very consistently 
associated with lower risk in observational stud-
ies, with no clear sources of confounding or other 
biases that might explain these results. The role 
of dietary and supplemental Vitamin E thus 
remains uncertain.

SELECT also found that use of selenium sup-
plements in middle age and beyond are not pro-
tective for prostate cancer. However, observational 
studies are quite consistent in finding a substan-
tially lower risk of prostate cancer among men 
with higher toenail or blood levels of selenium, 
and again, there are no clear sources of confound-
ing or other bias that seem to explain these 
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results. Thus the role of selenium in prostate can-
cer remains unclear and controversial.

Finally, the clear positive associations between 
height and circulating IGF-1 and prostate cancer 
risk, along with the long natural history of pros-
tate cancer, suggest that dietary factors in child-
hood and adolescence likely impact prostate 
cancer risk; however, specific relationships have 
yet to be established, as studying early life expo-
sures presents methodological challenges.

In practical terms, men concerned with pros-
tate cancer risk should be encouraged to stop 
smoking, be as physically active as possible, and 
achieve or maintain a healthy weight. These rec-
ommendations also have the advantage of having 
a positive impact on risk of type 2 diabetes, car-
diovascular disease, and other chronic diseases. 
Reducing dairy intake while increasing con-
sumption of fish and tomato products is also rea-
sonable advice. Finally, men should be counseled 
against taking Vitamin E or selenium supple-
ments at levels higher than those found in multi-
vitamins. (This is particularly true for Vitamin E 
given that meta-analysis of randomized trials find 
that high-dose Vitamin E supplements increase 
total mortality [211, 212].) Further research is 
needed to support more specific dietary recom-
mendations for prostate cancer prevention and 
for preventing recurrence and progression in 
prostate cancer patients.
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 Introduction

The World Health Organization (WHO) has 
reported that prostate cancer (PC) is the second 
most common cancer in men worldwide, with an 
estimated 1.1 million incident cases and 0.3 mil-
lion deaths occurring in 2012 [1]. PC is more 
commonly diagnosed in economically developed 
countries, which may be attributed to more exten-
sive PC screening programs. The major risk fac-
tors identified for PC include  aging, family 
history, and ethnicity, with African-American 
men having a two-time higher risk compared to 
Caucasians [2]. The occurrence of PC varies 
widely worldwide. Many studies of migrant pop-
ulations show a significant increase in the inci-
dence of PC and mortality rates in migrants from 
regions of the world with a low prevalence of PC, 
following their relocation to countries with high 
risk for PC, suggesting that environmental or 
dietary factors influence the risk factors for PC 

development [3]. The frequent consumption of 
high-fat diets, dairy products, red meats, and 
alcohol are implicated as risk factors for PC [4]. 
However, the precise role of dietary factors and 
specific chemicals in the diet and mechanisms 
involved in the development of this malignancy 
remain unclear.

 The Diet as a Risk Factor for Human 
PC

 High-Fat Diet

Dietary fat and several fatty acids are postulated 
to play a role in PC etiology and tumor progres-
sion, although the findings of epidemiologic 
studies are inconsistent. Some studies found a 
strong positive association between fat con-
sumption, PC incidence and mortality [5–10], 
whereas other investigations have not detected a 
correlation [11–14].

Several studies conducted in vivo in animal 
models and in vitro have shown a role for a high-
fat diet in the development and progression of 
PC. Tissue culture medium conditioned with adi-
pose tissue obtained from mice fed with high-fat 
Western-style foods enhanced cell proliferation, 
migration, and invasion of human prostate cancer 
cells in vitro [15, 16]. In the transgenic adenocar-
cinoma mouse prostate (TRAMP) and xenograft 
models, circulating adipokine and cytokine alter-
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ations and other factors induced by a high-fat diet 
contributed to PC progression [15–18]. Although 
strong evidence supports the effects of a high-fat 
diet on PC development and progression, the 
exact mechanism(s) by which a high-fat diet 
underlines PC etiology remain uncertain. Several 
hypotheses are proposed including intake of fatty 
acids, resulting in inflammation, induction of 
oxidative stress, and cell signaling alteration.

 Fatty Acids

Fatty acids, such as n-3, and n-6 polyunsaturated 
fatty acids, and their metabolites are involved in 
numerous pathways that can affect PC develop-
ment and progression. For example, n-6 fatty 
acids linoleic acid and arachidonic acid enhance 
proliferation of human prostate cell lines [19, 
20]. Moreover, n-6 fatty acids are precursors of 
eicosanoids, which are converted to prostaglan-
dins (PGs). The n-6 fatty acid arachidonic acid is 
metabolized by the enzyme cyclooxygenase 
(Cox-1 and Cox-2) to form prostaglandin E2 
(PGE2) [21]. PGE2 is a short-lived hormone-like 
molecule involved in cell proliferation, cell dif-
ferentiation and inflammation [21]. Notably, the 
growth stimulation of PC cells, by treatment with 
arachidonic acid, is correlated to the induction of 
COX2 expression and an increased synthesis of 
PGE2 [19, 22]. At the molecular level, PGE2 
binds to EP4 and EP2 receptors, resulting in the 
subsequent activation of the protein kinase A 
(PKA) pathway, which leads to expression of 
early growth-related response genes including 
c-fos [23]. Arachidonic acid also activates the 
phosphatidylinositol-4,5-bisphosphate 3-kinase 
signaling pathway (PI3K/Akt) [20]. The PI3K/
Akt cascade is involved in the progression and 
aggressiveness of PC.  In fact, after long-term 
androgen deprivation therapy, there is constitu-
tive activation of the PI3K/Akt pathway, a mech-
anism that leads to increased resistance of tumor 
cells to apoptosis [24, 25]. The activation of the 
PI3K/Akt pathway by arachidonic acid in human 
prostate cells also results in the activation of the 
Nuclear Factor Kappa Beta (NF-κB) cascade 
[20]. The induction of the NF-κB pathway 

increases cell resistance to chemotherapy and 
radiation therapy. Moreover, the activation of 
NF-κB also stimulates tumor cell growth, the 
inhibition of apoptosis, and enhances tumor inva-
sion, metastasis, and angiogenesis [26] (Fig. 1).

In contrast to the n-6 polyunsaturated fatty 
acids, n-3 long-chain fatty acids protect against 
PC development. For example, a significant 
decrease in the growth of PC xenografts occurs in 
nude mice fed with a diet containing high levels 
of eicosapentaenoic and docosahexaenoic acids 
[27]. These effects have been supported by in 
vitro studies where both eicosapentaenoic acid 
and docosahexaenoic acid inhibit the prolifera-
tion of human PC cell lines [19, 28]. Moreover, 
eicosapentaenoic acid and docosahexaenoic acid 
prevent the progression of human prostate cells 
toward an aggressive androgen-independent phe-
notype. At the molecular level, eicosapentaenoic 
and docosahexaenoic acid treatments inhibit the 
PI3K/Akt signaling pathway and decrease 
expression of the androgen receptor (AR), a mas-
ter regulator of prostate cell proliferation and PC 
development [29].

 Inflammation

Inflammation often occurs in the prostates of 
aging men, and plays a critical role in the devel-
opment of benign prostatic hyperplasia  (BPH) 
and PC incidence [30–32]. Androgen levels, 
genetic predisposition, obesity, and a high-fat 
diet are associated with BPH and PC [33].

The association between a high-fat diet, the 
induction of inflammation, and PC markers have 
been reported in several in vivo studies. Prostatic 
inflammation correlates with cell proliferation 
and an increase in prostate gland size of mice 
consuming a high-fat diet [34, 35]. Consumption 
of a high-fat diet also elevates ataxin levels in the 
adipose tissue, leading to a significant increase in 
the production of lysophosphatidic acid, which 
can act directly on the prostate and induce hyper-
plasia and cell proliferation [36].

While inflammation is associated with an 
enhancement of PC development, there is not a 
clear understanding of the mechanisms involved 
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in this effect. Several studies have reported the 
involvement of immune cells and the production 
of pro-inflammatory cytokines. In clinical stud-
ies, prostate of patients with BPH contain infil-
trates of macrophages, T-lymphocytes, and 
B-lymphocytes that are chronically activated 
[37]. These infiltrating cells produce cytokines 
including IL-2, IFN-γ IL-6, IL-8, IL-17, and 
TGF-β that maintain a chronic immune response 
and induce persistent intra-prostatic inflamma-
tion and fibromuscular growth by an autocrine or 
paracrine effect [38, 39]. These pro-inflammatory 
cytokines can modulate prostate growth in mice 
fed a high-fat diet [40] and correlate with the pro-
duction of pro-inflammatory cytokines such as 
IL-1α, IL-1β, IL-6, IL-17 and TNF-α [41, 42]. 
These cytokines can induce prostate growth 
through induction of secondary mediators such 
as Cox-2. For example, IL-17 serves to stabilize 
and increase the enzymatic activity of Cox-2 

[43]. Of note, the induction of Cox-2 expression 
in the prostate epithelium is associated with 
increased cell proliferation and apoptotic resis-
tance [44]. Furthermore, the treatment of human 
prostate cells in vitro with serum obtained from 
obese mice containing elevated levels of pro-
inflammatory cytokines promotes cell prolifera-
tion, invasion, migration and, 
epithelial-mesenchymal transition [45].

 Oxidative Stress

A disproportionate generation of reactive oxygen 
species (ROS) causes tissue injury, DNA dam-
age, and post-translational DNA modifications, 
which can lead to neoplasia in the human prostate 
[46, 47]. ROS are generated from the mitochon-
drial respiratory chain, an uncontrolled arachi-
donic acid cascade, and NADPH oxidase [33]. 

Fig. 1 Effect of Arachidonic acid (AA) and its metabolite prostaglandin E2 (PGE2) on cell signaling in human prostate 
cells
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The expression of NADPH oxidase subunits such 
as gp91phox, p47phox, and p22phox is increased 
in the prostates of mice fed a high-fat diet [34]. 
Also of note, human PC cells harbor an increased 
level of ROS compared to normal prostate cells 
[48]. The ROS activity correlates with dysregula-
tion of the NADPH oxidase system, which is a 
critical event for the malignant phenotype of 
human PC cells [47, 49–52].

At the molecular level, continual oxidative 
stress leads to the activation of two critical sig-
naling pathways: the signal transducer and acti-
vator of transcription (STAT-3) and NF-ҡB 
pathways [33]. The activation of both cascades 
leads to the expression of transcription factors 
required for regulating genes involved in prolif-
eration, survival, angiogenesis, invasion, and 
inflammation [53] (Fig. 2).

A high-fat diet also leads to increased activa-
tion of NF-ҡB in many organs of mice, including 
prostate [54]. In humans, there is constitutive 
activation of NF-ҡB in prostate adenocarcinoma 
[55]. Moreover, this constitutive activation is 
associated with upregulation of pro-survival mol-
ecules including Bcl-2, Bcl-XL, and Mcl-1 [56]. 
Similarly, increased STAT-3 activation and its 
DNA binding occur in the prostate of mice fed a 
high-fat diet [57]. In human PC cells, the inhibi-
tion of STAT-3 results in the inhibition of cell 
proliferation and a significant decrease in cell 
viability [58].

 Dairy Products

Several epidemiological studies have reported 
that frequent intake of high-fat dairy products is 
associated with an increased risk of developing 
PC [59–61]; however, other studies failed to 
observe this association [62, 63]. The role of 
high-dairy fat intake in PC risk is supported by 
studies conducted in vitro where milk modulated 
and promoted the proliferation of the human 
prostate cancer cell lines LNCaP and PC-3 [64, 
65]. Saturated fat intake, high-calcium intake, 
decreased circulating levels of 1,25-dihydroxy-
vitamin D (the active form of vitamin D), and 
increasing levels of insulin-like growth factor-1 

(IGF-1) are several potential mechanisms by 
which milk and dairy product intake may impact 
the incidence and the progression of PC.

 Saturated Fat Intake

Saturated fat is another likely factor in dairy 
products that may influence the development and 
the aggressiveness of PC. A higher intake of low-
fat milk is associated with a greater risk of non-
aggressive PC, whereas whole-fat milk intake is 
frequently associated with a higher incidence of 
aggressive PC phenotypes [63, 66–69].

 High-Calcium Intake

Intake of calcium above the recommended daily 
doses (~1000  mg/day) is associated with 
increased risk of developing PC but also with 
aggressive and highly malignant PC [70–75]. The 
underlying mechanisms of high calcium intake 
and the risk of PC are not yet elucidated. Over-
activation of the calcium-sensing receptor and 
calcium-dependent voltage-gated channel 
expressed in human prostate cells by the high lev-
els of ionized calcium circulating in the blood-
stream are two potential mechanisms involved in 
PC etiology [76–79]. The stimulation of these 
receptors by extracellular calcium increases PC 
cell proliferation, apoptosis resistance, and meta-
static potential in vitro and in vivo [80–83].

 Vitamin D

Several epidemiological studies have reported an 
association between low levels of vitamin D and 
higher risk for PC [84–86]. The modulation of 
vitamin D metabolism and the decrease of 
1,25-dihydroxyvitamin D levels are associated 
with an increased risk of PC [87]. Once ingested, 
vitamin D is metabolized to its biologically active 
form 1,25-dihydroxyvitamin D through a two-
step oxidation. The first oxidation reaction cata-
lyzed by CYP2R1 occurs in the liver leading to 
the formation of 25-hydroxyvitamin D, and the 
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second oxidation catalyzed by CYP27B1 occurs 
in the kidney, producing the 1,25-dihydroxyvita-
min D [88]. 1,25-Dihydroxy vitamin D has anti-
proliferative effects that are driven through the 
nuclear Vitamin D receptor (VDR) pathway, 
leading to the expression of genes involved in 
cell cycle arrest, cell apoptosis and differentia-
tion [89]. VDR is expressed in both normal and 
cancer prostate cells [90–92]. In human prostate 
cells, 1,25-dihydroxyvitamin D produces anti-
proliferative effects [92–96], reduces oxidative 
stress [97], and up-regulates pro-apoptotic genes 
[98]. More than 2000 genes are modulated by 
1,25-dihydroxy vitamin D, including genes 
encoding for androgen metabolism [99]. More 
detailed studies are required to elucidate the criti-
cal roles of vitamin D in PC development.

 IGF-1

The IGF system includes three ligands (insulin, 
IGF-1, IGF-2), their receptors (insulin receptor 
(INSR), IGF-1 receptor (IGF-1R), the mannose 
6-phosphate receptor (M6P/IGF-2R), and six cir-
culating IGF-binding proteins (IGFBP1–6) [100]. 
In the human prostate, every element of this sys-
tem is expressed in normal, hyperplastic, and neo-
plastic prostate tissues, as well as in primary and 
cancer cell lines [101–110]. The IGF system plays 
a critical role in normal gland growth and devel-
opment of the prostate [104, 108, 111, 112]. A 
higher serum IGF-1 concentration is correlated 
with an increased risk of PC [113–119]. The bio-
logical functions of IGF-I are mediated primarily 
through the IGF-IR, a tyrosine kinase transmem-

Fig. 2 Effect of pro-inflammatory cytokines such as IL-6 and IL-1 on the activation and the cross talk of STAT-3 and 
NF-κB pathways

Dietary Carcinogens and DNA Adducts in Prostate Cancer



34

brane receptor that binds IGF-I with higher affin-
ity than IGF-II [120]. Interestingly, inhibition of 
IGF-1R is associated with decreased androgen-
dependent and androgen-independent growth in 
vitro as well as a suppression of in vivo tumor 
growth and PC cell invasiveness [108, 121–123]. 
Conversely, activation of IGF-1R by its ligand 
IGF-1 leads to the activation of several signaling 
pathways including mitogen-activated protein 
kinase (MAPK) and PI3K/Akt [124]. The activa-
tion of these signaling pathways induces prolifer-
ation and migration, and inhibits apoptosis in the 
PC cell [125–128] (Fig. 3).

The IGFBPs provide an additional, extracel-
lular mechanism to regulate IGF activity. The 
IGFBPs bind to IGF-1 and IGF-2 with high 
affinity and thereby diminish their binding to 
IGF-R, resulting in the inhibition of the IGF 

signaling pathway [100]. Altered IGFBP 
plasma levels are found in PC patients, and a 
decrease in IGFBP-3 is associated with higher 
risk and progression of PC [113, 114, 129, 
130]. IGFBP-3 is a substrate for the serum pro-
tease PSA [104]. Therefore, high levels of PSA 
in PC patients may result in a decrease in circu-
lating levels of IGFBP-3 by proteolytic cleav-
age, leading to an increase in IGFs including 
IGF-1, thus facilitating disease progression 
(Fig. 3).

 Alcohol

Alcohol consumption accounts for about 5% of 
all cancer deaths worldwide [131]. In the USA, 
92% of adult males self-report a long-term use of 

Fig. 3 Insulin/IGF signaling in prostate carcinogenesis
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alcohol [132], and up to 3.7% of total cancer 
deaths are linked to alcohol [133]. Elevated alco-
hol consumption can contribute to a number of 
malignancies, including cancer of the oral cavity, 
pharynx, larynx, esophagus, and liver of both 
sexes and colorectal cancer in women. However, 
findings from epidemiological studies on the role 
of alcohol consumption in PC risk are inconsis-
tent. Several studies found that alcohol consump-
tion is a risk factor for PC [134–136], whereas 
other studies reported a decreased risk of PC 
[137]. The compilation of meta-analyses are also 
inconsistent: several reports found no association 
between alcohol consumption and PC risk [138–
140], whereas others reported a significantly 
increased risk of PC with alcohol [141–144]. One 
meta-analysis reported an increased risk for PC 
for men drinking more than 50 g of alcohol per 
day, with the risk becoming slightly higher for 
men who consume more than 100  g per day 
[141]. Three other meta-analyses also reported a 
significantly increased risk in PC for light and 
moderate drinking (one to four drinks per day) 
[142, 143] or the equivalent of up 24 g of alcohol 
per day [144]. An association between alcohol 
intake and the degree of aggressiveness of PC 
was reported in some studies [145–148], but not 
other studies [135, 149, 150].

Ethanol is the primary form of alcohol in alco-
holic beverages. Ethanol is classified as a human 
carcinogen [151]. The genotoxic effects and car-
cinogenicity of ethanol are thought to be driven 
by its major metabolite, acetaldehyde. 
Acetaldehyde forms DNA adducts in human cells 
in vitro and in vitro [152]. In humans, levels of 
acetaldehyde DNA adducts present in lympho-
cytes are seven times higher in alcohol users 
compared non-users [153]. In vivo studies dem-
onstrated that ethanol is efficiently bioactivated 
into acetaldehyde in rat prostate by different 
enzymatic pathways involving xanthine oxidore-
ductase and cytochrome P450 2E1 [154, 155]. 
Moreover, acetaldehyde formation is linked to an 
increase in prostate epithelial cell death and 
ultrastructural alterations in epithelial cells 
including chromatin condensation around the 
perinuclear membrane and endoplasmic reticu-
lum dilatation, an ultra-structural marker of 

endoplasmic reticulum stress [156]. The rat pros-
tate lacks alcohol dehydrogenase and aldehyde 
dehydrogenase activities, resulting in an accumu-
lation of acetaldehyde and thus, an increase in 
genomic damage in the prostate of rats exposed 
to ethanol [156]. Chronic ethanol exposure also 
leads to oxidative stress and a diminution in the 
antioxidant defense system in the rat ventral 
prostate [156, 157].

An association of PC risk with cancer aggres-
siveness was observed with high intake of beer 
[145, 146, 148]; while modest protective effects 
were observed for red wine consumption in some 
but not all studies [158–160]. The protective 
effect of wine, especially red wine, is likely 
attributed to its high contents of polyphenols 
such as flavonoids and resveratrol [161]. 
Polyphenolic compounds harbor antioxidant and 
anti-androgenic activities and therefore are 
thought to act as anti-carcinogens [162]. In vitro, 
nanomolar concentrations polyphenols inhibit 
cell growth in a dose and time-dependent manner 
in both androgen-dependent (LNCaP) and andro-
gen-independent (DU145 and PC-3) human PC 
cell lines. Treatment of LNCaP and PC-3 cells 
with flavonoids, including catechin, epicatechin, 
and quercetin, inhibites cell proliferation, 
whereas resveratrol is the most potent inhibitor of 
DU145 cell growth. The proposed mechanism 
for the antiproliferative effect of polyphenols is 
through the modulation of NO production [163].

 Red and Processed Meat

Many epidemiological studies have focused on 
the role of red and processed meats in PC risk. 
Some meta-analyses report an elevated risk for 
PC with frequent consumption of meats, whereas 
other studies failed to find an overall effect on 
PC risk [164, 165]. It is hypothesized that DNA 
damaging agents, including heme iron, N-nitroso 
compounds (NOCs) formed in processed meats 
[166], polycyclic aromatic hydrocarbons (PAHs) 
formed in smoked meats and meats cooked under 
flame [167], and heterocyclic aromatic amines 
(HAAs) formed in well-done grilled meats [168, 
169], contribute to PC risk. Of note, the risk of 
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PC for African American men is ~2-fold greater 
than for Caucasians [2]. One paradigm proposed 
for the increased risk of PC in African-American 
men is based on their preference for frequent 
consumption of well-done cooked meats contain-
ing the HAA, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP). PhIP is a 
rodent prostate carcinogen and potential human 
prostate carcinogen [170, 171], and may explain 
the higher risk of PC for African-American men 
compared to white men [172].

 Heme Iron

Once ingested, heme-containing proteins such as 
myoglobin or hemoglobin are hydrolyzed to pep-
tides, amino acids, and heme iron. Feeding ferri-
heme to rodents induces cytotoxicity, enhances 
cell proliferation of colonic mucosa, promotes 
oxidative stress, and thus, may contribute to 
colorectal cancer [173]. Heme iron is transported 
through the bloodstream to all organs of the body 
and can catalyze oxidative reactions, causing 
DNA, protein and lipid oxidation in multiple 
organs including the prostate [174]. The overall 
level of free radical damage induced by heme-
catalyzed oxidation is estimated to be compara-
ble to that resulting from ionizing radiation [174]. 
Two epidemiological studies have examined the 
role of heme iron in PC development [175, 176]. 
One reported a positive association between total 
heme iron intake and advanced PC risk, whereas 
another reported no associations of the dietary 
factors with PC risk irrespective of stage or grade. 
Thus, additional studies are necessary to evaluate 
any potential associations between heme iron 
consumption and PC.

 N-Nitroso Compounds (NOCs)

Carcinogenic NOCs include two chemical 
classes, N-nitrosamines and N-nitrosamides, 
formed by the reaction of nitrosating agents 
derived from nitrite with amines and amides 
respectively [177]. Nitrites added to processed 
meat serve as anti-bacterial agents as well as cur-

ing agents, and they produce the characteristic 
red-pink color of cured meats. However, nitrites 
also react with amines in processed meats to pro-
duce dietary sources of NOCs. Moreover, the 
consumption of processed meat is a significant 
dietary source of nitrite, secondary amines, and 
amides, which can undergo nitrosation to form 
NOCs within the gastrointestinal tract [177–179]. 
The ingestion of heme contained in red meat can 
stimulate the endogenous formation of NOCs in 
the digestive tract [180–182]. More than 300 
NOCs have been detected in 39 different animal 
species, including six species of nonhuman pri-
mates. Of these, 85% of N-nitrosamines and 92% 
of N-nitrosamides were reported to induce cancer 
in multiple organs including liver, lung, esopha-
gus, bladder, and pancreas [183]. NOCs or their 
metabolites alkylate DNA. While N-nitrosamides 
react spontaneously with DNA, N-nitrosamines 
require metabolism by cytochromes, such as by 
cytochrome P450 2E1, which is expressed in the 
gastrointestinal tract [178]. Among the different 
types of DNA adducts formed with NOCs, the 
alkylation of the O6-position of guanine is a pri-
mary lesion that induces G to A transitions [184–
186]. The majority of epidemiological studies 
have focused on the role of NOCs in gastric, 
esophageal, and colorectal cancers [187–192]. 
Two epidemiology studies studied the etiology of 
NOCs and PC risk: there was no significant asso-
ciation between dietary NOCs and risk of devel-
opment of PC in either study [176, 192]. Thus, 
further studies on the role of processed meats and 
NOCs in PC risk are warranted.

 Polycyclic Aromatic Hydrocarbons 
(PAHs)

PAHs constitute a broad class of compounds that 
have two or more fused aromatic rings. PAHs 
arise by the incomplete combustion or high-tem-
perature pyrolysis of organic materials [193]. 
PAHs are ubiquitous environmental pollutants 
that occur as complex mixtures but never as indi-
vidual components [194]. Several PAHs are clas-
sified as human carcinogens by the (WHO) [151, 
193]. Apart from occupational exposure, such as 
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the case of coke-oven workers [195–197], the 
general population is exposed primarily to PAHs 
from dietary sources [167] and cigarette smoke 
[198]. The preparation of meats, mainly by a 
direct open flame, results in pyrolysis of the fat 
drippings, leading to the formation of PAHs, 
which are deposited through the smoke particu-
lates on the surface of the grilled meats [199, 
200]. Various PAHs occur in some charcoal-
broiled, grilled, and smoked meats [194, 201–
203]. The estimates of the daily dietary intake for 
the general population are imprecise and range 
widely. The levels of total daily PAH intake range 
from 3.7 μg up to 17 μg [167]. The most well-
studied PAH is benzo[a]pyrene (B[a]P). B[a]P 
occurs in some grilled meats at levels up to 
~4 ng/g [204, 205].

The carcinogenic properties of PAHs are 
attributed to their ability to form mutation-prone 
DNA adducts [193]. PAHs undergo metabolism 
by cytochrome P450 enzymes to form reactive 
dihydrodiol epoxides, which react with DNA to 
form covalent adducts, leading to mutations 
[206]. B[a]P-DNA adducts are formed in human 
prostate cells in vitro after exposure to B[a]P 
[207–209]. B[a]P treatment also leads to an 
increase in DNA double-strand breaks when 
measured by the comet assay [208, 210]. PAH 
adducts, including B[a]P adducts, are frequently 
detected in human prostate tissues by immuno-
histochemistry (IHC)-[211–215] with an anti-
body, which was raised against B[a]P-modified 
DNA, but also cross-reacted with DNA adducts 
of at least five other PAHs [216]. Levels of PAH-
DNA adducts is higher in adjacent human non-
tumor prostate tissue compared with prostate 
tumor tissue, possibly due a higher cell prolifera-
tion rate in the tumor [211, 213, 217]. The occur-
rence of putative PAH-DNA adducts is associated 
with a higher risk for PC and cancer recurrence 
after prostatectomy within 1–2  years after sur-
gery [211]. This risk was prominent in patients 
younger than 60  years old, patients with 
advanced-stage disease, and African Americans 
patients [211]. However, these data should be 
interpreted with caution since IHC is not a spe-
cific method of DNA adduct detection, even for 
assays performed with monoclonal antibodies, 

where possible cross-reactivity of the antibodies 
with other DNA adducts or endogenous cellular 
components can lead to false positivity. The 
occurrence of DNA adducts of B[a]P was not 
confirmed in one cohort of PC patients when ana-
lyzed by liquid chromatography/mass spectrom-
etry (LC/MS), a more specific analytical method 
than IHC [218]. Thus, there is a critical need to 
characterize DNA adducts on the same speci-
mens by IHC and LC/MS to determine the valid-
ity of the analyses.

 Heterocyclic Aromatic Amines 
(HAAs) and PC

 HAA Formation and Sources 
of Exposure

HAAs are a class of more than 25 genotoxic 
chemicals known to form in cooked meats, fish, 
poultry, and tobacco smoke [168, 169, 219]. 
HAAs are sub-classified into the aminoimida-
zoarenes (AIAs) and the high-temperature pyro-
lytic HAAs (Fig.  4). AIAs contain the 
N-methyl-2-aminoimidazole moiety derived 
from creatinine in muscle tissue. The AIAs form 
in meats, fish, and poultry cooked at temperatures 
above 150 °C and arise through the reaction of 
pyridine or pyrazines, derived from Strecker 
reactions, and condensation with creatine [220, 
221]. Pyrolytic HAAs form by high-temperature 
pyrolysis (>250  °C) of protein or amino acids, 
such as glutamic and tryptophan. Pyrolytic HAAs 
occur when proteinaceous foods are heated at 
temperatures generally above 250 °C [168, 222, 
223]. Several HAAs are also formed in tobacco 
smoke [223, 224]. 2-Amino-9H-pyrido[2,3-b]
indole (AαC), a pyrolysis product of tryptophan, 
is the major carcinogenic HAA formed in com-
busted tobacco and occurs in mainstream tobacco 
smoke at levels up to 258 ng per cigarette [225–
227]. Unexpectedly, PhIP, an AIA containing the 
N-methyl-2-aminoimidazole moiety of creatine, 
was detected in tobacco smoke [224]; however, 
the mechanism of PhIP formation in tobacco 
smoke has not been determined. The principal 
sources of exposure to most HAAs occur through 
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the consumption of well-done cooked meats and 
poultry [168, 228]. HAA formation in cooked 
meats generally occurs at the low parts-per-bil-
lion (ppb) range, but the levels of some HAAs 
can approach several hundred ppb in well-done 
cooked meats or poultry [168, 219, 229, 230]. 
PhIP and 2-amino-3,8-dimethylimidazo[4,5-f]
quinoxaline (MeIQx) are often the most preva-
lent HAAs formed in cooked meats and poultry 
[219, 221, 230–233]. The average dietary HAAs 
intake ranges from less than 2 to up to 25 ng/kg 
per day [172, 234].

 Bioactivation and Formation of DNA 
Adducts

HAAs undergo extensive metabolism by hepatic 
cytochrome P450 1A2 (CYP 1A2)-catalyzed 
N-oxidation of the exocyclic amine groups, lead-
ing to the formation of N-hydroxy-HAAs, as 
reactive intermediates [228, 235, 236]. CYP 1A1 
and CYP 1B1 catalyze this reaction in extrahe-
patic tissues [228, 235]. The N-hydroxy-HAAs 
are further bioactivated by acetylation or sulfa-
tion catalyzed by N-acetyltransferases (NATs) or 

Fig. 4 Chemical structures of prevalent HAAs in cooked meat
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sulfotransferases (SULTs), respectively, either in 
the liver or extrahepatic tissues [228]. These 
unstable esters react with DNA to form DNA 
adducts [228, 237]. HAA-DNA adducts are 
mainly formed at C-8 on deoxyguanosine (dG) 
through the exocyclic amine of the HAAs, to pro-
duce dG-C8-HAA adducts as the major DNA 
adducts [238, 239].

 Carcinogenesis of HAAs

HAAs are multisite carcinogens in rodents and 
induce cancers of the oral cavity, liver, stomach, 
colon, pancreas, and the mammary gland in 
females [168, 170]. Notably, PhIP is the only 
HAA reported to induce PC in rodents [168, 
170]. Carcinogenesis studies in rodents used 
chronic doses of HAAs ranging between 0.1 to 
64  mg/kg/day to induce tumors [168, 228]. 
These doses are more a million-fold higher than 
the daily intake of HAAs. Thus, we might sur-
mise that the levels of human exposure are too 
low to contribute to human cancers. However, a 
linear relationship between HAA dose and 
HAA-DNA adduct formation occurs in rodent 
tissues for PhIP, MeIQx, and IQ [240–242], sig-
nifying mutation-prone DNA adducts of HAAs 
can still form in tissues at dosing regimens 
approaching human exposure levels.

Animal toxicity studies may underestimate the 
carcinogenic potential of HAAs in humans. For 
example, the levels of HAA-DNA adducts formed 
in primary human hepatocytes are significantly 
higher than those formed in primary rat hepato-
cytes, under the same doses and times of exposure 
[243]. Human CYP1A2, which is principally 
expressed in the liver, is the major CYP involved 
in the metabolism of many HAAs. Human 
CYP1A2 is catalytically more efficient than the rat 
homolog in the bioactivation of PhIP and MeIQx, 
and perhaps other HAAs [244]. Human CYP1A2 
and human liver microsomes preferentially bioac-
tivate HAAs through N-oxidation of the exocyclic 
amine group. In contrast, rat CYP1A2 and rat liver 
microsomes preferentially catalyze the detoxica-
tion of HAAs by oxidation of the heterocyclic 
rings [245]. The superior activity (lower Km and 

higher kcat) and ability of human CYP1A2 to cata-
lyze N-oxidation can explain the higher levels of 
HAA adducts formed in human compared to rat 
hepatocytes. Several HAA-DNA adducts have 
been detected in human tissues by various tech-
niques, indicating that even at low levels of expo-
sure, HAAs can form DNA adducts in humans 
[246–256].

 PhIP DNA Damage, Mutation, 
and Carcinogenicity in Prostate

 Rodent Studies

PhIP is the only HAA studied thus far that targets 
the prostate as a principal site for DNA adduct 
formation and carcinogenesis in rodents [168]. 
PhIP undergoes metabolism to form high levels 
of DNA adducts in the prostate of Wistar and 
Fischer 344 rats [170, 257–260] and induces high 
levels of mutations in the prostate of the Big Blue 
lacI transgenic rat [260, 261]. PhIP is a prostate 
carcinogen in the Fischer 344 rat [170]. PhIP also 
induces prostate tumors in CYP1A-humanized 
(hCYP1A) mice but not in wild-type mice [262]. 
This finding reinforces the concept that human 
CYP1A is superior to the rodent orthologue in 
the bioactivation of PhIP [244, 263].

Extensive inflammation occurs in the dorso-
lateral prostate lobe marked by CD45+ mono-
nuclear leukocyte and CD8+ T lymphocyte 
infiltration in PhIP-induced tumors in the pros-
tates of hCYP1A mice [262]. This inflamma-
tion is associated with atrophic glands, 
high-grade prostatic intraepithelial neoplasia, 
and oxidative stress [262, 264]. In contrast, the 
prostatic intraepithelial neoplasia lesions are 
significantly less severe and infrequently asso-
ciated with inflammation and oxidative stress in 
the ventral prostate glands [262]. These obser-
vations are noteworthy because the dorsolateral 
prostate is homologous to the human peripheral 
prostate zone, the most common site of PC 
development in humans [265]. Similarly, PhIP 
treatment leads to inflammation with a marked 
increase in mastocyte and macrophage infiltra-
tion and glandular atrophy of the prostate of 
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Fischer 344 rats [261, 266]. These pathologies 
induced by PhIP in rodent models of PC are 
significant because inflammation, oxidative 
stress, and glandular atrophy are common fea-
tures in the pathology of human PC [267].

Several key features of cancer biology often 
reported in human PC occur in PhIP-induced 
prostate tumors in rodents. For example, treat-
ment of hCYP1A mice with PhIP results in a 
time-dependent increase in expression of AR 
protein in prostate tumor epithelial cells [262]. 
An up-regulation of AR leading to a higher rate 
of cell proliferation occurs in human PC [268]. 
Furthermore, PhIP-induced tumors in h-CYP1A 
mice display significant decreases in levels of 
E-Cadherin and p63 expression [262]. E-Cadherin 
is an epithelial cell adhesion molecule involved 
in the maintenance of normal cell architecture, 
while the p63 transcription factor has multiple 
functions in cancer cell biology. PhIP-treatment 
in Fisher 344 and Big Blue rats also results in 
significant increases in the levels of Ki-67, a 
well-established marker of cell proliferation, in 
the intraepithelial neoplasia regions of the pros-
tate [261, 266]. Dysregulated expression and dis-
tribution of these proteins are hallmarks of 
epithelial malignancies and serve as major diag-
nostic criteria for human PC [269–271].

PhIP-induced tumors in the h-CYP1A mice 
also exhibit increased levels of oxidative stress 
markers, including 8-oxo-dG and nitrotyrosine, 
markers of oxidative DNA damage and reactive 
nitrogen species. PhIP treatment results in the up-
regulation of COX-2 expression, a cyclooxygen-
ase that catalyzes the formation of 
pro-inflammatory prostaglandins and a loss of 
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 
a key transcription factor responsible of the 
expression of many cytoprotective proteins [264]. 
Oxidative stress is a key contributor to the devel-
opment of PC in humans [46, 272]. The PTEN/
PI3K/Akt signaling pathway is another critical 
feature of cell proliferation, cell cycle progres-
sion, and survival. Activation of AKT in response 
to oxidative stress and the loss of PTEN are criti-
cal events in human PC progression [273–275]. 
PhIP-induced prostate tumors in h-CYP1A mice 
display a significant decrease in PTEN expression 

and an elevation of phospho-AKT, leading to cell 
proliferation [264].

These mechanistic data in rodent models rein-
force the biological plausibility that PhIP plays 
an important role in dietary-linked human 
PC. However, the biological events observed in 
rodents occurred at very high doses of PhIP treat-
ment—up to 200 mg/kg. Humans are exposed to 
one million fold or lower daily amounts of PhIP 
[172], and the capacity of such lower concentra-
tions of PhIP to induce similar biological effects 
has not been investigated. Therefore, the inter-
pretation of the carcinogenic effects of PhIP in 
PC of rodents and their extrapolation to human 
PC should be done with caution.

 Human Studies

PhIP is the only HAA reported thus far to form 
DNA adducts in the prostate of human PC 
patients [218, 255, 276–278] (Fig. 5). This bio-
marker data provides support for some of the epi-
demiological studies that have linked the frequent 
consumption of well-done cooked red meat con-
taining PhIP with increased risk of PC [279–281]. 
However, other investigations have failed to find 
an association between cooked red meat and 
increased PC risk [175, 282, 283]. The concen-
trations of PhIP and other HAAs can vary by 
more than 100-fold in cooked meats [169, 219]. 
There is a critical need to conduct such epidemio-
logical studies with more precise exposure mea-
surements of HAAs.

The frequency of detection and the levels of 
PhIP-DNA adducts in human prostate range 
widely between studies, depending on the analyti-
cal method of adduct measurement. For example, 
using a high-resolution LC/MS method, PhIP-
DNA adducts were detected in 13 out of 54 PC 
patients with levels ranging from 2 to 120 adducts 
per 109 DNA bases [218, 278]. However, PhIP-
DNA adducts were detected in a very high per-
centage of prostate tissues in another cohort, 
occurring at levels exceeding several adducts per 
107 DNA bases, when measured by IHC [255, 276, 
277]. These discrepancies in adduct measurements 
may imply a high level of false positivity obtained 
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by IHC, possibly due to cross-reactivity of the 
polyclonal antibodies raised against PhIP-modified 
DNA with other DNA adducts or endogenous cel-
lular components [284].

Cytotoxicity and DNA adduct formation 
induced by PhIP and other HAAs has been stud-
ied in primary and PC cell lines. The parent 
HAAs, PhIP, MeIQx, IQ and AαC were not toxic 
at doses up to 10 μM and formed low levels of 
DNA adducts in LNCaP cells [285]. However, 
HONH-PhIP, the genotoxic metabolite of PhIP, 
induced a dose-dependent increase in cytotoxic-
ity, whereas HONH-MeIQx, HONH-IQ, and 
HONH-AαC were not toxic [285, 286]. Moreover, 
HONH-PhIP forms DNA adducts at levels that 
are 20-fold higher than other HONH-HAAs in 
LNCaP cells [285]. These data suggest that the 
initial bioactivation step of PhIP to form HONH-
PhIP occurs in the liver through CYP 
1A2-catalyzed N-oxidation, followed by sys-
temic circulation to reach the prostate, where bio-
activation is mediated by Phase II enzymes [285] 
(Fig.  6). Similar data were reported in primary 
human prostate epithelial cells, where HONH-
PhIP formed 50- to 100-fold higher levels of 
DNA adducts than IQ, MeIQx, and HONH-
MeIQx [207, 287].

HONH-PhIP also induces unscheduled DNA 
synthesis, and DNA single-strand breaks in pri-
mary human prostate epithelial cells at 100-time 
higher levels than HONH-MeIQx [208, 210]. 
The higher susceptibility of human prostate cells 
to the DNA-damaging and genotoxic effect of 
PhIP compared to other prominent HAAs formed 
in cooked meats recapitulates the DNA adduct 

biomarker data in prostate tissues of PC patients 
and provides support for the possible causal role 
of PhIP in human PC.

PhIP can also act through non-genotoxic 
mechanisms via androgenic effects to contribute 
to the development of PC. PhIP binds to the AR 
and modulates cell proliferation. Using, in silico 
analysis, binding of PhIP and HONH-PhIP to the 
AR was found to be comparable to that of the 
endogenous AR ligand, dihydrotestosterone 
(DHT), when based on the predicted free energy 
of binding [288]. Through computational dock-
ing studies, both PhIP and HONH-PhIP dis-
played similar binding modes to DHT and docked 
with high affinity in the same cavity of the AR 
ligand binding domain as DHT [288]. Moreover, 
treatment of the human prostate epithelial cell 
line LNCaP with PhIP or HONH-PhIP up-regu-
lated AR and PSA expression [288].

PhIP also induces proliferation of human pros-
tate epithelial cells in an AR-independent manner, 
through the activation of pro-proliferation cell sig-
naling pathways. Low concentrations of PhIP (10−12 
to 10−8 mol/L) increase the proliferation, migration 
and invasion properties of PC-3, an AR-negative 
human prostate cell line [289]. Proliferation and 
migration are mediated through the activation of the 
ERK signal transduction cascade and a rapid, tran-
sient increase in phosphorylation of both MEK1/2 
and ERK1/2. Interestingly, mitogenic stimulation 
with epithelial growth factor (EGF), induces the 
same pattern of activation [290]. Proliferation, 
migration, and invasiveness are crucial events in the 
oncogenic progression of cells [291]. Thus, all these 
biological phenomena induced by PhIP suggest a 

Fig. 5 Representative 
chromatograms at the 
MS2 scan stage of 
human prostate samples 
that were negative and 
positive for dG-C8-PhIP
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carcinogenic potential of PhIP in human prostate. 
The challenge in risk assessment is to determine if 
the amounts of PhIP in the diet are sufficient to be a 
significant risk for PC.

 Conclusion

There is growing mechanistic and epidemiolog-
ical data supporting a role for the diet in the 
development of PC.  Multiple mechanisms and 
hypotheses have been brought forward for PC 
risk, ranging from different classes of dietary 
genotoxicants acting as initiators of PC to dif-
ferent dietary factors involved in tumor promo-
tion. However, the precise roles of specific 

genotoxicants and nutritional factors in PC 
remain to be clarified. Prospective epidemio-
logical studies on PC risk with improved assess-
ments of dietary habits, including protective 
nutrient biomarkers in plasma and urine are 
needed [292]. The identification of micronutri-
ents that protect against PC [293, 294], and the 
detection of biomarkers of DNA damage in the 
prostate, such as DNA adducts, by specific mass 
spectrometric methods and their linkage to 
mutations [218, 285], can advance our under-
standing of the micronutrients and genotoxi-
cants in the diet that impact PC risk.
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Genetic, Environmental, 
and Nuclear Factors Governing 
Genomic Rearrangements

Susmita G. Ramanand and Ram S. Mani

 Introduction

Genomic rearrangements are a characteristic of can-
cer genomes. The field of cancer genomics under-
went a paradigm shift in 2005 when recurrent 
chromosomal rearrangements, previously thought to 
be largely unique to lymphomas and leukemias, 
were discovered in prostate cancer (PCa), a solid 
tumor [1]. Since then, in addition to knowing 
TMPRSS2-ERG gene fusions to be the most com-
mon in PCa, seen in over 50% of cases from early 
stage to metastatic, insights into the gene fusions and 
their causes have increased tremendously. As a con-
sequence of TMPRSS2- ERG gene fusion, the tran-
scription factor ERG is over-expressed in all stages 
of PCa, including castration-resistant prostate cancer 
(CRPC). The 5′ fusion partner genes typically repre-
sent androgen regulated, transcriptionally active 
genes (e.g. TMPRSS2, SLC45A3), and the 3′ fusion 
partner genes represent proto-oncogenes—primar-
ily represented by the ETS family of transcription 

factors (ERG, ETV1, ETV4 and ETV5) [1–4]. 
Conceptually, the 5′ partner genes provide the 
 promoter-enhancer elements which drive the 
 over-expression of the 3′ partner genes, thereby con-
tributing to oncogenic transformation. While ETS 
fusions are the most prevalent and observed in ~60% 
of PCa, non-ETS fusions involving members of the 
RAF kinase pathway are also observed in a small 
subset of PCa (~1%) [5]. Although the predominant 
3′ partner genes like ERG are rearranged in other 
cancers, the rearrangements of the major 5′ partner 
genes (e.g. TMPRSS2, SLC45A3) are unique to PCa. 
These gene fusions are causally associated with PCa 
etiology and serve as diagnostic biomarkers as well 
as candidates for therapeutic targeting. The ETS 
gene fusions are early events in PCa development 
and can thereby serve as markers for clonal hetero-
geneity. Thus, it is important to understand the ori-
gins of recurrent genomic rearrangements that 
contribute to gene fusion formation in PCa.

Multiple studies have identified diverse fac-
tors that underlie the formation of PCa genomic 
rearrangements, ranging from outside environ-
mental stressors to genetic and nuclear factors 
[6]. By integrating these studies, we suggest that 
the factors triggering genomic rearrangements 
can broadly impact two features—the formation 
of DNA double strand breaks (DSBs), and mis- 
repair of DNA DSBs (Fig. 1). In this chapter we 
focus on the individual triggering factors and 
highlight the interplay between these factors in 
the context of PCa.
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 Formation of DNA Double Strand 
Breaks (DSBs)

A factor that is critical for gene rearrangements is 
the formation of DNA DSBs in the genome. 
These breaks are sensed by the DNA damage 
response (DDR) signaling pathways, which then 
facilitate the accurate repair of DSBs by recruit-
ing the appropriate DNA repair mechanisms. 
Accumulation of DSBs can at times result in their 
mis-repair, leading to the formation of genomic 
rearrangements. Thus, it is important to under-
stand the processes and pathways contributing to 
the formation of recurrent DNA DSBs in PCa 
development.

 Cellular Stressors

Various forms of cellular stress damage the 
genome and contribute to the formation of DNA 
DSBs. These cellular stressors include genotoxic 
stress, oxidative stress, topological stress, repli-
cation stress, metabolic stress, among others. A 
multitude of cellular stressors have been impli-
cated in the formation of DSBs that underlie the 
formation of recurrent gene fusions in PCa.

 Genotoxic Stress
Genotoxic stressors like ionizing radiation (IR) 
can induce DNA DSBs in cells. The LNCaP and 
LAPC-4 PCa cell lines are androgen responsive, 
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Fig. 1 Triggers for genomic rearrangements. Genomic 
rearrangements can be triggered by a plethora of factors 
that are summarized into distinct categories. The onset of 
genomic rearrangements is preceded by the formation of 
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circle. The outer circle shows factors that influence the 
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but are negative for TMPRSS2-ERG gene 
fusions. These two cell lines are commonly used 
to study the formation of TMPRSS2-ERG gene 
fusions. Multiple studies have shown that treat-
ment of androgen responsive cells with the 
androgen receptor (AR) ligand, dihydrotestoster-
one (DHT) and IR can result in the robust forma-
tion of TMPRSS2-ERG gene fusions [7, 8]. 
Mechanistically, androgen signaling induces the 
proximity of TMPRSS2 and ERG genes (to be 
discussed later), while IR contributes to DNA 
DSBs—higher IR doses are associated with an 
increase in the formation of gene fusions. 
Although IR is a potent extrinsic source of DNA 
damage, it is not likely to contribute to DNA 
DSBs involved in PCa gene rearrangements. This 
is because the prostate is an internal organ and 
men with PCa are not usually exposed to 
IR. Thus, alternate genotoxic stressors are likely 
to contribute to DNA breaks in PCa 
development.

 Oxidative Stress
In addition to direct effects leading to DNA dam-
age, IR treatment also induces the formation of 
reactive oxygen species (ROS). Increased levels 
of intracellular ROS contributes to oxidative 
stress, which in turn promotes DNA damage and 
the formation of DNA DSBs. ROS can also dam-
age DNA and produce single-strand DNA breaks 
(SSBs). Clustering of SSBs can result in the 
spontaneous formation of DSBs. Approximately 
1% of single strand lesions are converted to DSBs 
in normal human cells per cell cycle [9]. A com-
bination of environmental and cellular factors 
can culminate in oxidative stress. For instance, 
chronic inflammation is considered a risk factor 
for PCa initiation [10, 11]. Inflammation induces 
oxidative stress leading to the formation of DNA 
DSBs in TMPRSS2 and ERG loci, thereby 
increasing the likelihood of TMPRSS2-ERG gene 
fusion formation [12]. Also, environment plays 
an important role in triggering inflammation, as 
well as factors such as diet, lifestyle, infection, 
and aging. Thus, oxidative stress is likely to be a 
physiologically relevant source of DNA DSBs 
that contributes to PCa-associated genomic 
rearrangements.

The prostate specific homeobox gene, 
NKX3.1, is required for normal prostate differen-
tiation [13, 14]. Studies employing genetically 
engineered mouse models and tissue recombina-
tion assays indicate that loss of Nkx3.1 function 
is a critical event in mouse PCa initiation, with 
various Nkx3.1 mutant mouse models recapitulat-
ing early stages of prostate carcinogenesis  
[15–18]. Consistent with its role as a tumor sup-
pressor, decreased NKX3.1 protein expression is 
associated with focal prostatic atrophy, prostatic 
intraepithelial neoplasia (PIN), and adenocarci-
noma in humans [19, 20]. Mechanistically, loss 
of Nkx3.1 in mice contributes to prostate carcino-
genesis in mice, in part, by increasing oxidative 
damage to DNA and proteins [21]. Nkx3.1 loss 
associated oxidative stress in mice is possibly 
due to deregulated expression of several antioxi-
dant and prooxidant enzymes, including gluta-
thione peroxidase 2 and 3 (GPx2 and GPx3), 
peroxiredoxin 6 (Prdx6), and sulfhydryl oxidase 
Q6 (Qscn6). Although inflammation can induce 
oxidative stress via multiple mechanisms [22–26], 
the observation that inflammatory cytokines like 
TNF-α and interleukin-1β can induce ubiquitina-
tion and proteasomal degradation of NKX3.1 
provides a circumstantial link between inflamma-
tion and oxidative stress in the context of the 
prostate gland [27]. Down-regulation of NKX3.1 
enhances the formation of TMPRSS2-ERG gene 
rearrangements in LNCaP cells upon treatment 
with various cellular stressors like IR, etoposide 
and doxorubicin [28]. In addition to NKX3.1 
down-regulation, disruption of the Nrf2- 
antioxidant axis has been linked to increased oxi-
dative stress and DNA damage that may lead to 
the initiation of cellular transformation in the 
prostate gland [29]. As ETS gene fusions are 
early events in PCa etiology, these studies sug-
gest that oxidative stress is a significant source of 
DNA DSBs in the prostate gland and is a likely 
contributor to the formation of recurrent gene 
fusions.

 Topological Stress
AR, the central effector of the androgen signaling 
pathway is a master transcription factor that is 
necessary for the normal development and 
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 differentiation of the prostate gland. Parado-
xically, AR also contributes to PCa development 
and is mis- regulated in every stage of PCa pro-
gression from clinically localized PCa to lethal 
metastatic castration resistant prostate cancer 
(mCRPC). Upon ligand binding, AR undergoes 
dimerization and relocates from the cytoplasm to 
the nucleus where it cooperates with pioneer 
transcription factors like FOXA1 and binds to 
enhancers that contain androgen response ele-
ments (AREs) [30, 31]. Chromatin bound AR 
recruits co-regulators and activates a sub-set of 
these enhancers, which in turn are hypothesized 
to interact with other enhancers and promoters to 
regulate the activity of RNA polymerase II (RNA 
Pol II) [32, 33]. Androgen signaling-associated 
3D genome organization and transcriptional reg-
ulation contribute to topological stress in the 
genome. The enzyme DNA topoisomerase II beta 
(TOP2B) resolves topological stress by the for-
mation of transient DNA DSBs that allow DNA 
strands to pass through one another, followed by 
immediate rejoining of the DSBs [34, 35]. 
TOP2B catalytic activity is required for AR 
mediated transcriptional regulation [36]. In addi-
tion to gene promoters, TOP2B binding is also 
observed at the boundaries of topologically asso-
ciating domains (TADs) that are marked by occu-
pancy of structural proteins like CTCF and 
cohesin [37, 38]. Defects in TOP2B activity can 
result in the formation of persistent DNA DSBs 
that can serve as substrates for the formation of 
genomic rearrangements. The strong co-expres-
sion of AR and TOP2B in prostatic intraepithelial 
neoplasia (PIN) cells, the PCa precursor lesion, 
highlights the clinical relevance of topological 
stress in the formation of DNA DSBs [36].

In addition to topological stress via changes in 
3D genome organization, elevated transcription 
can result in the establishment of R loops formed 
by the hybridization of nascent RNA with the 
template DNA [39, 40]. During R loop forma-
tion, the non-template DNA strand loops out in to 
a single stranded structure that is vulnerable to 
DNA damage, leading to DNA DSBs. Multiple 
cellular mechanisms regulate R loop formation. 
Active transcription is associated with the accu-
mulation of negative supercoils behind the 
 elongating RNA Pol II. These negative supercoils 

promote the opening of double-stranded DNA 
and facilitate the annealing of nascent RNA to the 
DNA template strand and subsequent R loop for-
mation by mechanisms that are not completely 
understood. The DNA topoisomerases, including 
TOP1 and TOP3B, suppress R loop formation by 
reducing the negative supercoiling of DNA [41–
43]. The Ribonucleases H (RNase H) enzymes 
resolve R loops by specifically hydrolyzing the 
RNA in the RNA/DNA hybrids. Thus, defective 
topoisomerase activity can contribute to topolog-
ical stress and DNA DSBs in the TMPRSS2 gene, 
which is highly expressed in the prostate.

 Interplay Between Cellular Stressors
Oxidative stress is a common underlying theme 
for many cellular stressors. The cellular effects of 
exposure to IR are partially mediated by oxida-
tive stress via ROS formation [44, 45]. IR-induced 
ROS formation can occur within minutes and can 
be sustained for several days [46]. Oxidative 
stress by ROS can influence both the short-term 
as well as long-term DNA damaging effects of 
IR.  Treatment of human cells with hydrogen 
 peroxide (H2O2), a ROS, triggers topoisomerase 
II (TOP2) mediated DNA damage [47]. Thus, 
inflammation-induced oxidative stress can poten-
tially trigger AR induced DNA DSBs via TOP2B 
poisoning. The transcription-induced, R-loop 
associated single stranded structures can undergo 
damage from oxidative stress that can result in 
DNA DSBs when left unrepaired [48, 49]. In 
summary, a complex interplay between various 
cellular stressors create DNA DSBs that 
when  mis-repaired can result in genomic 
rearrangements.

 DNA Sequence and Epigenetic 
Features

DNA sequence and epigenetic features dictate the 
formation of DNA DSBs by cellular stressors [6]. 
Although the transcription-topological stress axis 
can explain the formation of DNA DSBs in 
TMPRSS2, it is important to note that the ERG 
gene is not expressed in the prostate gland. Gene 
fusions result in the transcriptional up-regulation 
of ERG. Oxidative stress-induced DNA DSBs in 
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the ERG locus are likely to be independent of 
androgen signaling or transcription [12]. The 
structure of the ERG gene and its chromatin envi-
ronment influence the formation of ERG gene 
fusions. Intron 3 of ERG is the most commonly 
rearranged intron in the gene. This intron spans 
~130 Kb and is one of the longest introns in the 
human genome. A significant proportion of oxida-
tive stress–induced DNA DSBs in the ERG gene 
overlap with DNase I hypersensitivity sites 
(DHSs); oxidative stress induced DNA DSBs in 
the TMPRSS2 gene do not significantly overlap 
with DHSs. Thus, the open chromatin sites within 
the ERG locus are vulnerable to the formation of 
DNA DSBs [12]. More generally, the large intron 
3 size in ERG affords the enrichment of epigene-
tic features that influence the formation of DNA 
DSBs in a transcription-independent manner.

 Mis-Repair of DNA DSBs

Human cells are constantly exposed to endoge-
nous and exogenous DNA damaging agents. 
Estimates suggest that ~10–50  DNA DSBs are 
formed in normal human cells per cell cycle [9, 
50]. Despite the constant threat of DNA DSBs, 
our cells efficiently fix these lesions by using 
various DNA repair pathways. Homologous 
recombination (HR) and the non-homologous 
end joining (NHEJ) are the two major mecha-
nisms for the repair of DNA DSBs. However, 
occasionally, DNA DSBs can be mis-repaired to 
form genomic rearrangements. Multiple mecha-
nisms can account for the mis-repair of DNA 
DBSs. For example, a significant increase in the 
formation of DSBs can trump the DNA repair 
machinery and increase the likelihood of genomic 
rearrangements. These rearrangements are also 
influenced by the spatial proximity of DNA 
DSBs and can be further accentuated by defects 
in DNA repair.

 Spatial Proximity

The proximity of gene fusion partners is a critical 
factor underlying the formation of recurrent gene 
fusions. TMPRSS2-ERG gene fusions represent-

ing intra-chromosomal gene rearrangements are 
observed in >50% of PCa—the two genes are 
located 3  Mb apart on human chromosome 
21q22.2. The TMPRSS2 and ERG genes also form 
inter-chromosomal gene fusions, albeit at much 
lower frequencies. Additional inter- chromosomal 
gene fusions include TMPRSS2- ETV1 and 
SLC45A4-ERG, which are observed in <5% of 
PCa [2, 51]. The low frequency of inter-chromo-
somal ETS gene fusions in comparison to intra-
chromosomal ETS gene fusions is not due to 
cancer associated evolutionary selection, rather it 
reflects the frequency of formation of these 
 oncogenic lesions. This conclusion is supported 
by the observation that oxidative stress induces 
TMPRSS2-ERG gene fusions at a much higher 
rate than TMPRSS2-ETV1 gene fusions in cell-
based models [12]. Thus, proximity by location in 
the chromosomal arm contributes, in part, to the 
high prevalence of TMPRSS2-ERG gene fusions. 
In addition to proximity by location, stimulation 
of LNCaP cells with the AR ligand, DHT, juxta-
poses the TMPRSS2 and ERG genes—this effect 
is not observed in AR negative cells [7]. Multiple 
independent studies have demonstrated androgen-
induced proximity of TMPRSS2 and ERG genes 
in AR positive cells, although the detailed mecha-
nisms are still not clear [7, 8, 28, 52, 53].

The presence of intrinsically disordered regions 
(IDRs) in many transcription factors and coactiva-
tor proteins can promote dynamic and cooperative 
interactions among components of the transcrip-
tional machinery via liquid-liquid phase separa-
tion [54–59]. In the context of the prostate gland, 
AR facilitates transcriptional regulation by pro-
moting long-range chromatin interactions between 
promoters, enhancers and other regulatory ele-
ments [33]. Thus, transcriptional regulation by AR 
can be a significant contributor to the three-dimen-
sional proximity of TMPRSS2 and ERG genes, 
although additional mechanisms, such as the regu-
lation of replication timing, may also play a role 
[53, 60]. Mechanistically, the proximity of gene 
fusion partner loci increases the probability of 
mis-repair and gene fusion formation when both 
the loci simultaneously harbor DNA DSBs. These 
studies explain why stimulation of LNCaP cells 
with DHT and IR results in the robust formation of 
TMPRSS2-ERG gene fusions.
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 Error-Prone End-Joining 
and the Formation of Genomic 
Rearrangements

NHEJ is the predominant DNA repair pathway 
involved in the repair of DNA DSBs as it oper-
ates during all stages of the cell cycle; HR, a 
template-dependent pathway, is restricted to S 
and G2 phases of the cell cycle. As NHEJ is a 
template-independent pathway, it is favored in 
the G1 phase for repair of DNA DSBs. The lumi-
nal epithelial cells of the prostate express higher 
levels of AR and TMPRSS2 in comparison to the 
basal epithelial cells. The ETS gene fusions are 
hypothesized to originate in the luminal cells, 
although basal cells can show luminal-like prop-
erties when appropriate transcription factors like 
NKX3.1 are activated [14]. The prostate luminal 
cells are post mitotic and prostate basal cells have 
a very low mitotic index. For these reasons, 
 replication stress and cell division are unlikely to 
be a major source of recurrent DNA DSBs. 
Additionally, at any given time, the vast majority 
of luminal and basal cells in the prostate will be 
in G1 phase, suggesting that HR is unlikely to be 
the major DNA repair pathway in pre-malignant 
prostate epithelial cells. For these reasons, NHEJ 
is the primary pathway for the repair of DNA 
DSBs in normal prostate epithelial cells.

Aging, the most significant risk factor for 
prostate cancer development, is linked to inflam-
mation and oxidative DNA damage. The NHEJ 
pathway efficiently repairs most of the DNA 
DSBs in prostate cells. The simultaneous pres-
ence of two or more DNA DSBs in close spatial 
proximity can occasionally result in the mis- 
repair of  these lesions to form genomic rear-
rangements. The CRISPR-Cas9 system has been 
employed to engineer de novo TMPRSS2-ERG 
gene fusions in LNCaP cells. Using this system, 
it was shown that knock-down of NHEJ compo-
nents such as PRKDC, PAXX, Artemis, KU70, 
KU80, XRCC4, LIG4, NHEJ1, XPF, 53BP1, and 
WRN blocked TMPRSS2-ERG gene fusion for-
mation [61]. TMPRSS2-ERG genomic break- 
point analysis of clinical PCa specimens have 
revealed that most junctions are either blunt or 
display short microhomologies of 1–4  bp [62]. 

These studies indicate an essential role for NHEJ 
in the mis-repair of co-existing DNA DSBs, lead-
ing to the formation of gene fusions. Although 
inherited mutations in HR DNA repair genes 
were observed in 4.6% of men with localized 
PCa, it is not clear if these men have a higher 
incidence of gene fusions [63]. Inherited muta-
tions in NHEJ DNA repair genes are not common 
in  localized PCa. We conclude that the error- 
prone end-joining ultimately resulting in ETS 
gene fusions are not due to defects in NHEJ per 
se, but rather are due to a preponderance of DNA 
DSBs in the context of 3D genome architecture.

 Novel Mediators of ETS Gene 
Rearrangements

Studies on human PCa specimens and cell-based 
model systems have identified novel mediators of 
ETS gene rearrangements. The CHD1 gene, 
which encodes an ATP-dependent chromatin- 
remodeling enzyme, is deleted in ~8% of PCa 
specimens [64–67]. Independent studies have 
shown an association between CHD1 deletions 
and the absence of ETS gene fusions [64, 68]. 
Inactivation of CHD1 blocks the formation of 
ERG rearrangements in LNCaP cells treated with 
the topoisomerase inhibitor, doxorubicin [68]. 
This is presumably due to the impairment of AR 
dependent transcription.

BRD2 and BRD4 are members of the bromodo-
main and extraterminal (BET) family of chromatin 
readers which bind to acetylated proteins like his-
tones to regulate transcription and promote DNA 
repair. Treatment with BET inhibitors (BETi), or 
siRNA-based knock-down of BRD2 and BRD4 
blocked NHEJ activity as well as CRISPR-Cas9 
mediated TMPRSS2-ERG formation [61]. When 
compared to either normal prostate or SPOP-
mutated PCa, the expression of BRD4 is signifi-
cantly elevated in ERG fusion positive PCa [61]. In 
addition to DNA repair, BET proteins play an 
essential role in AR dependent transcriptional regu-
lation [69]. Thus BET proteins participate in at 
least two stages in the formation of gene fusions: 
(a) mediating AR dependent transcription, and  
(b) facilitating the end-joining steps of DNA repair. 
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As BRD4 also has an essential role in the B cell 
class switch recombination (CSR) [70], these stud-
ies support the concept that mediators of normal 
cellular processes are often co-opted and hijacked 
to promote malignancy.

In PCa specimens, the presence of TMPRSS2- 
ERG gene fusions is highly correlated with lower 
levels of NKX3.1 protein expression [28]. In 
addition to its established role in protection 
against oxidative damage [21], NKX3.1 is an 
upstream regulator of AR signaling and luminal 
cell lineage identity [14]. Furthermore, NKX3.1 
participates in DNA damage response signaling 
by accelerating ATM activation [71, 72]. Thus, it 
is conceivable that loss of NKX3.1 function can 
influence various steps in the formation of ETS 
gene fusions.

 The Formation of Complex Genomic 
Rearrangements by Chromoplexy

The advent of Next Generation Sequencing (NGS) 
has uncovered several aspects of structural varia-
tions that are characteristic of PCa. Analysis of 
whole genome sequencing (WGS) and their copy 
number profiles in PCa specimens enabled identi-
fication of a unique set of events that are onco-
genic in nature, i.e. large chains of rearrangements 
in multiple chromosomes whose effects promote 

tumorigenesis [65, 73, 74]. Computational model-
ing of these events or rearrangements from WGS 
and copy number profiling predicted that their ori-
gins were similar to chromothripsis [75], and that 
the chromosomal disarray was a result of cumula-
tive effects of a handful of events that occurred 
during the course of tumor development. This phe-
nomenon of complex genome  rearrangements, 
which is seen predominantly in PCa, termed 
“chromoplexy”, originates from the Greek word 
pleko, meaning ‘to braid’. Chromoplexy is gener-
ally characterized by the formation of simul-
taneous co- dependent inter-chromosomal and 
intra-chromosomal rearrangements, resulting in 
translocations and deletions, computationally pre-
dicted to have all originated  within a single cell 
cycle (Fig.  2). A feature of chromoplexy is the 
presence of ‘chains’ where the breakpoints of 
 rearrangements involving cancer gene loci map to 
the reference genome near breakpoints from other 
rearrangements that have taken place at the same 
time. Such characteristic breakpoint distributions 
appear to reflect collections of broken DNA ends 
that are shuffled and ligated to one another in an 
aberrant configuration. This gives rise to deletion 
bridges, which in the context of chromoplexy are 
not simple deletions that bring cis-adjoining 
regions from the same chromosome together, 
rather these represent multiple rearrangements that 
are ultimately connected as closed chain events.

Intact Chromosomes Rearranged ChromosomesPCa precursor cella

Chromoplexy

Transcriptional hub

Intact Chromosomes Rearranged ChromosomesPCa precursor cella

Chromoplexy

Transcriptional hub

Stressor

Fig. 2 Chromoplexy. Cancer genomes can evolve in 
spurts  by chromoplexy, a type of genomic rearrangement 
which is typically associated with transcription-associated 
‘open-chromatin’. Panel a depicts a normal cell in homeo-

stasis where processes like metabolism and transcription are 
taking place. Panel b shows a nucleus, which when exposed 
to external stressors, swiftly gets rearranged to form several 
rearrangements involving deletions and translocations
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While chromothripsis and chromoplexy are 
both formed as a result of a catastrophic event, 
resulting in genomic breakpoints that are typi-
cally repaired by NHEJ, in the former, there are 
hundreds of breakpoints formed in one or two 
chromosomes, and in the latter, the breakpoints 
are not clustered and are seen in chains of rear-
rangements, numbering in tens, and spanning 
multiple chromosomes. Also, it is interesting to 
note that chromothripsis is usually seen as a sin-
gle event that occurs in the earlier stages of can-
cer, whereas chromoplexy can occur at multiple 
times during cancer evolution, as evidenced by 
clonal heterogeneity. Many sequential  events 
involving chromoplectic rearrangements, over a 
period of time, produce genomic dysregulation in 
varying degrees.

The origin of chromoplexy is not yet clear, but 
is thought to occur as a result of DNA damage 
induced by transcription factor binding. It is likely 
to be driven by occurrence of DSBs, mediated by 
transcriptional topological stress in sites that are 
co-localized with AR, which in the restrictive 
confines of the nucleus leads to a chain of events 
preceded by shattering of neighboring chromo-
somes followed by reassembly, and ultimately 
multiple translocations, and even deletions. 

 Chromoplexy can give rise to distinct molec-
ular subtypes. This is well exemplified by the 
occurrence of TMPRSS2-ERG fusion in ETS+ 
CHD1WT and ETS− CHD1del tumors. Charac-
teristically, rearrangements in ETS+ CHD1WT 
tumors are typically proximal to highly expressed 
loci, and are inter-chromosomal; display features 
of chromoplexy. In contrast, ETS− CHD1del 
tumors are associated with heterochromatin 
regions and have a larger number of intra-chro-
mosomal rearrangements displaying chro-
mothripsis-like characteristics. An interesting 
feature to note is that the pattern of rearrange-
ment breakpoints in ETS+ CHD1WT support the 
notion of a transcription-associated mechanism 
for chromoplexy. Chromoplexy, in addition to 
favoring the rearrangement of growth- promoting 
genes, can also inactivate multiple tumor sup-
pressor genes coordinately. Thus, chromoplexy 
can give rise to punctuated tumor evolution in 
PCa and possibly other malignancies.

 Conclusions and Future Directions

Recurrent genomic rearrangements involving the 
ETS transcription factors are causally associated 
with PCa etiology. We have outlined the various 
steps involved in the formation of ETS gene 
fusions. By compiling the multitude of scientific 
literature over the past two decades, we have pre-
sented the key cellular pathways, molecular play-
ers and environmental triggers that regulate the 
various steps in the formation of ETS gene 
fusions. Understanding the origins of genomic 
rearrangements can shed light on tumor etiology 
and also pave the way to develop strategies to 
prevent, delay, and treat PCa.
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Cells of Origin for Prostate Cancer

Li Xin

 Definition of Cells of Origin 
for Cancer

The cells-of-origin for cancer is generally 
defined as the cell within a tissue from which 
cancer originates [1, 2]. Despite the simple def-
inition, the term can be confusing under certain 
circumstances. For example, the initial genetic 
or epigenetic alterations may occur in one type 
of cell in a tissue, which then differentiates into 
another type of cell. The latter cell type may 
then respond to the preexisting oncogenic sig-
naling, undergo uncontrolled proliferation, and 
initiate the primary tumor. In this scenario, the 
identity of the cell-of-origin can be ambiguous 
[3]. Therefore, it has been suggested that the 
former cell type be termed as the cell-of-muta-
tion and the latter cell type as the cell-of-origin 
for cancer [4]. This helps clarify some ambigu-
ity, but this is only clinically meaningful when 
the tumors originating from these two types of 
cells display distinct clinical features when 
given the same oncogenic signal. To simplify 
the discussion in this review, I will refer to the 
cells of origin for prostate cancer as the cells in 
which the initial oncogenic signaling occurs. 
The topic of the cells of origin for prostate can-
cer has been reviewed previously [4–7] and you 

may refer to those for more comprehensive 
opinions.

 Significance of Investigating Cells 
of Origin for Cancer

The identity of the cells of origin for various 
types of cancers has been studied extensively. It 
has been demonstrated that both stem cells and 
committed progenitors can serve as the cells of 
origin for cancer [8]. Different cellular entities 
are differentially susceptible to distinct onco-
genic signaling [9, 10]. The same genomic alter-
ation in different cell types can lead to distinct 
tumor subtypes [11, 12]. Thus, investigating the 
cells of origin for cancer is not merely a curios-
ity, but can provide insights into how tumors ini-
tiate and how tumor heterogeneity evolves. In 
addition, by investigating the identity of the cells 
of origin for cancer, we can learn more about 
their features such as unique antigens that they 
express, specific signaling pathways that are 
required for their survival, and mechanisms they 
employ to fight stress signaling, etc. This infor-
mation may help us identify novel markers for 
early cancer detection, discover therapeutic vul-
nerability of the tumors, predict potential mech-
anisms for therapeutic resistance, and develop 
novel therapeutic strategies.L. Xin (*) 
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 Epithelial Cell Lineages in Normal 
Human and Rodent Prostates

A prerequisite to investigate the identity of the 
cells of origin for prostate cancer is a compre-
hensive understanding of the normal prostate 
epithelial cell lineages. Three types of prostate 
epithelial cells have been defined based on their 
histological appearance and the expression of 
specific antigens: the luminal, basal, and neuro-
endocrine cells. The columnar luminal epithe-
lial cells form a single layer surrounding the 
lumen. These cells carry out the secretory func-
tion of the prostate gland and express various 
markers such as cytokeratin 8 and 18, androgen 
receptor (AR), prostate specific antigen (PSA), 
Nkx3.1, etc. The luminal cells are surrounded 
by a continuous layer of cuboidal basal cells 
that rest on the basement membrane. Basal cells 
also expressed specific markers such as p63, 
and cytokeratin 5 and 14, etc. The function of 
basal cells remains unclear. Electron micro-
scopic analysis shows the presence of junction-
like structures between the basal and luminal 
cells as well as between the basal cells [13]. 
This suggests that basal cells may regulate 
luminal cell biology via inter-cell cargo trans-
port and may also serve as a barrier to maintain 
prostate tissue homeostasis. Neuroendocrine 
(NE) cells are rare and sporadically distributed 
among the glands. These cells have long den-
dritic processes with nerve-like varicosities 
[14, 15]. NE cells express synaptophysin and 
many neuropeptides such as chromogranin A, 
somatostatin, etc. Some NE cells can reach to 
the glandular lumen (open type) whereas others 
only have dendritic cytoplasmic processes 
migrating into surrounding epithelial cells 
(closed type). Based on their secretory proteins 
and morphology, NE cells have been suspected 
of carrying out both growth and exocrine secre-
tory activities.

Rodent and human prostates are anatomically 
different. The human prostate displays a lobular 
structure that can be stratified into four different 
anatomical zones [16, 17]. The peripheral zone 
(PZ) includes the dorsolateral and apical parts of 
the gland. The transition zone (TZ) consists of 

two lobes and is located between the proximal 
prostatic urethra and lateral parts of the PZ. The 
central zone surrounds the ejaculatory ducts and 
is located at the base of the prostate between the 
peripheral and transitional zones. Finally, the 
anterior fibromuscular stroma forms the convex-
ity of the anterior external surface and lacks glan-
dular tissues. The rodent prostate has a tubular 
structure that is composed of four different lobes: 
anterior, ventral, dorsal and lateral lobes. An 
additional difference is that there is a higher frac-
tion of stromal cells in the human prostate than in 
the rodent prostate.

Despite these differences, the human and 
mouse prostates share many histological similari-
ties. Mouse prostates also contain the three types 
of epithelial cells. In contrast to the 1:1 ratio of 
basal/luminal cells in human prostates, there are 
more luminal cells in the rodent prostate (ratio of 
basal/luminal cell number about 1:4) [13]. 
Therefore, the basal cells in rodent prostates are 
extended much more than the human basal cells 
and form a discontinuous layer in contrast to the 
continuous basal cell layer in the human prostate. 
Because of this, the rodent prostate epithelium is 
classified as pseudostratified columnar.

 Developmental Origin of Prostate 
Epithelial Cells

The prostate basal and luminal cells are both 
derived from the urogenital sinus epithelial 
cells of the endodermal origin [18]. This has 
also been demonstrated experimentally by a 
lineage tracing study in mice, which revealed 
that the p63+ urogenital sinus epithelial cells 
give rise to both the basal and luminal cells in 
adult mice [19]. However, whether the NE cells 
also share the same developmental origin 
remains a question. In a prostate regeneration 
assay, it has been shown that mouse prostate 
basal epithelial cells can generate neuroendo-
crine cells [20], but whether this also happens 
at the developmental stage in the native prostate 
microenvironment remains a question. At pres-
ent, there is no indisputable report in a lineage 
tracing study demonstrating that NE cells can 
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be generated from cells of the urogenital sinus 
origin. On the other hand, there is evidence that 
neuroendocrine cells are derivatives of neuro-
endocrine progenitors migrating from the neu-
ral crest [21]. Immunostaining of the NE cell 
marker chromogranin A in the human embry-
onic urogenital sinus revealed that NE cells are 
absent in the epithelium before the 18th gesta-
tion week but show up afterwards. This obser-
vation supports the migration theory but cannot 
exclude the possibility that the NE cell lineage 
arises from epithelial stem cells at a later devel-
opmental stage. On the other hand, a lineage 
tracing study using Wnt1-Cre showed that some 
NE cells are derived from the Wnt1- expressing 
neural crest cells [22]. However, unpublished 
observations from my group showed that the 
Wnt1-Cre and Sox10-Cre lines label a signifi-
cant amount of the prostate basal and luminal 
epithelial cells, suggesting that the specificity 
of these neural crest driver transgenic mouse 
lines are not as tight as expected. In summary, 
the exact embryonic origin of the neuroendo-
crine cells remains to be defined.

 Inter-lineage Hierarchy in Normal 
Prostate Epithelium in Adults

The mouse and human prostatic epithelial buds 
are solid initially and then undergo canalization 
to form lumen. During this period of develop-
ment, most cells express the makers of both 
basal and luminal cells including cytokeratins 5, 
8, 14, 18, 19 and P63 [23, 24]. Definitive differ-
entiation of basal and luminal cells starts at the 
end of the 15th gestation week in humans [23]. 
In mice, definitive lineage specification is not 
completed until 5–14 days postnatally in the dif-
ferent prostate lobes [24]. The relationship 
between the mouse basal and luminal cells at the 
postnatal developmental stage has been investi-
gated: using a lineage tracing strategy, it was 
demonstrated that the luminal cells undergo lin-
eage commitment and become unipotent after 
2 weeks postnatally, whereas some basal epithe-
lial cells possess bipotent differentiation capa-
bility and can generate both basal and luminal 

cells at that time [25]. This was corroborated by 
a careful analysis of spindle orientation of divid-
ing cells in conjunction with the identity of 
daughter cells [26]. During postnatal develop-
ment, mouse luminal cells usually undergo sym-
metric division to generate two luminal daughter 
cells. However, basal cells can undergo both 
symmetric and asymmetric division to generate 
both basal and luminal cells.

At adulthood, prostate epithelial cells turn 
over very slowly compared to those in the skin 
or small intestine. However, prostate epithelial 
cells possess extensive regenerative capability, 
as was demonstrated in the rodent: When 
rodents were castrated, their prostates shrunk 
drastically. This is due to apoptosis of the 
luminal epithelial cells since many of these 
cells rely on androgen signaling for survival 
[27–29]. However, when androgen was 
replaced, prostate tissues grew quickly back to 
their normal size. This cycle of involution and 
regeneration can be repeated up to 30 times 
[30]. This observation implies the existence of 
stem cells or progenitor cells.

Much effort has been made to investigate the 
inter-lineage hierarchical structure in the pros-
tate epithelium, particularly the relationship 
between the basal and luminal cells. Historically, 
there has been extensive debates regarding dif-
ferent theories. Initially, much evidence sup-
ported the concept that basal cells lie at a higher 
level in the hierarchy among the other lineages 
(see discussion below). Subsequently, there 
were also accumulating reports indicating that 
the luminal cells also contribute to the mainte-
nance of the other cell lineages in the prostate 
(see discussion below). During the debates over 
the years, it has been appreciated that the con-
troversies reflect the functional plasticity of 
both the basal and luminal cells. They both can 
display facultative stem cell activity under 
experimental or pathological conditions. More 
recently, with the application of lineage-tracing 
technology in mice, it has been shown that 
basal and luminal cells are largely indepen-
dently sustained. This is at least true in adult 
mice, although the question remains open in the 
human prostate.
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 Basal Stem/Progenitor Cell Theory

Since basal cells do not rely on androgen signal-
ing for their survival and express many stem cell- 
associated antigens such as P63, telomerase, 
Bcl-2 etc., it was hypothesized that prostate stem 
cells reside in the basal cell compartment. Those 
cells can generate both basal cells and luminal 
cells or even neuroendocrine cells via a transit- 
amplifying cell population [31]. This hypothesis 
is supported by immunostaining of human speci-
mens with antibodies against various types of 
cytokeratins. Intermediate cell types that are 
K19+, K5++/K18+, or K5+/K18++ have been identi-
fied in both human and rat prostate tissues and 
were suggested to represent snapshots of transi-
tion from basal cells to luminal-like cells [32–
35]. A recent study using comparative 
bioinformatics analyses, which supports this 
hypothesis, proposed a two-step regulatory 
mechanism of human prostate basal stem cell dif-
ferentiation, in which retinoic acid induces 
expression of a set of genes that preferentially 
respond to androgens during terminal prostate 
epithelial differentiation [36].

Inspired by research of skin stem cells, early 
investigators tried to use an in vitro culture sys-
tem to grow putative mouse and human prostate 
stem cells that can generate holoclones. In 
those studies, the cell population that expanded 
in culture always displayed a more basal cell-
like phenotype because they expressed high 
levels of the basal cell markers such as Keratin 
14 and 5. However, upon confluence, cells 
spontaneously adapted a more luminal cell-like 
phenotype as evidenced by increased expres-
sion of the luminal cell markers Keratin 8 and 
18 [37–40]. This basal-to-luminal differentia-
tion can be programed in vitro by defined 
growth factors [41]. Subsequently, in a type of 
3-dimension sphere assay, where dissociated 
prostate epithelial cells are cultured either in 
suspension in low attachment plates or immobi-
lized inside Matrigel with or without stimula-
tion with the urogenital sinus mesenchymal 
cells, it was also demonstrated that only the 
prostate basal cells can grow into spheroids 
[42, 43]. These spheroids contained cells that 

display a more basal cell-like phenotype. These 
cells could undergo some degree of differentia-
tion though they could not fully differentiate 
into mature luminal cells [43]. However, when 
transplanted in vivo, these cells can generate 
glandular structures containing both the basal 
and luminal cells [42]. Although there is no evi-
dence that neuroendocrine cells can be gener-
ated from basal cells in vitro, these studies 
further support the concept that stem cells/pro-
genitors may reside in the basal cell compart-
ment, depending on the stringency of the 
definition for stem cells.

This hypothesis is further supported by ex 
vivo studies after a tissue recombination assay 
was modified and adapted to monitor stem cell 
activity in the prostate [44, 45]. In these studies, 
mouse and human prostate basal cells are mixed 
with rat or mouse urogenital sinus mesenchymal 
cells and transplanted under the kidney capsules 
of immunodeficient male mice supplemented 
with androgen. In all these studies, basal cells 
can generate glandular structures that contain at 
least basal and luminal cells [20, 46–52]. Of 
note, one of the studies showed formation of 
neuroendocrine cells from basal cells [20]. In 
contrast, the basal cell-depleted cells in intact 
adult mice rarely displayed the same capability 
in the same assay.

Collectively, these in vitro and ex vivo func-
tional studies support the concept that prostate 
stem cells or progenitor cells reside in the basal 
cell compartment. However, there is a caveat. 
The stem cell assays described above were all 
performed under experimental conditions that are 
different from normal physiological conditions. 
In the prostate regeneration assay, prostate basal 
cells were dissociated from their native environ-
ment and stimulated with embryonic urogenital 
sinus mesenchymal cells that provide signaling, 
which is absent in the adult mouse prostate. 
Therefore, the stem cell activity that the basal 
cells displayed in these assays may not contribute 
to the maintenance of the prostate epithelial 
homeostasis in vivo.

To overcome the limitations of the previous 
studies, several independent groups have employed 
a lineage tracing approach to investigate the rela-
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tionship between basal and luminal cells. With this 
approach, the basal cell lineage in adult mice is 
labeled with fluorescent proteins, and the identity 
of their progeny is traced and verified by immu-
nostaining or flow cytometric analyses. In these 
studies, the investigators employed transgenic 
mice expressing a CreERT2 transgene driven by the 
basal cell-specific promoters (Keratin 5, 14, P63) 
to specifically label the basal cells [26, 49, 53–55]. 
The labeling was performed in adult mice to spe-
cifically investigate how adult mouse prostate epi-
thelial homeostasis is maintained. A surprising 
consensus from four of the studies is that basal 
cells generate mostly basal cells [49, 53, 54]. The 
efficiency of color-labeling basal cells was low-to-
moderate in these studies. In two of these studies, 
it was reported that a very small percentage of the 
basal cells can give rise to luminal cells [26, 49, 
54]. This rare event supports the concept that some 
basal cells possess bipotent differentiation poten-
tial in their native microenvironment but may also 
reflect the imperfect specificity of the promoters in 
the CreERT2 driver line.

Interestingly, the result from another lineage 
tracing study using a P63-CreERT2 line is quite 
different. This study showed that the p63- 
expressing basal cells can generate both luminal 
and neuroendocrine cells effectively. The reason 
for this discrepancy is unclear. Instead of the flu-
orescent proteins used in the other three studies, 
β-galactosidase activity was employed in this 
study to trace cells, which is less effective in 
defining the cell boundary at high resolution. In 
addition, in contrast to the transgenic approach of 
the other two CreERT2 drivers (Keratin5 and 14), 
CreERT2 was knocked in and replaced one endog-
enous allele of p63 in this model. p63 is a critical 
transcription factor regulating specification and 
proliferative potential of basal cells [56–58]. It is 
possible that p63 haploinsufficiency affects basal 
cell biology. Therefore, whether the conclusion 
from this study reflects that of the wild type 
mouse prostate remains uncertain.

More recently, a meticulous effort was made 
to attempt a lineage tracing in the human pros-
tate. This approach took advantage of a sporadic 
mutation of mitochondrial DNA that leads to 
cytochrome C oxidase deficiency [59, 60]. The 

mutation therefore can be easily detected by an 
enzymatic histochemistry. Using quantitative 
clonal mapping with 3D reconstruction, the 
authors showed streams of cells containing both 
basal and luminal cells, and even neuroendocrine 
cells, with the mutation dispersed from juxta- 
urethral ducts throughout the entire glandular 
network. The authors proposed that this reflects 
direct long-ranging epithelial flows from multi-
potent basal stem cells. However, it is unknown 
when the initial mutation occurred. If it happened 
at an early developmental stage, then the result 
suggests that these cell lineages have a similar 
developmental origin.

In summary, the studies over the past several 
decades have demonstrated clearly that both 
mouse and human basal cells possess the potential 
to differentiate into luminal cells and perhaps neu-
roendocrine cells. However, under physiological 
conditions, and even during induced artificial 
regeneration in adult mice, basal cells seem to con-
tribute very marginally to the other cell lineages. 
Whether this applies to the human prostate remains 
a question. Single cell trajectory analysis [61] may 
provide additional insights, but the conclusion will 
still be suggestive and needs to be further validated 
by novel technologies in the future.

 Luminal Stem/Progenitor Cell Theory

Luminal cells are considered to be terminally dif-
ferentiated because they do not manifest stem 
cell features in various in vitro and ex vivo assays. 
However, in all those assays, dissociated single 
cells were used as the research focus. Luminal 
cells are particularly susceptible to anoikis [62]. 
Once isolated as single cells they tend to die 
under these in vitro or ex vivo conditions before 
their stem cell potential can be evaluated. 
Therefore, those studies cannot exclude the bipo-
tent potential of the luminal cells.

It has long been argued that basal cells and 
luminal cells are self-replicating cell types. Both 
cell types actively divide and undergo extensive 
proliferation in castrated mice when androgen is 
replaced. An early study demonstrated the 
 existence of label-retaining cells within the 
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luminal cell lineage, which implies the existence 
of stem cells in the luminal cell lineage [63]. The 
first compelling in vivo evidence for a luminal-
like stem/progenitor cell came from a study of 
castration- resistant Nkx3.1-expressing (CARN) 
cells [64]. CARN cells are identified in castrated 
adult mice using an NKX3.1-CreERT2 knock-in 
mouse model. CARN cells display a luminal 
phenotype. The authors labeled these cells with 
green fluorescence protein in castrated mice 
using a lineage tracing approach and replaced 
androgen to induce prostate regeneration. CARN 
cells can generate both basal and luminal cells. 
CARN-like cells are also identified in human 
specimens from patients undergoing anti- 
androgen therapy [65], but whether they display 
bipotent differentiation capacity cannot be deter-
mined. The study of the mouse CARN cells 
demonstrates that the cells with a luminal pheno-
type also possess at least bipotent potential. A 
population of castration resistant Bmi-1-
expressing (CARB) luminal cells was also iden-
tified in castrated mice [66]. CARB cells are 
different from CARN cells, but also possess a 
capacity for bipotent differentiation.

Subsequently, additional evidence supporting 
the existence of bipotent luminal progenitors 
emerged. A unique luminal cell population that 
express Sca-1 was identified in the proximal 
prostatic ducts of the mouse prostate [67]. These 
cells can generate prostate glands containing 
both basal and luminal cells in the prostate regen-
eration assay, but their regenerative capability is 
much less than that of the basal cells. It was 
shown that some prostate luminal cells can sur-
vive and expand to form colonies or organoids in 
vitro [68–70]. With the application of a WIT™ 
medium [12], human prostate luminal cells can 
be cultured in vitro as colonies at a low efficiency. 
Colonies containing cells expressing both the 
basal and luminal cells markers, and these cells 
can regenerate prostate glandular structures in 
vivo in the prostate regeneration assay [70]. The 
prostate luminal cells can also form organoids in 
prostate organoid assays oriented to culturing 
cells of the endodermal origin, in which Wnt ago-
nists and inhibitors for TGFβ and BMP signaling 
are supplemented [68, 69]. The organoids contain 

both basal and luminal cells, demonstrating that 
these organoid-forming luminal cells are at least 
bipotent. Organoids generated from a CD38+ 
luminal cell population can generate glands con-
taining both basal and luminal cells [71].

However, as with previous studies, these stud-
ies are also not without their limitations. The 
CARN and CARB cells are identified in castrated 
adult mice. Their origin is unknown. It is possible 
that basal cells adapted a CARN/CARB cell phe-
notype upon castration. In addition, the Nkx3.1- 
CreERT2 model was generated so that one allele 
of the endogenous Nkx3.1 is lost. Nkx3.1 plays a 
critical role in prostate epithelial cell lineage 
commitment [72]. It is unclear whether Nkx3.1 
haploinsufficiency affects prostate epithelial cell 
differentiation. The regeneration, colony, and 
organoid assays only demonstrate the bipotent 
potential of the luminal cells under those experi-
mental contexts. Whether this is an obligate or 
facultative property of luminal cells in vivo 
remains questionable.

Lineage tracing studies of the luminal cells in 
intact adult mice were also performed using trans-
genic mouse models harboring the expression of 
CreERT2 driven by luminal cell promoters (Keratin 
8 and PSA) [49, 53, 54, 73]. These studies unani-
mously demonstrated that the luminal cells in 
adult mice only generate luminal progeny. 
Collectively, these studies reach a conclusion like 
those studies on basal cell biology. Both mouse 
and human luminal cells possess bipotent differ-
entiation capability but there is no compelling evi-
dence that they can contribute to the maintenance 
of other cell lineages substantially under physio-
logical conditions at adulthood.

 Independent Lineage Theory 
and Intra-lineage Heterogeneity

The studies described above support an indepen-
dent lineage theory, which argues that the basal 
and luminal cells are self-replicating [74, 75]. This 
theory appears to be accurate for the mouse pros-
tate, but whether the theory holds true for the 
human prostate remains to be determined. The 
independent lineage theory implies the existence 
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of progenitors within different cell lineages, which 
is supported by many studies demonstrating an 
intra-lineage heterogeneity with all the three cell 
lineages.

 Basal Cell Heterogeneity
It has been well-documented that not all basal 
cells are the same phenotypically. Immunostaining 
of various basal cell markers and other antigens 
have indicated a heterogeneity. For example, not 
all basal cells express cytokeratin 14 [37]; basal 
cells express differential levels of the integrins 
α2β1 [40]. In addition, by flow cytometric analy-
ses of many stem cell-associated surface anti-
gens, such as CD44, CD49f, CD133, c-Kit, Trop2 
etc., have been demonstrated to be expressed 
only in a fraction of basal cells in both mouse and 
human prostate.

More interestingly, the phenotypic disparity 
reflects functional distinction in various in vitro 
and ex vivo prostate stem cell assays. Human 
basal cells expressing a higher level of α2β1 are 
more potent in forming colonies in vitro and 
regeneration of prostate tissues in vivo [40]. 
Human basal cells enriched with EpCAM, CD44 
and CD49f possess higher sphere-forming activ-
ity [76]. CD133+ human prostate basal cells also 
display higher colony-forming and regenerative 
capacities [52, 77]. Inside the human prostate 
sphere culture, the label-retaining sphere cells 
display more phenotypic stem cell features and 
higher functional activities [78]. In vivo, the 
Trop2+ human prostate basal cells possess a 
higher regenerative capacity in the prostate 
regeneration assay [20, 46]. Many mouse pros-
tate studies also reached a similar conclusion. For 
instance, Trop2 also enriches for the mouse pros-
tate basal stem cell activity in the prostate regen-
eration assay [20]. Single c-Kit-expressing 
mouse prostate basal cells can regenerate glandu-
lar structures in vivo [51]. These studies support 
the concept that a fraction of the basal cells in the 
prostate may represent progenitors that sustain 
the lineage.

In contrast, results from lineage tracing 
studies are less compelling. The CreERT2 
transgenic line driven by the stem cell mark-
ers such as Bmi- 1, Lgr5, and CD133 can label 

a fraction of basal cells [66, 79]. However, 
these cells do not contribute significantly to 
the maintenance of the basal cell lineage even 
after extensive epithelial turnover induced by 
cycles of androgen deprivation and replace-
ment. Some driver lines label only a very 
small percentage of the basal cells (<0.1%). 
So, it is possible they do not include most of 
the basal progenitors. But in another lineage 
tracing study, CD133+ basal cells (about 18% 
of total basal cells) were shown to contribute 
to basal cell homeostasis in a manner similar 
to CD133− basal cells [80], although the 
CD133+ basal cells are more efficient in form-
ing colonies and spheres in vitro. These results 
question whether there is a distinct basal pro-
genitor population in vivo.

The observations from the lineage tracing 
study and the in vitro and ex vivo studies 
highlight again the differences of the experi-
mental conditions. In the in vitro and ex vivo 
assays, cells are removed from their niches 
and dissociated into single cells. Dissociation 
of cells from their native environment can 
induce apoptosis (anoikis). Therefore, these 
assays are probably measuring the potential 
of cells to survive anoikis. Anoikis can be 
inhibited by the ROCK kinase inhibitor 
Y-27632. We and others showed that when 
Y-27632 was supplemented in those in vitro 
and ex vivo stem cell assays (colony, sphere, 
and regeneration assays), the percentage of 
basal cells with stem cell activity can be 
increased by tenfold [81, 82]. Collectively, 
these studies implied that there may not nec-
essarily be a specialized basal cell progeni-
tor population that maintains the lineage via 
transit-amplifying cells in vivo, or alterna-
tively there may be many different types of 
basal cell progenitors that can have the 
capacity to duplicate. This is further sup-
ported by an in vivo cell kinetic study show-
ing that during normal prostate homeostasis 
most adult mouse prostate epithelial cells are 
formed by stochastic cell division, which 
implies an absence of the putative transit-
amplifying cells [83].
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 Luminal Cell Heterogeneity
Several lines of evidence also demonstrate het-
erogeneity within the luminal cell lineage. First, 
not all luminal cells succumb to androgen abla-
tion. Second, in mice some luminal cells are rela-
tively quiescent and possess the capacity to retain 
labelling [84, 85]. In addition, luminal cells 
express varying levels of surface antigens. For 
example, some mouse luminal cells do not 
express Nkx3.1 but express Sca-1 [67]; only 
some mouse prostate luminal cells express Ly6d 
[86]; and CD38 is only expressed by a fraction of 
human luminal cells [71]. Like the studies on 
basal cells, these phenotypic differences predict 
functional disparity. Sca-1+ mouse prostate lumi-
nal cells and CD38+ human luminal cells both 
display more potent stem cell activity than their 
counterparts [67, 71].

There is also indirect evidence suggesting a 
heterogeneity of the luminal cell lineage. In a 
transgenic mouse model with prostate specific 
deletion of both Pten and p53, investigators identi-
fied two types of phenotypically luminal tumor 
cells that can give rise to adenocarcinoma alone, or 
a mixture of adenocarcinoma and squamous carci-
noma [87]. However, because the origin of these 
two types of luminal tumor cells is unclear, this 
observation may only serve as indirect evidence 
for the existence of different types of luminal cells.

Phenotypic heterogeneity of luminal cells is 
also confirmed by in vivo lineage tracing stud-
ies. For example, Nkx3.1, CD133, Lgr5, and 
Bmi-1 are all capable of marking a fraction of 
the mouse luminal cells [64, 66, 79, 80]. 
However, in vivo evidence of a robust regenera-
tion of the whole luminal cell lineage by a puta-
tive luminal progenitor has been missing. In all 
these studies, the labelled luminal cells are not 
functionally better than the non-labeled luminal 
cells in their contribution to the maintenance of 
luminal cells. Considering the study showing 
that most adult prostate epithelial cells are 
formed by stochastic cell division [83], it is also 
plausible to hypothesize that the luminal cells 
are not maintained by one specialized progeni-
tor population, but are maintained by many 
types of progenitors or simply by cell 
duplication.

 Neuroendocrine Cell Heterogeneity
Neuroendocrine cells are morphologically het-
erogeneous: the closed-type separated by other 
cells in lumen, and the open-type that can reach 
to the glandular lumen. In addition, they can also 
be subclassified based on their secretory prod-
ucts. For example, some express serotonin or 
chromogranin A and B, whereas others express 
calcitonin or bombesin. It is unknown whether 
these differences may reflect their origin, such as 
neural crest or embryonic urogenital sinus epi-
thelial cells.

 Heterogeneity Associated 
with Anatomy
Many studies in rodent prostate have highlighted 
an association between cellular heterogeneity and 
anatomy. The rodent prostate is composed of four 
different lobes: anterior, ventral, dorsal and lat-
eral. Early studies have demonstrated that epithe-
lial cells differentiate at different dynamics in 
these lobes [24]. In addition, luminal epithelial 
cells in the different lobes also produce different 
secretory proteins [88, 89]. The mouse prostate 
surrounds the urethra and buds away from the ure-
thra. In an early study, investigators labelled pros-
tate epithelial cells with BrdU, induced epithelial 
turnover by alternate androgen deprivation and 
replacement, and revealed that the cells that 
retained BrdU labeling  resided at the proximal 
prostatic ducts [84]. These cells are considered to 
be the putative label-retaining quiescent stem 
cells. A similar study using H2B-GFP labeling 
[85] corroborated that all the label-retaining cells 
were present in the proximal prostatic ducts and 
contained both basal and luminal cells. This is 
consistent with later studies showing that basal 
stem cells are enriched in the proximal region and 
that the basal cells in this region possess a higher 
stem cell activity than those in other regions [48, 
50]. In addition, the Sca-1+ luminal cells that pos-
sess a bipotent differentiation capacity also local-
ize in the proximal region [67]. Compared to the 
luminal cells at the distal prostatic ducts, the Sca-
1+ luminal cells display less secretory function 
and may represent ductal cells rather than alveolar 
epithelial cells [67]. Finally, in mice neuroendo-
crine cells are much more  frequent in the proxi-
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mal region than in other areas [90]. Since the 
mouse prostate develops by budding outward 
from the urethra, these observations imply that 
cells with stem cell potential in the proximal 
region may represent the prostate stem cells that 
are left behind during tubule elongation. Or alter-
natively, the tissue microenvironment at the proxi-
mal ducts is unique and can keep the stem cell 
from further differentiation. We recently discov-
ered that stromal cells in the mouse proximal 
prostate express higher levels of various Wnt 
ligands, including canonical and noncanonical 
Wnt ligands. These Wnt ligands regulate nonca-
nonical Wnt signaling in the basal epithelial cells 
and canonical Wnt/β-Catenin signaling in the 
stromal cells, which together maintain the quies-
cent nature of the epithelial cells in this anatomic 
region [91].

Anatomy-associated cellular heterogeneity 
also exists in the human prostate. As described 
earlier, the human prostate is also divided into 
four zones, among which the transition zone and 
peripheral zone are the two major zones of endo-
dermal origin. Interestingly, a recent single cell 
analysis revealed that in the collecting ducts 
around the urethra at the transition zone, there are 
two types of cells that express a high level of 
prostate stem cell antigen (PSCA) [92]. These 
cells resemble the club cells and hillock cells in 
the lung and are absent in the peripheral zone.

 Lineage Plasticity Under Conditions 
of Stress

The discovery of induced pluripotent stem cells 
from the fibroblast cells [93] has made it clear 
that, given the right context, any type of cell can 
probably display lineage plasticity and be repro-
grammed into a different type of cell. In fact, in 
vitro culture of prostate colonies, spheres, or 
organoids may represent artificial situations 
where the prostate basal or luminal cells are 
instructed to generate structures containing both 
the basal and luminal cells. Although basal and 
luminal cells are independently sustained in the 
adult mouse prostate under physiological condi-
tions, studies have shown that under conditions 

of stress, basal cells can generate luminal cells 
efficiently. For example, studies using a bacterial 
infection-induced mouse model for prostate 
inflammation in concert with the lineage tracing 
approach showed that the prostate basal cells can 
efficiently generate luminal cells during prostate 
inflammation [94]. Similarly, in a mouse model 
where luminal cells were induced to undergo 
anoikis via loss of E-Cadherin, basal cells were 
found to undergo basal-to-luminal differentiation 
[95]. Acute and chronic inflammation are fre-
quently noted in the human prostate [96]. There 
are many potential sources for this affliction, 
including bacterial or virus infection, chemical 
and physical trauma caused by urine reflux, 
dietary factors, hormonal factors, or combina-
tions thereof [97]. Therefore, it is probably not 
unexpected that in the human prostate, some of 
the luminal cells were derived from the basal 
cells during ageing. An interesting unresolved 
issue is whether the basal cell-derived luminal 
cells and preexisting luminal cells are phenotypi-
cally and functionally the same. Answering this 
question may help explain how cells of origin for 
prostate cancer may affect the clinical behavior 
of the resulting disease.

 Cells of Origin for Prostate Cancer

Different subtypes of tumors with distinct histo-
morphological features or transcriptional profiles 
have been noted consistently in some tumors 
including leukemia, skin cancer, breast cancer, 
etc. [98]. Therefore, investigating whether the 
identity of cells-of-origin is a major determinant 
of histopathological and molecular subtypes is a 
natural question in these tumor models. In con-
trast, most human prostate cancer is acinar ade-
nocarcinoma, and there is no distinct and 
consistent molecular subtype in prostate cancer 
based on transcriptional profiles [99–101]. 
Therefore, attributing the histomorphological 
and molecular features of tumors to the identity 
of cells of origin would not be a legitimate pur-
pose for investigating the cells of origin for pros-
tate cancer. Many prostate cancers are indolent 
and will not progress even if they are left 
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untreated, whereas others are aggressive and 
need immediate therapeutic intervention. It is 
possible that the oncogenic signals driving indo-
lent and aggressive prostate cancers are different. 
Alternatively, the aggressive feature of the dis-
ease could be determined by the nature of the 
cells of origin for the cancer. Therefore, the pur-
pose of studying the cells of origin for prostate 
cancer is mainly to understand the cellular basis 
of aggressive prostate cancer. This should facili-
tate the development of novel prognostic markers 
for early detection of aggressive prostate and 
may provide insights into the therapeutic vulner-
ability of these tumors, leading to novel thera-
peutic strategies.

 Histological Variants of Prostate 
Carcinoma

More than 90% of prostate cancers are acinar 
adenocarcinoma that exhibit glands and acini 
lined by a single layer of cuboidal cells. But there 
are also acinar adenocarcinoma variants that dis-
play a distinct histomorphological appearance, 
such as foamy, signet ring, atrophic acinar adeno-
carcinoma, etc. The presence of abnormal mito-
sis and absence of a basal cell layer has been 
considered to be standard criteria for diagnosis of 
prostate adenocarcinoma. Combinations of anti-
bodies against the high molecular weight cyto-
keratins (34βE12) and P63, the markers for basal 
cells, have been employed in clinics to confirm 
the loss of the basal cell layer in prostate adeno-
carcinoma [102, 103].

Non-acinar carcinoma constitutes about 
5–10% of human prostate carcinomas. There are 
also various histological variants among non- 
acinar carcinoma, such as ductal adenocarci-
noma, basal cell carcinoma, neuroendocrine 
tumor etc. [104]. Ductal adenocarcinoma is char-
acterized by pseudostratified columnar epithe-
lium with papillary and cribriform patterns. 
Ductal adenocarcinoma is located mostly at the 
peripheral zone of the human prostate and is 
often intermingled with acinar adenocarcinoma. 
The outcome for patients with ductal differentia-
tion is worse than that for men with acinar adeno-

carcinoma. Gene expression profiles of acinar 
and ductal adenocarcinoma are very similar 
[105], so ductal adenocarcinoma may represent a 
malignant trans-differentiation from acinar ade-
nocarcinoma. Prostate basal cell carcinoma is 
extremely rare [106]. Cells within basal cell car-
cinomas express the basal cell markers P63 and 
high molecular weight cytokeratins. Most basal 
cell carcinomas occur in the transition zone but 
are also seen in the peripheral zone. 
Neuroendocrine tumors contain cells that are 
positive for the neuroendocrine cell markers to 
varying degrees. De novo NE tumors are 
extremely rare and are mostly small cell carcino-
mas [104]. These tumors are usually fatal, with 
most patients dying within 2 years of diagnosis. 
Besides de novo NE tumors, neuroendocrine dif-
ferentiation is also seen in hormone naïve pros-
tate adenocarcinoma [107] and recently have 
been observed more frequently in hormonally 
treated and castration resistant prostate cancer 
patients [108].

Interestingly, the histomorphological appear-
ance of prostate cancer is also related to the anat-
omy. Peripheral zone tumors contain cubic cells 
with eosinophilic cytoplasm and vesicular nuclei, 
whereas transition zone tumors often have colum-
nar cells with pale cytoplasm and dark nuclei [17].

 Correlative Evidence for the Identity 
of Cells of Origin for Prostate Cancer

The identity of the cells of origin for cancer is 
often intuitively assumed as the cells that share 
the same phenotypic appearance with the tumor 
cells. Therefore, it is natural to consider the basal 
cells as the cell-of-origin for basal cell carcinoma 
and luminal cells as the cell-of-origin for acinar 
adenocarcinoma. The identity of the cells of ori-
gin for de novo NE tumors is unclear. However, 
because these tumor cells express stem cell- 
associated antigens such as c-Kit and P63, it was 
hypothesized that the multipotent stem cell is the 
cell of origin for NE prostate cancer [109]. In 
contrast, a consensus has been largely reached 
that NE tumors in castration resistant prostate 
cancer patients are the results of trans- 
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differentiation of adenocarcinoma [108, 110, 
111]. Since basal cell carcinoma and de novo NE 
tumors are rare, the debate of the identity of the 
cell-of-origin for prostate cancer is focused 
mainly on that for acinar adenocarcinoma.

Some believe that luminal cells are the cells of 
origin for prostate acinar adenocarcinoma 
because tumor cells display a luminal cell pheno-
type. Prostate luminal cells possess a low level of 
H2A.X, hence are more vulnerable to oncogenic 
stress [112]. Luminal cells also express higher 
levels of 4EBP1, making them more resistant to 
inhibition of PI3K-AKT-mTOR signaling [113]. 
In addition, tumor initiating events such as 
TMPRSS2-ERG fusion, c-Myc upregulation, 
and telomere elongation are detected frequently 
in luminal cells in human prostatic intraepithelial 
neoplasia [114–116].

On the other hand, the phenotypic appear-
ances and molecular profiles of cells of origin 
and their resulting tumors may be different 
[117]. Therefore, despite the observation that 
prostate acinar adenocarcinoma is devoid of 
basal cells, they may still serve as the cells of 
origin for the cancer. There is evidence to sup-
port this theory. For example, basal cells are less 
well- differentiated and proliferate more fre-
quently than luminal cells in the human pros-
tate, hence are more prone to accumulating 
genetic alterations [118]. During conditions of 
stress, such as prostate inflammation, basal cells 
are in closer contact with reactive stroma and 
are exposed directly to various cancer-promot-
ing cytokines [119]. The TMPRSS2-ERG fusion 
is considered to be an early event in prostate 
cancer. The fusion event was also detected in the 
basal cells isolated from human prostate cancer 
biopsies [120], supporting the argument that 
basal cells are the cells of origin for prostate 
cancer. Over-expression of ERG and ETV1  in 
the prostate leads to a reduction of basal cells 
within the prostate [121, 122]. Since a hallmark 
of prostate acinar adenocarcinoma is loss of the 
basal cell layer, it is tempting to speculate that 
ETS fusion proteins drive basal- to- luminal dif-
ferentiation and that the cellular origin for ETS 
fusion protein-positive prostate cancer is the 
basal cell.

 Both the Basal and Luminal Cells Can 
Serve as Targets for Transformation

A prerequisite to understanding whether the 
identity of the cells of origin for prostate cancer 
can determine the clinical outcome of the result-
ing diseases is to determine which types of pros-
tate cells can serve as targets for transformation. 
The first direct evidence for a cell type that could 
be targeted for transformation was obtained from 
early genetically engineered transgenic mouse 
models for prostate cancer. These models employ 
a truncated or composite promotor of the rat pro-
basin gene to turn on oncogenic signaling in the 
prostate [123–125]. By deleting tumor suppres-
sors such as Pten, P53, RB or activating onco-
genes such as Myc, AKT, and FGFR1 these 
mouse models have developed cancer with vari-
ous histological features, including acinar adeno-
carcinoma, neuroendocrine cancer and 
sarcomatoid carcinoma [123, 126–130]. Because 
Probasin is expressed in the luminal cells, it was 
believed that these studies demonstrated that the 
luminal cells can serve as a target for transforma-
tion to generate various types of prostate cancer. 
However, it was later realized that the Cre activ-
ity is also active in the basal cells, and even stro-
mal cells in these transgenic models [125, 131]. 
Therefore, the conclusion of these studies became 
less definitive.

Early in vitro studies have shown that human 
prostate basal cells can be immortalized by virus 
DNA [132, 133] and transformed by a combina-
tion of oncogenes such as Myc and PI3K [134]. 
But the resulting tumor cells do not display a 
completely differentiated luminal cell phenotype. 
Early in vivo evidence demonstrating that basal 
cells can also serve as a target for transformation 
came from the prostate regeneration assay [48]. 
In this study, FACS-isolated mouse prostate basal 
cells were infected by lentivirus expressing con-
stitutively active AKT1. Infected basal cells were 
able to generate prostatic intraepithelial neopla-
sia (PIN) lesions in the regeneration assay. 
Subsequent studies further demonstrated that not 
only mouse basal cells but also human basal cells 
are able to generate cancers in this system when 
various oncogenic signals were introduced in 
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 different combinations [135–140]. More recently, 
it was demonstrated that given the right combina-
tion of oncogenic signaling, basal cells can be 
transformed to generate neuroendocrine prostate 
cancer [141, 142]. Basal cells were also shown to 
form tumors under other conditions. Immortalized 
human prostate BPH-1 cells that display a basal 
cell phenotype were transformed when combined 
with cancer associated fibroblasts and stimulated 
with testosterone and estradiol. However, whether 
the resulting tumors displayed an adenocarci-
noma phenotype was not reported [143]. It should 
be noted that the conditions of all these experi-
ments are artificial and only provide a proof of 
principle. In the human, multiple oncogenic sig-
naling may not occur in the same cells simultane-
ously. They may take place sequentially, in 
different orders, in the same cells, or even in dif-
ferent cells during basal-to-luminal 
differentiation.

More sophisticated mouse models have made 
it possible to test whether basal cells and luminal 
cells can serve as targets for transformation in 
vivo in their native environment. Using CreER 
driver lines driven by the basal cell-specific pro-
moters (Keratin 14 and Keratin 5) or the luminal 
cell-specific promoter (Keratin 8), three indepen-
dent groups disrupted Pten or Pten in combina-
tion with P53 specifically in the basal cells and 
luminal cells separately [49, 53, 54]. These stud-
ies showed that prostate cancer can arise from 
both basal and luminal cells. In addition, it was 
shown that the castration resistant Nkx3.1- 
expressing (CARN) and Bmi-1-expressing 
(CRAB) luminal cells can serve as the cells of 
origin for prostate [64, 66]. Together, these stud-
ies showed that both basal cells and luminal cells 
can serve as targets for transformation.

 Preferred or More Efficient Target 
for Transformation, Basal or Luminal 
Cells?

After it was demonstrated that both the basal and 
luminal cells can serve as targets for transforma-
tion, an interesting debate emerged: which is the 
more efficient or favored target for transforma-

tion? There is evidence supporting the argument 
that basal cells are an efficient target for transfor-
mation. Most of these studies utilized the prostate 
regeneration technique. Isolated human and 
mouse basal cells, transduced with lentivirus 
mediating oncogenic signaling and incubated in 
the prostate regeneration assay, are more efficient 
in forming tumor tissues than luminal cells. There 
is no report showing that mouse luminal cells can 
be directly transformed in this experimental con-
dition. As mentioned previously, a limitation of 
the studies utilizing the prostate regeneration 
model is that the luminal cells cannot survive 
well in this assay. Therefore, despite the conclu-
sion from these studies that basal cells serve as an 
efficient target for transformation, a contribution 
of luminal cells cannot be ruled out.

There is also evidence supporting the argu-
ment that luminal cells are more susceptible to 
oncogenic transformation. When Pten was dis-
rupted in luminal cells, they immediately under-
went rapid proliferation and formed mild PIN 
lesions within one month [49, 53, 54]. In con-
trast, the basal cells did not respond to the loss of 
function of Pten and remained dormant for as 
long as 9 months after Pten deletion. However, as 
soon as these Pten-null basal cells underwent 
luminal differentiation, their luminal progeny 
reacted rapidly to the preexisting oncogenic sig-
naling. Disease initiation from the basal cells can 
be accelerated by prostate inflammation since 
inflammation promotes basal-to-luminal differ-
entiation [94]. In another study, investigators per-
formed a lineage tracing study in various mouse 
models of prostate cancer driven by the probasin 
promoter. The study showed that most of the 
tumors in those models are derived from luminal 
cells, although a caveat for the study is whether 
or not the basal cells with activated oncogenic 
signaling were abundant and were effectively 
traced [144].

These literatures have caused much confusion 
especially to investigators outside the field who 
are not fully aware of the subtleties of the experi-
mental conditions in those studies. In fact, these 
studies are not contradictory to each other: the 
basal cells being an efficient target does not 
exclude the luminal cells as a target for 
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 transformation; luminal cells being more respon-
sive to oncogenic stimuli does not imply that they 
are the actual cells of origin for human prostate 
cancer, especially considering the fact that pros-
tate cancer is an age-dependent disease, which 
occurs mostly in men over 50. In fact, which cel-
lular compartment is the more efficient or pre-
ferred target for transformation is not an important 
question if they both give rise to a disease with 
the same histomorphological feature and clinical 
behavior. A question of more clinical relevance is 
whether the cells of origin for prostate cancer 
will determine its clinical behavior.

 Cells of Origin for Aggressive 
Prostate Cancer

Although both the basal and luminal cells can 
serve as targets for transformation, it has been 
controversial whether the tumors originating 
from these two cell types are different with 
respect to aggressiveness. Some studies have 
suggested that either cell population can contain 
the cells of origin for aggressive prostate cancer. 
For example, human prostate basal cells prefer-
entially express gene categories associated with 
stem cells and neurogenesis. The basal cell- 
specific gene signature is differentially enriched 
in various phenotypes of advanced prostate can-
cer such as anaplastic, metastatic and castration 
resistant prostate cancer [145, 146]. However, the 
gene signatures from the human prostate luminal 
progenitors are associated with higher mortality 
[70, 71]. These correlative observations probably 
reflect the fact that late stage tumor cells often 
turn on stemness-associated signaling to enhance 
their fitness during disease progression.

The best approach to investigate this question 
would be to introduce the same oncogenic signal-
ing into the two epithelial cell types and evaluate 
the outcome. The prostate regeneration assay is 
not particularly useful to address this question 
because luminal cells cannot survive in this assay, 
hence cannot generate tumors. However, several 
recent studies managed to bypass this limitation 
by short-term expansion of the luminal cells in 
the prostate colony or organoid assay before 

incubating them in the prostate regeneration 
assay. Investigators cultured human prostate 
luminal cells in the WIT™ media, transduced the 
cultured cells with activated AKT1, AR and 
ERG, and showed that the cells can regenerate 
prostate adenocarcinoma [70]. Other investiga-
tors transduced human basal and luminal cells 
with c-Myc and activated AKT1 and then 
expanded them separately in the organoid assay 
[140]. Organoid cells were then used for the 
regeneration assay. They showed that the organ-
oid cells derived from the basal cells can generate 
aggressive tumors without acinar structures that 
do not express AR and PSA, whereas the organ-
oid cells from the luminal cells that received the 
same oncogenic signaling generated well- 
differentiated PSA+AR+ acinar adenocarcinoma. 
Similarly, investigators showed that organoid 
cells derived from the CD38+ human prostate 
luminal cells transduced with c-Myc, active 
AKT1, and AR also formed prostate adenocarci-
noma [71]. Thus, in vitro expansion bypassed the 
limitation but also caused complexity as the con-
dition of colonies and organoid culture may have 
reprogramed those cells in different ways. 
Otherwise, these studies may serve as strong evi-
dence to support the concept that luminal cells 
may serve as a cell-of-origin for prostate adeno-
carcinoma and that basal cells and luminal cells 
can be transformed to generate tumors with dis-
tinct histologic features.

Genetically engineered mouse models may 
serve as a better approach to address this question. 
Three independent studies have employed this 
approach to disrupt the tumor suppressor Pten spe-
cifically in the mouse basal or luminal cells. One 
study showed that there is no distinct difference 
between the histomorphological features of the 
resulting tumors in the two groups, except that the 
PIN lesions started in the basal cell group with a 
long latency because basal-to- luminal differentia-
tion had to occur first [53]. The limitation of this 
study is that the deletion of Pten in the basal cells 
took place very inefficiently. Another group 
reported that the tumors derived from the luminal 
cells are more aggressive [49]. However, this is 
probably because of the Nkx3.1 haploinsufficiency 
that was only introduced in the luminal cells as a 
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result of the application of the Nkx3.1-CreERT2 
model. A third group reported that the tumors 
derived from the basal cells showed more invasive 
features [54]. This is interesting as one would 
expect that loss of basal cells due to basal-to-lumi-
nal differentiation should facilitate growth of the 
tumor cells towards basement membrane. However, 
this observation was not noted in the other two 
studies and has not been confirmed by other groups 
since then. Besides these studies that investigated 
the lineage identity of the cells of origin for aggres-
sive prostate cancer, an early study suggested that 
the anatomical location of cells-of- origin may also 
determine the aggressive feature of the resulting 
tumor. This study reported that the aggressive neu-
roendocrine tumor in a P53 and RB dual knockout 
model may arise from the cells in the mouse proxi-
mal prostatic ducts [147]. However, in contrast to 
this study, a recent study showed that Klf4 is 
expressed at a higher level in the mouse proximal 
prostate and that Klf4 suppresses transformation of 
prostate epithelial cells by oncogenic signaling 
such as activated AKT1 [148].

The mouse models also have limitations in 
addressing this question. First, oncogenic signal-
ing introduced to the prostate basal and luminal 
cells may also be introduced to cells in other 
organs such as the basal cells in the skin and the 
epithelial cells in the small intestine. How to 
exclude the systemic influences of these unde-
sired events on prostate initiation and progression 
should be considered. Second, the anatomical 
location and the number of the cells to be targeted 
are also critical. Ideally, one should compare 
tumor initiation and progression from the same 
number of basal and luminal cells at a similar 
anatomical location, which was not well- 
controlled in all the previous studies. This 
becomes even more complicated considering the 
intra-lineage heterogeneity described previously. 
Finally, the temporal regulation of introduced 
oncogenic signaling is also critical. It has been 
reported that tumors are initiated and progress 
faster when Pten is disrupted in younger mice 
than in older mice [149]. In the three studies 
mentioned above, the preexisting luminal cells 
were exposed to oncogenic signaling caused by 

loss of function of Pten earlier than those luminal 
cells derived from basal cells, which probably 
will have an impact on the initiation and progres-
sion of the resulting tumors. Therefore, it is still 
inconclusive whether the tumors derived from 
the two different cells of origin are different.

 Summary and Future Directions

In summary, our knowledge of the prostate epi-
thelial lineage hierarchy and the cells of origin 
remain incomplete. Although we have made 
much progress in understanding inter-lineage 
relationships, there are some missing connec-
tions. For example, are the basal cell-derived 
luminal cells in adults functionally equivalent 
to pre-existing luminal cells? What are the 
molecular signals that control basal-to-luminal 
differentiation? This signaling should play a 
role in the initiation of prostate cancer with a 
basal cell origin. Intra-lineage heterogeneity is 
an even more complicated issue. It remains a 
question whether there is a bona fide hierarchi-
cal structure within individual lineages, or 
whether the heterogeneities that we have dis-
covered merely reflect phenotypic and func-
tional plasticity of these cells in response to 
their different tissue microenvironments, such 
as anatomic location, interaction with the non-
prostate cell lineages, inflammation, etc. Single 
cell RNA-seq analysis and high- resolution mul-
tiplex 3-D imaging may provide insights and 
lead to the identification of more specific mark-
ers that can be employed to test their functions 
in vivo using the lineage tracing approach. This 
may make it possible to identify definitively the 
cells of origin for prostate cancer and to deter-
mine their role in the clinical outcome of pros-
tate cancer.
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Prostate Cancer Genomic 
Subtypes

Michael Fraser and Alexandre Rouette

 The Challenges of (Prostate) Cancer 
Genome Analysis

In 2000, the Human Genome Project published 
the first draft version of the human genome 
sequence [1]. Assembled through whole-genome 
shotgun sequencing using pairwise end Sanger 
sequencing over a period of 10 years, the Human 
Genome Project cost approximately $3 billion, 
and originally contained largely euchromatic 
regions of the genome with very low redundancy 
(i.e. read depth). The development of massively- 
parallel sequencing in the mid-2000s and the 
subsequent refinement of this technology had 
three primary effects: first, it became possible to 
sequence large target sequences, such as the 
human genome (~3000  Mb), in relatively short 
amounts of time; second, the cost of this sequenc-
ing was dramatically lower than Sanger-based 
approaches (a 105- to 106-fold reduction, as of 
2019); third, the reduction in both throughput 
time and cost per base allowed for highly redun-
dant sequencing, whereby each base can be 
sequenced 30 or more times, thereby increasing 
confidence in the called base and allowing for 
improved detection of low-frequency somatic 
variants.

However, sequencing of cancer genomes pres-
ents fundamental challenges relative to sequenc-
ing of germline genomes using DNA derived 
from purified leukocytes. This is due to the fact 
that cancer is characterized by the acquisition of 
mutations over time, as well as the divergence of 
clonal populations of cells during tumor evolu-
tion. While a mutation that arises early in tumor 
evolution will be present in the entire resultant 
cell clones, which arise from the progenitor, 
mutations that occur later during tumor evolution 
will be, necessarily, restricted to subclonal popu-
lations that arise following the acquisition of that 
mutation. This gives rise to a genomic heteroge-
neity that is absent from germline genomes. 
Moreover, cell populations from primary solid 
tumors are rarely free from contamination with 
non-malignant cell types (e.g. stroma, adjacent 
benign epithelium, etc.), thus reducing the rela-
tive abundance of tumor-associated mutant 
alleles—even those that are clonal—within 
mixed tumor-normal cell populations.

For these reasons, accurate analysis of cancer 
genomes typically requires two to three times 
higher sequencing coverage than analysis of 
germline genomes. Increasing the average num-
ber of reads for each base in the genome not only 
enhances confidence in each base call, but also 
increases the likelihood that low-frequency vari-
ants—either due to sub-clonality or to contami-
nation with genomic DNA from non-malignant 
sources—will be detected. Naturally, there are 
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trade-offs between depth of sequencing cover-
age, sample throughput, and total cost per cancer 
genome sequenced. Analysis of cancer genomes 
has also depended upon the presence of a germ-
line genome sequence of the same individual. 
This is particularly important given that most 
tumor sequencing studies rely upon mapping of 
short (~100–150 bp) sequencing reads, with min-
imal overlap, and the fact that alignment to the 
reference genome remains computationally 
daunting [2].

Given these challenges, it is not surprising that 
the first cancer genomes to be sequenced were 
derived from liquid tumors such as acute myeloid 
leukemia [3], where normal contamination can 
be reduced or eliminated by purification of dis-
tinct cell populations using flow cytometry-based 
approaches, and where normal genomes can be 
readily sequenced using non-malignant lympho-
cytes from the same biospecimen. In these can-
cers, the depth of sequencing required to detect 
mutations of identical abundance is compara-
tively lower than in solid tumors, thus reducing 
the total cost per genome.

During the nascent phase of cancer genome 
sequencing, many groups—particularly those 
working on solid tumors—elected to sequence 
cancer whole exomes, rather than genomes; the 
Cancer Genome Atlas (TCGA) program typifies 
this approach. In whole exome sequencing, the 
coding regions of the genome are first purified 
from genomic DNA using an in vitro capture 
approach. Because they represent only ~2% of 
the whole genome, exomes can be sequenced to 
higher depths than genomes for the same cost (or, 
alternatively, equivalent depths for lower cost). 
Thus, whole exome sequencing allows for detec-
tion of low-frequency coding variants with a 
much greater sensitivity than whole genome 
sequencing. However, this comes at the cost of 
the inability to detect molecular aberrations out-
side of the coding region, or to assess genome- 
wide structural variation. As we will see, this is of 
great importance for the analysis of C-class can-
cers [4], such as prostate cancer, where non- 
coding variation, gene copy number aberrations, 
and structural variation are key drivers of tumori-
genesis and disease progression.

 The Prostate Cancer Genome

When discussing prostate cancer genomics, it is 
critical to distinguish between localized and 
metastatic disease. In the era of widespread pros-
tate specific antigen (PSA) testing, the vast 
majority of new diagnoses are of localized, low 
grade disease with excellent prognosis [5], with 
comparatively few diagnoses of primary de novo 
metastatic disease. In some cases, metastatic, 
castration-resistant prostate cancer (mCRPC) 
develops following failure of both local therapy 
(radical prostatectomy and/or radiotherapy) and 
systemic androgen deprivation therapy (ADT), 
and may itself be treated with additional sys-
temic therapies such as docetaxel [6]. These sys-
temic therapies induce a strong selective 
pressure, which can alter the genomic make-up 
of metastatic lesions, relative to the primary 
tumor from which they were initially seeded. 
Indeed, recent evidence has demonstrated a clear 
selection—both positive and negative—on spe-
cific molecular alterations during ADT [7]. As 
such, it is appropriate to consider the molecular 
landscape of localized prostate cancer as funda-
mentally distinct from that of metastatic disease. 
Nevertheless, as we will see, important insights 
into prostate cancer development, progression, 
and clinical aggression can be inferred from a 
deep analysis of the localized, treatment-naïve 
disease state.

 The Somatic Molecular Landscape 
of Localized Prostate Cancer

Molecular interrogation of localized prostate 
cancer has traditionally been hindered by the 
relatively slow growth of clinically-relevant can-
cers as well as focal heterogeneity and low tumor 
cellularity. These constraints have limited analy-
sis to highly cellular tumors with sufficiently 
high DNA yields for deep next generation 
sequencing. Indeed, the first description of the 
whole genome landscape of localized prostate 
cancer did not emerge until 2011 [8], several 
years after the publication of the first tumor 
whole genomes [3] (Table 1).
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The origins of our understanding of the molec-
ular determinants of prostate cancer tumorigene-
sis and aggression predates the current genomic 
era. The effectiveness of androgen ablation for 
the treatment of prostate cancer has been recog-
nized for decades [9], which strongly (and accu-
rately) suggested a link between AR activity and 
prostate cancer progression [10]. Clinical studies 
revealed that androgen receptor mutations and 
amplification events are common in advanced 
prostate cancer and may arise during the course 
of androgen-deprivation therapy [11, 12].

A seminal discovery was that the ETS-family 
oncogene, ERG, is over-expressed in 40–50% of 
primary prostate cancers [13] and that this is sec-
ondary to an androgen-dependent genomic rear-
rangement (GR) on chromosome 21q22.2-22.3, 
producing a fusion product involving the 5′ regu-
latory region of the TMPRSS2 gene and the cod-
ing region of ERG [14] (Fig.  1). This fusion 
results either from deletion of the intervening 
~2.8 Mbp between the TMPRSS2 and ERG genes 
(‘edel’) or translocation of the intervening region 
to other locations (‘esplit’) [15]. All can be 

Table 1 Summary of whole-genome sequencing studies of localized prostate cancer

References
Number and type of whole 
genomes sequenced Major significance

Berger et al. [8] 7 primary high risk tumors First whole-genome sequencing of localized prostate cancer. 
Identification of closed-loop chain rearrangements

Baca et al. [24] 55 primary tumors, 2 
neuroendocrine metastases

Characterization of temporal changes in prostate cancer 
structural variation (“chromoplexy”)

Weischenfeldt et al. 
[26]

11 early-onset primary 
tumors
7 elderly-onset primary 
tumors

Androgen-dependent structural variation enriched in prostate 
cancers arising in men <50 years of age

Cancer Genome Atlas 
Research Network 
[16]

19 primary tumors Molecular subclasses of localized prostate cancers

Boutros et al. [57] 23 malignant foci from 5 
primary tumors

Spatial heterogeneity of localized prostate cancer

Cooper et al. [89] 12 malignant foci from 3 
primary tumors

Spatial-temporal heterogeneity of localized prostate cancer. 
Identification of aberrations in morphologically-normal 
prostate epithelium

Fraser et al. [25] 200 intermediate risk 
primary tumors

Largest study of prostate cancer whole genomes to date. 
Identification of recurrent driver aberrations linked to 
adverse clinical outcome

Taylor et al. [65] 19 disease foci from 14 
germline BRCA2 mutation 
carriers

Tumor genomes of BRCA2 mutation carriers closely 
resemble those of castration-resistant metastatic disease. 
MED12/MED12L pathway as driver of clinical aggression

Camacho et al. [131] 103 primary tumors Assessment of somatic genome-wide copy number 
aberrations and mechanism of copy number loss

Ren et al. [38] 65 primary tumors from 
Chinese men

Low frequency of TMPRSS2:ERG fusion in Chinese prostate 
cancers. Identification of novel tumor suppressor genes

Espiritu et al. [56] 93 intermediate risk 
primary tumors

Analysis of the temporal evolution of prostate cancer. 
Development of a clonality-aware multi-modal biomarker of 
adverse clinical outcome

Wedge et al. [37] 87 primary tumors, 20 
metastatic lesions

Temporal evolution of prostate cancer. Identification of 
potential druggable targets in localized disease

Su et al. [132] 17 nuclei from 2 primary 
tumors

First report of single nucleus whole-genome sequencing in 
prostate cancer. Significant spatial heterogeneity within the 
same gland

Gerhauser et al. [96] 292 primary tumors from 
men <55 years of age

Characterization of mutational signatures impacting early 
evolution of prostate cancer in younger men. Identification of 
clinically-relevant subgroups based on multi-modal profiling

Prostate Cancer Genomic Subtypes



90

 distinguished using three-color ‘break-apart’ flu-
orescence in situ hybridization (FISH) analysis, 
while edel fusions can also be inferred from copy 
number loss of the intervening genomic region 
(see below).

The TMPRSS2:ERG fusion (T2E) is present 
in ~45% of all localized PCs, while another 
~5–10% harbor a fusion involving another ETS- 
family proto-oncogene (e.g. ETV1, ETV4) [16]. 
Fusion of the TMPRSS2 promoter and enhancer 
region, which contain strong androgen- 
responsive elements (AREs), to the 5′ end of 
ERG leads to androgen-driven ERG overexpres-
sion, which can be detected in clinical speci-
mens by immunohistochemistry against ERG 
[17, 18]. The T2E fusion is also readily detect-

able using fluorescence in-situ hybridization 
(FISH) and qPCR [15, 19]. Molecular heteroge-
neity and sub- clonality studies have consistently 
demonstrated that the T2E fusion is one of the 
earliest molecular events in prostate tumorigen-
esis [20]. Despite this, no clear picture has 
emerged regarding the precise function of T2E 
in this regard. Moreover, large studies have 
failed to establish a prognostic effect of T2E for 
differential clinical outcomes in  localized dis-
ease [21, 22], although tumors harboring the 
fusion do show unique transcriptional program-
ming resulting in a dependency on NOTCH sig-
naling [23], which could make T2E a predictive 
biomarker for sensitivity to NOTCH pathway 
inhibitors.

R

Fig. 1 Androgen-dependent fusion of the TMPRSS2 and 
ERG genes. The TMPRSS2 and ERG genes are tran-
scribed from the (−) strand of chromosome 21q22.3. 
TMPRSS2 contains a strong Androgen-Responsive 
Element in its 5′ promoter/enhancer region (5′-ARE; pur-
ple). Fusion of the 5′-ARE (and often a small portion of 
the first exons of TMPRSS2) to the coding region of the 
ERG oncogene results in a fusion product (TMPRSS2:ERG; 
T2E) in which ERG expression is induced in an androgen- 

responsive manner. This can be directly detected by fluo-
rescence in situ hybridization (FISH) [28], RNA- or DNA 
sequencing, qPCR, or indirectly through ERG immuno-
histochemistry. In approximately 50% of cases, the T2E 
fusion is accompanied by deletion of the intervening 
sequence (‘edel’ fusions), while in the other 50%, the 
intervening sequence is retained, often through integra-
tion into other chromosomal locations. These can be dis-
tinguished using break-apart FISH [15]
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 Hallmarks of Prostate Cancer 
Genomes

 Single Nucleotide Variation
Prostate cancer is a C-class tumor, typified by a 
paucity of driver single nucleotide variants 
(SNVs) [4]. Relative to other solid tumor types, 
localized prostate cancer harbors an intermediate 
global SNV burden of ~0.5–1  SNVs/megabase 
[8, 16, 24–26]. Meta-analyses of prostate cancer 
exome sequencing studies have revealed that the 
most frequently mutated genes in localized pros-
tate cancer include SPOP, FOXA1, and TP53 
[25]. Strikingly, no single gene is mutated at 
>10–12% of localized prostate cancers [25], con-
sistent with the hypothesis that prostate tumori-
genesis is primarily driven by other classes of 
molecular aberration (see below).

In contrast, mCRPC harbors two- to threefold 
more non-synonymous SNVs per tumor than 
localized disease, consistent with acquisition of 
additional mutations and clonal selection during 
long-term androgen deprivation therapy [7, 27–
29]. Indeed, most somatic driver SNVs are 
strongly enriched in mCRPC relative to localized 
prostate cancer. Interestingly, key exceptions to 
this are SNVs in SPOP, which are significantly 
enriched in localized prostate cancers, relative to 
mCRPC, suggesting that these mutations are key 
drivers of prostate tumorigenesis but are unlikely 
to drive progression [7]. Consistent with this 
hypothesis, SPOP mutation confers sensitivity to 
the CYP17A1 inhibitor abiraterone [30], sug-
gesting that ADT may produce a strong negative 
selection against primary tumor clones harboring 
SPOP SNVs.

Conversely, SNVs in the androgen receptor 
(AR) gene are exceedingly rare in localized pros-
tate cancer but ubiquitous in mCRPC [25, 27], 
consistent with the androgen-independent prolif-
eration of mCRPC.  The likely mechanism for 
this enrichment is positive selection of subclones 
within the primary tumor harboring AR muta-
tions, although this has not been directly assessed 
in longitudinal studies of paired primary and 
metastatic tumor tissue, and the possibility of 
selection of de novo mutations arising during 
ADT cannot be ruled out. Such a study would 

require ultra-deep WGS or targeted re- sequencing 
to correct for tumor cellularity and low variant 
allele fractions. More generally, this represents a 
fundamental limitation of all current cancer 
sequencing studies: high rates of false negatives 
due to insufficient sequencing depth. As we shall 
see, however, one potential solution to this prob-
lem is the development of bespoke targeted 
sequencing panels informed both by existing 
whole-genome sequencing data and by basic 
prostate cancer cell biology.

 Structural Variation
As a C-class tumor, the prostate cancer genome is 
characterized by extensive structural variation, 
gene duplications and deletions, translocations, 
inversions, and small insertions and deletions 
(i.e. Indels). In this section, we will summarize 
the recurrent driver GRs and copy number aber-
rations (CNAs) found in the prostate cancer 
genome and discuss the complex structural varia-
tion that typifies this disease.

 Genomic Rearrangements
As noted above, the most frequent GR (and most 
commonly observed molecular aberration) in 
prostate cancer is a fusion between the 5′ untrans-
lated region (UTR) of the TMPRSS2 gene and the 
coding region and 3′-UTR of the ERG gene, a 
member of the ETS family of proto-oncogenes 
[14]. The fusion product, termed TMPRSS2:ERG 
(T2E), is generated through edel or esplit mecha-
nisms described above [15]. The TMPRSS2 
5′-UTR and upstream enhancer contain strong 
AREs which, when fused to the ERG coding 
region, drives overexpression of the ERG protein 
in an androgen-dependent manner [14]. The T2E 
fusion can be detected via breakpoint-spanning 
qPCR, RNA- or DNA sequencing, array com-
parative genomic hybridization (aCGH; in the 
case of edel fusions) or by fluorescence in-situ 
hybridization (FISH) [15], and can also be 
inferred from overexpression of ERG on immu-
nohistochemistry [18].

T2E is a member of a larger family of gene 
fusions targeting ETS proto-oncogenes, which 
together, are found in ~50–60% of all prostate 
cancers. The family includes additional 
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 androgen- responsive 5′ partners driving ERG 
overexpression (e.g. SLC45A3, NDRG1 and oth-
ers), alternate ETS family 3′ partners for 
TMPRSS2 (e.g. ETV1, ETV4, and FLI1), or 
unique androgen- driven fusions (e.g. 
SLC45A3:ETV1) [16, 24]. ETS fusions are 
among the very earliest aberrations to occur dur-
ing prostate tumorigenesis, and overexpression 
of ERG can be used to definite unique clonal 
populations within tumor foci on immunohisto-
chemistry (see below) [31]. While small mole-
cule ERG inhibitors have been developed and 
proposed as a potential therapeutic strategy for 
prostate cancer harboring T2E fusions [32], it 
remains unclear whether T2E contributes to a dif-
ferential clinical course for localized or meta-
static prostate cancer. Evidence from cohorts of 
definitive, curative-intent radiotherapy- or sur-
gery-treated patients shows that T2E does not 
predict a more aggressive clinical course for 
localized disease [21, 22]. Conversely, there is 
some evidence suggesting that TMPRSS2:ERG 
fusions may inhibit DNA double strand break 
repair by interfering with non- homologous end 
joining (NHEJ), thereby promoting PARP inhibi-
tor-induced radiosensitivity [33]. Nevertheless, 
the preponderance of evidence suggests that ETS 
fusions are key drivers of tumorigenesis in more 
than half of all prostate cancers with only mild 
effects on the clinical progression of the disease. 
Interestingly, T2E fusions are strongly enriched 
in prostate cancer arising in men <50 years of age 
at diagnosis (i.e. ‘early- onset’) [26, 34], suggest-
ing that these cancers represent a unique molecu-
lar subtype that is driven by androgen-dependent 
signaling. To that end, a key unresolved question 
is whether T2E and other fusions drive a unique 
evolutionary trajectory in nascent prostate can-
cers. This question may be resolved by emerging 
whole-genome sequencing of large, well-anno-
tated patient cohorts coupled with novel compu-
tational algorithms allowing for inference of 
subclonal evolution from single tumor 
populations.

While ETS-family fusions represent the larg-
est single class of prostate cancer-associated 
GRs, other aberrations have been described and 
may impact prostate cancer biology and clinical 

outcomes. For example, a recently-discovered, 
recurrent genomic inversion on chromosome 10 
containing the PTEN tumor suppressor gene is 
associated with a significant reduction in PTEN 
mRNA abundance and PTEN function, similar to 
that observed in tumors harboring a PTEN dele-
tion, which is among the most common DNA 
copy number aberrations (CNA) in prostate can-
cer (see below) [25]. A similar effect was also 
observed on a region of chromosome 3q, sug-
gesting that this is a relatively common mecha-
nism of mRNA abundance regulation. PTEN 
displays the behavior of a haploinsufficient tumor 
suppressor, whereby inactivation of a single 
PTEN allele by deletion (see below) or point 
mutation is sufficient to drive PTEN-mediated 
tumorigenesis [35]. However, this effect may, in 
fact, be explained by a copy-neutral loss of the 
second allele through methylation-induced 
silencing or genomic inversion. As the number of 
profiled tumors continues to increase (thus 
increasing statistical power), it will be important 
to evaluate if and how different classes of aberra-
tion interact to dysregulate PTEN.

Rearrangements have also been observed in 
the RB1, GSK3B, and FOXO1 genes, leading to 
loss of function of these genes [24]. Other candi-
date driver events include NRF1-BRAF and 
CRKL-MAPK1 fusions, and while these events 
are not common, they may be important driver 
events in individual tumors. Once again, a com-
plete understanding of the frequency of these 
(and other) GRs, as well as their biological and 
clinical impact, will require a dramatic increase 
in the number of localized prostate cancer whole 
genomes available for analysis.

Additional non-ETS gene fusions have been 
identified in prostate cancers in populations of 
non-Caucasian ancestry, including fusions 
between the USP9Y and TTTY15 genes on chro-
mosome Y and a CTAGE5:KHDRBS3 fusion 
resulting from a chr14:chr8 translocation [36]. In 
Chinese prostate cancer patients, these fusions 
are present at rates that exceed that of 
TMPRSS2:ERG [37, 38], which strongly sug-
gests that genetic ancestry and environmental 
factors play a key role in the molecular progres-
sion of prostate tumorigenesis.
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 Chromoplexy
In general, cancer-associated gene fusions 
involve two genomic loci; often a regulatory 
region from a gene under the control of a strong 
promoter that drives constitutive expression of a 
proto-oncogene. Prototypical examples of this 
are the BCR-ABL fusion that defines chronic 
myeloid leukemia (CML) [39] and the IGH-MYC 
translocation found in various malignancies, 
including Burkitt Lymphoma and acute lympho-
blastic leukemia [40, 41]. However, an improved 
understanding of the genomic architecture of 
cancer has revealed additional complex patterns 
of structural variation.

One such pattern is ‘chromoplexy’, which was 
initially identified based on deep whole genome 
sequencing of high grade localized prostate can-
cer [24]. Chromoplexy involves the formation of 
fusion products that include DNA from multiple 
chromosomes, in an ‘end-to-end’ fashion. 
Chromoplexy differs from chromothripsis in that 
it often involves disruption of specific loci across 
multiple chromosomes, which appears to occur 
in a single genomic event. Conversely, chro-
mothripsis typically involves extensive ‘shatter-
ing’ and reassembly of a small number of 
chromosomes (typically one or two) (Fig.  2). 
Chromoplexy is important in some instances of 
T2E fusion in prostate cancer, and ETS fusion 
status is strongly related to the presence of chro-
moplexy events, the number of chromosomes 
involved, and the number of DNA fragments per 
fusion [24, 37]. This suggests that chromoplexy 
in prostate tumors may be related to androgen- 
driven transcription. While chromoplexy has 
been identified in other cancer types [42–46], its 
overall frequency in human cancer has not been 
firmly established, nor has its effects, if any, on 
the clinical evolution and aggression of these 
cancers.

 Copy Number Aberrations
The prostate cancer genome harbors extensive 
recurrent copy number aberrations (CNAs) 
(Table  2). These events generally encompass 
large chromosomal regions spanning several 
megabases, although some focal CNAs (≤1 Mb) 
do occur. In localized disease, several well- 

established tumor suppressor genes are subject 
to mono-allelic or bi-allelic deletion. The most 
frequently observed deletion involves the PTEN 
locus on chromosome 10 [16, 25]. PTEN loss 
occurs in ~15–20% of localized prostate can-
cers, frequently in tumors that also harbor T2E 
fusions [16] and in hypoxic tumors [47]. 
Moreover, PTEN deletion is enriched in meta-
static prostate cancers [7], suggest that PTEN 
loss contributes to disease aggression. Loss of 
PTEN leads to activation of the PI3K/AKT 
pathway, thereby promoting cell proliferation, 
survival, and migration [48]. Interestingly, 
PTEN−/− mouse embryonic fibroblasts are sensi-
tive to poly-ADP ribose polymerase (PARP) 
inhibitors [49–52], possibly through decreased 
homologous recombination- mediated DNA 
repair via transcriptional down- regulation of 
RAD51 [53]. However, correlative studies have 
failed to establish any link between PTEN status 
and RAD51 expression in prostate cancer [54], 
and it is likely that this effect is tissue- specific, 
since follow-up clustered regularly interspaced 
short palindromic repeats (CRISPR)-based 
screens for PARP inhibitor sensitivity have 
failed to recapitulate the importance of PTEN in 
this regard [55]. Other recurrent somatic dele-
tions in localized prostate cancer include NKX3-
1 (8p21.2; see below), CHD1 (5q15-q21.1), 
CDH1 (16q22.1), RB1 (13q14.2), CDKN1B 
(12p13.1), BRCA2 (13q13.1) and TP53 
(17p13.1) [16, 25, 56], and several of these may 
have significant prognostic value for adverse 
outcomes in localized disease [57].

CHD1 deletion and mutation of SPOP are 
mutually exclusive of T2E fusion [30, 58], and 
functional studies have demonstrated that CHD1 
is required for fusion formation [58], thereby 
explaining this mutual exclusivity. Conversely, 
SPOP is an E3 ubiquitin ligase for ERG and thus, 
in cells harboring SPOP mutations, ERG is stabi-
lized, thereby reducing the selective pressure for 
T2E fusion as a means of driving ERG over- 
expression [59, 60]. The recent finding that SPOP 
mutations are predictive of abiraterone sensitivity 
in mCRPC [30] indirectly implies that fusion sta-
tus may be a useful predictive biomarker in 
advanced prostate cancer.
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Chromosome 8p is frequently subject to allelic 
losses, often affecting large portions of the entire 
p arm of chromosome 8 [25, 47, 56]. The major 
candidate gene in this region is NKX3-1, a 
homeobox-containing transcription factor, which 
acts as a transcriptional repressor of cell growth 
in prostate tissue [61], and an androgen-driven, 
haploinsufficient tumor suppressor gene that is 
deleted in up to 30% of localized prostate can-
cers. NKX3-1 deletion has been associated with 
disease relapse following external-beam radio-

therapy [62], and likely occurs early in prostate 
tumorigenesis, since most NKX3-1 deletions are 
clonal events [56].

The most frequently amplified region of the 
somatic prostate cancer genome is chromosome 
8q. Several significant amplification peaks exist 
on this chromosomal arm, the most prominent of 
which (8q24.21) harbors the MYC oncogene. The 
8p24.21 region is amplified in 8–10% of local-
ized cancers [16, 25, 56], and is prognostic of 
adverse clinical outcomes following definitive 

Fig. 2 Complex genomic rearrangements in prostate 
cancer. (a) Chromothripsis occurs as a result of 
chromosomal ‘shattering’ and massive rearrangement of 
single chromosomes or regions of single chromosomes, 
during a small number of cell divisions. The result is 
disruption of gene loci (shown as colored bars) within the 
chromothriptic region, with retention of gene copy number 

within the region [78]. (b) In contrast to chromothripsis, 
chromoplexy involves several distinct loci (shown as 
colored bars), often across different chromosomes. These 
loci exchange genomic segments with each other to form 
complex ‘closed-loop’ structures that may involve five or 
more independent loci [24]
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therapy [25, 63]. Interestingly, the rate of MYC 
amplification is substantially increased in  local-
ized prostate cancers in men who harbor a delete-
rious germline mutation in the BRCA2 gene [64, 
65]. Consistent with a role for MYC amplification 
as a determinant of poor clinical outcome, these 
familial cancers have an extremely aggressive 
clinical course, with 5-year overall survival rates 
approaching 50% [66].

Recurrent amplification affecting regions of 
chromosome 8q outside of the MYC gene are also 
commonly observed and may have important 
biological and clinical relevance. For example, 
amplification of the NBN gene (8q22.1), which 
encodes the DNA damage sensor protein NBS1, 
is predictive of poor response to external beam 
radiotherapy in low/intermediate risk prostate 
cancer [67]. Similarly, the PCAT1 long non- 
coding RNA gene, which is implicated in aggres-
sive localized and metastatic prostate cancer, is 
located on a frequently-amplified region of chro-
mosome 8q immediately upstream of the MYC 
locus [68]. Intriguingly, PCAT1 lies within a 
common fragile site (FRA8C) [69], which may 
help to explain the recurrent instability at this 
locus, and PCAT1 promotes MYC stability and 
MYC-dependent transcription [70].

Amplification of the MYCN locus on chromo-
some 2p24 (encoding the c-Myc homolog n-Myc) 
is rare in  localized prostate cancer, but is com-
mon in lethal neuroendocrine disease [71, 72]. 
Conversely, amplifications of the MYCL gene on 
chromosome 1p34 occurs in >20% of low/inter-
mediate risk prostate cancers, although this 
amplification has only been observed in two 
independent studies [57, 73]. MYCL amplifica-
tion is mutually exclusive from MYC gain and 
strongly associated with TP53 deletion, and is 
highly focal (minimally amplified 
region  =  8.5  kb), and rarely associated with 
amplification of >500 kb [57]. Moreover, FISH 
analysis demonstrated strong heterogeneity of 
MYCL amplification within malignant glands. 
This may explain why previous studies have 
failed to observe this amplification. While the 
relative contribution of the three MYC family 
homologs to prostate cancer progression has not 
been well-studied, it is likely that MYCN and 

MYCL play a subsidiary role, given their reduced 
incidence and their mutual exclusivity from 
MYC amplification (which strongly demarcates 
aggressive disease) [25, 63].

Recurrent amplifications have also been iden-
tified on chromosome 3q26, 11q13, and the 
entirety of chromosome 7 [16, 25]. Because these 
amplifications involve megabase stretches of the 
genome, identification of the putative driver 
genes in each region has proven difficult. 
However, it is clear that at least some of these 
large-scale amplifications have prognostic value 
in  localized prostate cancer. Indeed, amplifica-
tion of chromosome 7 defines a unique molecular 
cluster of prostate cancers based on CNA pro-
files, and is associated with decreased time to 
biochemical relapse in men treated with IGRT for 
intermediate risk prostate cancer [74].

The prognostic importance of somatic CNAs 
is now well-established. CNA burden, defined 
as the proportion of the genome affected by 
CNA events, is associated with reduced time to 
biochemical relapse in men with localized pros-
tate cancer [74, 75]. Moreover, unbiased, 
machine learning-based approaches have identi-
fied CNA- based signatures that accurately clas-
sify patients for risk of biochemical and 
metastatic relapse following definitive, curative-
intent therapy for localized prostate cancer [25, 
74, 76]. These signatures significantly outper-
form RNA-based classifiers [74] as well as 
established clinical prognostic factors such as 
Gleason grade and pre- treatment PSA. Moreover, 
CNA-based classifiers can be derived from pre-
treatment biopsy specimens, including forma-
lin-fixed, paraffin- embedded (FFPE) specimens, 
and are readily adapted for clinical implementa-
tion via clinical laboratory improvement 
amendments- compatible platforms such as 
NanoString [76].

 Chromothripsis
Chromothripsis is frequently observed in many 
human cancers, including prostate cancer [77, 78]. 
The phenomenon involves shattering of a single 
chromosome into thousands of small fragments 
during a very short time (one or, at most, a few cell 
divisions) which are randomly rejoined, leading to 
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profound disruption of gene function across entire 
chromosomes or chromosomal arms (Fig.  2). 
Chromothripsis is associated with retention of het-
erozygosity and TP53 deletion [78], although 
TP53 allelic loss is not required for chromothripsis 
[79]. Chromothripsis has generally been identified 
in an ad hoc manner, although computational tools 
have been developed and validated to automate 
this process and provide an objective standard by 
which chromothripsis can be identified and quanti-
fied across tumor types [79].

Numerous studies have identified relatively 
high rates of chromothripsis in localized prostate 
cancer, consistent with the observed C-class 
nature of the disease [16, 24, 25, 80, 81]. 
Chromothripsis is associated with unique gene 
fusions and other molecular alterations, and thus 
may underlie a unique prostate cancer biology 
[25, 81], but is not associated with higher tumor 
grade or with differential outcomes in  localized 
prostate cancer, suggesting that its function is 
related to tumor initiation and maintenance, rather 
than disease aggression. Chromothriptic tumors 
tend to be larger and have higher mutational bur-
den across aberration classes, and chromothriptic 
regions are enriched for aberrant DNA methyla-
tion, raising the possibility that epigenetic mecha-
nisms may help to initiate chromothripsis [25].

 The DNA Damage Response
An effective DNA damage response (DDR) is 
critical for maintenance of genome integrity. As 
noted above, germline variants that increase pros-
tate cancer risk are predominantly involved in 
DNA repair pathways, and variants in these genes 
are almost universally associated with genomic 
instability. DDR genes can be separated into dis-
tinct pathways mediating repair of particular 
types of DNA damage. For example, mismatch 
repair (MMR) is involved in correcting base sub-
stitutions, whereas homologous recombination 
(HR) uses the available sister chromatid as a tem-
plate for error-free DNA double strand break 
repair during the S/G2 phases of the cell cycle. In 
addition to germline variants, multiple somatic 
alterations have been described in DDR genes 
that delineate distinct prostate cancer genomic 
subtypes in  localized and metastatic tumors. A 

subset of prostate tumors show somatic altera-
tions in genes of the MMR pathway (~5–10% in 
metastatic disease), which correlate with a higher 
mutational load [82].

Alterations in HR genes highlight a distinct 
subset of prostate tumors with high genomic 
instability and structural rearrangements. 
Approximately 10–20% localized tumors show 
alterations in HR genes, predominantly in BRCA2 
and ATM, but also in BRCA1, ATR, FANCA, 
FANCD2, MRE11A, PALB2 and RAD51C [7, 16, 
25]. Interestingly, the proportion of HR defects 
increases in metastatic tumors to 23–27% [28], 
which is associated with increased genomic 
instability in metastatic tumors [37]. In line with 
this, a higher DDR score is linked to decreased 
progression-free survival for localized prostate 
cancer [83]. Another subset of DDR-deficient 
prostate tumors, involves bi-allelic loss of CDK12 
in metastatic tumors, and is associated with high 
levels of focal tandem duplications and delin-
eates an immunological-like subgroup [84]. 
Overall, alterations in genes of the DDR pathway 
form distinct subgroups of prostate tumors that 
generally have a poor prognosis.

 Tumor Evolution and the Impact 
of Somatic Genome Heterogeneity

 Multifocality

The vast majority of prostatectomy specimens 
show more than one disease focus [85, 86], 
although until recently it has not been clear 
whether these foci arise from a common precur-
sor clone or represent independent cancer lin-
eages. Macrodissection of 18 unique tumor foci 
from 5 patients with localized prostate cancer 
revealed dramatic intra-prostatic genomic hetero-
geneity across molecular aberration classes [57, 
87]. For example, in some patients, global CNA 
counts varied by as much as 50-fold between 
tumor foci. This included heterogeneous CNAs 
in genes such as PTEN, NKX3-1, and TP53, 
which have established prognostic value [62, 63]. 
This implies that clinically-relevant molecular 
profiling is subject to significant sampling biases. 
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Importantly, in at least one patient, there were no 
shared SNVs or CNAs between two distinct 
tumor regions, at least at the available limit of 
detection. This suggests that a single prostate 
harbors multiple independent cancers.

In addition to genetic variability, multi-region 
sampling of five prostate tumors showed exten-
sive epigenetic intra-tumor variability at several 
loci [88]. In particular, enhancer sites bound by 
androgen receptor exhibited substantial 
 intra- tumoral DNA methylation heterogeneity. 
This implies that genetic heterogeneity is not 
solely responsible for phenotypic differences 
observed between foci.

Using T2E break apart FISH to define unique 
tumor regions in whole-mount specimens, a con-
temporaneous study [89] further demonstrated 
extensive genomic heterogeneity in multi-focal 
prostate cancer. While each tumor in this study 
was derived from a single ancestor clone, unique 
mutational signatures were identified across 
tumor foci from the same patient, suggesting that 
mutational processes vary during tumor evolu-
tion, consistent with subsequent reports showing 
that the acquisition of unique sub-clonal muta-
tions is driven by temporal alterations in muta-
tional signature composition [56].

More recently, whole exome sequencing of 
153 specimens from 41 patients with localized 
prostate cancer, including normal prostate epithe-
lium specimen from each patient, revealed exten-
sive genomic heterogeneity, both between 
individuals and, strikingly, between tumor foci 
from the same individual [90]. Most foci from the 
same prostate contained no shared SNVs and 
very few shared CNAs. A limitation of this study 
is that the use of exome sequencing precluded 
analysis of non-coding mutations, although 
many, but not all, non-coding mutations are sub-
ject to less selection pressure than non- 
synonymous exonic mutations. Therefore, this 
study did not permit computation-based sub-
clonal reconstruction or assessment of clonal ori-
gin (see below). Nevertheless, these data do 
suggest that, at minimum, independent tumor 
foci undergo substantial evolutionary divergence 
during prostate tumorigenesis. Moreover, a 
recent whole-genome interrogation of 21 metas-

tases derived from 10 patients identified multiple 
distinct alterations in RB1, as late and sub-clonal 
events in related metastases, correlated with het-
erogeneous expression in a substantial 28% of 
mCRPC [91]. This finding is in line with another 
study showing that metastatic prostate tumors 
have three to four times more alterations in RB1 
[7], and implies that RB1 inactivation is required 
for a selected set of patients to progress to 
mCRPC.

Thus, while it is now clear that multifocality 
is associated with significant molecular hetero-
geneity, the extent to which this contributes to 
differential biology, clinical course and meta-
static progression remains unknown. For exam-
ple, while the presence of high grade cancer (i.e. 
Gleason pattern ≥4) is associated with less 
favorable clinical outcomes, there is evidence 
that in tumors composed of heterogeneous path-
ological grades (i.e. Gleason pattern 3 adjacent 
to pattern 4), the lower grade component can, at 
least in some cases, seed distant metastases 
[92]. Unfortunately, these observations have 
been limited to a single “n of one” study. While 
all metastatic lesions in a given patient are 
seeded from a single progenitor clone arising 
within the primary tumor [93], there is an urgent 
need to clarify the source of that “lethal” clone 
in multi-focal primary tumors. This could be 
accomplished, in part, through longitudinal 
studies assessing the molecular profile of mul-
tiple primary foci and patient-matched distant 
metastatic disease. This would help to establish 
the proportion of metastases that are seeded 
from the largest/highest grade “index” lesion, 
and thereby suggest the extent to which multi-
region profiling is required to inform clinical 
decision-making using prognostic and/or pre-
dictive molecular biomarkers (see below). 
Intriguingly, a very recent study showed that 
~24% of patient-matched index lesions and 
lymph node metastases exhibited no common 
CNAs [94]. While this study was limited in 
sample size (n  =  30 patients) and breadth of 
molecular interrogation, this finding does sup-
port the hypothesis that a small but significant 
percentage of metastases are seeded from tumor 
clones outside of the index lesion.
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 Sub-clonal Reconstruction 
of Localized Prostate Cancer

While molecular profiling of multiple cancer foci 
from the same prostate has dramatically enhanced 
our understanding of the spatial heterogeneity of 

localized disease, advancements in computational 
biology have allowed for reconstruction of the tem-
poral evolution of individual cancer foci (Fig. 3), 
an approach that was pioneered through analysis of 
breast cancer whole genomes [95]. This approach 
relies upon three fundamental pieces of data: (1) a 

Fig. 3 Subclonal evolution of localized prostate cancer. 
Clonal evolution begins with initiating lesions such as 
TMPRSS2:ERG fusion (and other ETS family fusions), 
SPOP SNVs and CHD1 deletions (in fusion-negative 
tumors), and broader genomic rearrangement events such 
as chromoplexy. Because these aberrations occur early in 
tumor development, they are enriched in tumor ‘trunks’, 
and are thus present in all tumor clones at clinical presen-
tation. Other truncal events occurring prior to evolution-
ary divergence include MYC amplification, NKX3-1, 
PTEN, and TP53 deletion, TP53, FOXA1, and ATM 
SNVs, and chromothripsis. In general, tumor trunks are 

enriched for large deletions and higher SNV burden. 
Over time, divergence from the trunk occurs, giving rise 
to subclonal populations containing both truncal aberra-
tions and private ‘branch’ mutations such as AKT1 and 
CCND1 amplifications, which are present only in these 
subclones. Tumors with more extensive branching are 
more likely to recur following definitive therapy [56]. 
There is also significant switching of mutational signa-
tures during tumor evolution (not shown) away from the 
early APOBEC-type and aging-related signatures and 
toward signatures of homologous recombination defi-
ciency [37, 56, 96]
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whole-genome sequence of patient-matched nor-
mal DNA to establish germline genotype, (2) an 
accurate measure of tumor cellularity and genome-
wide copy number to establish variant allele fre-
quency, and (3) sufficiently deep tumor whole 
genome sequencing (≥80–100× mean coverage) 
for detection of rare alleles. At sufficiently high 
depths, this method distinguishes between muta-
tions that arose early in tumorigenesis and which 
are thus present in clonal trunks vs. those arising in 
subclonal branches (i.e. high vs. low allele fre-
quency). Subclonal branches can be inferred to be 
fully independent when the mutations that com-
pose the branches are mutually exclusive (i.e. never 
observed on the same DNA fragment). Thus, 
tumors can be classified as either monoclonal (i.e. 
all cells contain largely identical sets of truncal 
mutant alleles) or polyclonal (i.e. different cell pop-
ulations containing a mixture of truncal and branch 
mutations with more or less evolutionary 
“distance”).

Approximately 40% of localized prostate can-
cers harbor a single clonal population while 
~60% show strong evidence of significant evolu-
tionary branching [56], though this is likely an 
underestimation, since clonal populations in this 
study were reconstructed from a single tumor 
region. Moreover, specific mutational classes 
showed strong biases toward either tumor trunks 
or branches. For example, while CNA burden 
was uniformly distributed between branches and 
trunks, truncal CNAs were strongly biased 
toward larger allelic losses. Conversely, CNAs 
arising in tumor branches tended to be smaller 
allelic gains. Similarly, SNVs are strongly 
enriched in tumor trunks. Indeed, virtually all 
established recurrent driver SNVs (e.g. FOXA1, 
SPOP, ATM, and TP53) are preferentially found 
in tumor trunks, suggesting that these aberrations 
play an important role in tumor initiation. 
Mutational signatures are also highly dynamic 
during tumor evolution, with ~2/3 of tumors 
showing strong evidence of signature switching. 
The earliest prostate cancer-associated mutations 
are driven by the APOBEC-related, ‘clock-like’ 
mutational signature, with subsequent accumula-
tion of AR-related aberrations, DNA repair 
defects, and broader genomic instability [96].

Importantly, clonal complexity is a significant 
predictor of clinical outcome; polyclonal tumors 
have substantially shorter time to biochemical 
relapse than monoclonal tumors [56]. Moreover, 
tumor clonality strongly interacts with existing 
prognostic biomarkers based on single molecular 
analytes such as the percentage of genome altered 
(PGA) or multi-modal biomarkers (the utility of 
molecular biomarkers is discussed in detail in 
Section “Clinico-Genomics”, below).

There are also clear differences in the tempo-
ral evolution and selective pressure at play in 
tumors harboring an ETS gene fusion, relative to 
fusion-negative cancers [37]. For example, ETS 
fusion-positive cancers are strongly enriched for 
specific deletions on chromosomes 5 and 10 
(including the PTEN locus) but are mutually- 
exclusive from deletions of the chromosome 5 
region containing CHD1, consistent with the 
requirement of CHD1 for formation of the fusion 
[58].

In the coming years, continued declines in 
cost per sequenced base will allow for deeper 
interrogation of tumor sub-clonality, thereby 
overcoming some of the inherent limitations in 
this process. For example, it is highly likely that 
putatively monoclonal prostate tumors do, in 
fact, contain small populations of cells harbor-
ing unique sets of private mutations, but are 
undetectable at the sequencing depths com-
monly employed today. In parallel, improve-
ments in computational power will further 
increase sensitivity for detection of low fre-
quency alleles. Furthermore, integration of 
sequencing data derived from multi-regional 
specimens followed by clonal reconstruction for 
each prostate tumor will allow a more compre-
hensive understanding of clonal dynamics [97, 
98]. This has multiple clinical implications, 
including the identification and tracking of 
ultralow-frequency mutations that predict ther-
apy resistance or relapse when sampled from 
tumor, blood or urine samples [99]. Finally, as 
the number of sequenced prostate tumors in the 
literature continues to rise—with a concomitant 
increase in the statistical power to detect rare-
but-recurrent aberrations—the need for further 
whole genome sequencing analyses will fall, 
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except in unique patient populations where the 
genomic landscape is not yet well-established 
(e.g. BRCA2-associated familial prostate can-
cer; see below) [64, 65].

 Familial Prostate Cancer 
and Germline-Somatic Interactions

 Germline Variation and Prostate 
Cancer Risk

Family history is a significant risk factor for the 
development of prostate cancer [100], suggesting 
that inherited genetic factors influence the pro-
pensity for prostate cancer initiation. While it is 
estimated that ~10% of prostate cancer is attrib-
uted to genetic factors [101], very few individual 
genes have been shown to contribute signifi-
cantly. One prominent example is the BRCA2 
gene; carriers of deleterious germline BRCA2 
mutations are four- to fivefold more likely to 
develop prostate cancer than non-carriers [102], 
although penetrance is incomplete (i.e. not all 
carriers will develop prostate cancer). Moreover, 
these cancers are very aggressive, with 5-year 
overall survival rates of 50–60% for BRCA2 
mutation carriers diagnosed with prostate cancer 
[66]. Other mutations that may confer increased 
prostate cancer risk with moderate penetrance 
include BRCA1, PALB2, HOXB13, CHEK2, 
ATM, KLK6 and NBN [103, 104]. Genes confer-
ring comparatively large increases in risk are 
almost universally involved in the DNA damage 
response (DDR) and DNA repair, and patients 
harboring germline mutations in these genes may 
be candidates for treatment with poly(ADP)-
ribose polymerase (PARP) inhibitors, which 
selectively target cells with deficient repair of 
DNA double strand breaks by homologous 
recombination [105]. Indeed, PARP inhibitors 
have shown promise for the treatment of patients 
with mCRPC who harbor germline and/or 
somatic mutations in DDR genes [106].

While deleterious mutations in these moder-
ately penetrant genes confer a relatively large 
increase in prostate cancer risk, these mutations 
are rare in most populations. In contrast, well 

over 100 germline single nucleotide polymor-
phisms (SNPs) have been linked to increased 
prostate cancer risk. While each individual SNP 
increases risk by only a very small amount, col-
lectively these SNPs account for >28% of the 
inherited risk of developing prostate cancer [107, 
108]. Characterizing the effects of these SNPs 
requires genome-wide association studies 
(GWAS) on very large populations in order to 
attain sufficient statistical power to detect small 
changes in risk. To that end, the Prostate Cancer 
Association Group to Investigate Cancer 
Associated Alterations in the Genome 
(PRACTICAL) consortium has assembled over 
120,000 prostate cancer cases and 100,000 con-
trols, allowing for unprecedented insights into 
the effect of inherited variation on prostate can-
cer risk [107, 108].

 Germline-Somatic Interaction: BRCA2

While germline genotype clearly influences the 
clinical course of prostate cancer, until recently, 
very little was known about the molecular under-
pinnings of disease aggression in men who carry 
a deleterious germline mutation. This gap in 
knowledge can be explained, in part, by the rela-
tively low frequency of mutations that portend 
adverse clinical outcomes, which necessarily 
limits statistical power. Much of our understand-
ing of the genomics of prostate cancer in BRCA2 
mutation carriers has come from correlations 
observed in incidentally collected cases in large 
whole exome studies of mCRPC [28], which, by 
definition, is a disease state wherein the somatic 
genomic profile has been subject to strong ADT- 
mediated selection pressures. Thus, if and how 
these BRCA2-associated cancers differ from spo-
radic (i.e. non-familial) prostate cancer while 
localized to the prostate—and prior to the admin-
istration of ADT—has not, until recently, been 
comprehensively addressed.

BRCA2-associated prostate cancers harbor 
significantly higher mutational burden across all 
molecular classes, relative to sporadic cancers 
of matched grade and stage [65]. In particular, 
amplifications of MYC and deletions of GSK3B 
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and MTOR are enriched dramatically in BRCA2- 
associated prostate cancer, relative to sporadic 
localized disease [64, 65]. Indeed, hormone- 
naïve, localized, BRCA2-associated prostate 
cancer harbors a mutational profile that more 
closely resembles mCRPC than sporadic local-
ized  disease [16, 25, 28]. This includes CNAs 
and aberrant methylation of genes involved in 
WNT pathway activation (including MED12, 
MED12L, and APC), which are rare in sporadic, 
localized prostate cancer [65]. Intriguingly, 
BRCA2- associated prostate cancer is enriched 
for a unique histopathology known as intra-
ductal carcinoma of the prostate (IDC-P), which 
is a major component of the clinical aggression 
of this disease state [66, 109]. Patients with 
IDC-P show increased genomic instability, are 
more likely to have hypoxic tumors, and show 
higher expression of SChLAP1 long noncoding 
RNA and increased proportions of somatic 
alterations such as point mutations in TP53, 
SPOP and FOXA1 [110]. Despite this, it remains 
unclear how IDC-P differs from the surrounding 
invasive adenocarcinoma, even though the pre-
ponderance of evidence suggests that IDC-P-
associated cancers are genomically-unstable 
entities. Additional statistically- powered stud-
ies, which directly compare the genomic altera-
tions in microdissected regions of IDC-P and 
adjacent invasive adenocarcinoma, will be 
required to formally assess this question. 
Subclonal reconstruction of IDC-P in the pres-
ence or absence of a germline BRCA2 mutation 
revealed a distinct evolutionary trajectory for 
these aggressive cancers. Moreover, IDC-P-
associated sporadic cancers often harbor molec-
ular aberrations that are enriched in 
BRCA2-associated disease, regardless of IDC-P 
status [65].

A number of questions remain unanswered 
with respect to BRCA2-associated prostate can-
cer. For example, it is unclear whether histologi-
cally normal prostate epithelium in BRCA2 
carriers harbors mutations that predispose to 
rapid malignant transformation, a phenomenon 
that has been observed in some sporadic cancers, 

consistent with a prostate ‘field cancerization’ 
phenomenon [89].

Similarly, the molecular underpinnings of 
clinical aggression in prostate cancer associated 
with other germline mutations is largely 
unknown. Collection of specimens from these 
patients—particularly in early stage disease—
will allow for creation of well-powered cohorts 
to dissect the unique biology of these familial 
cancers.

 Clinico-Genomics

As the number of prostate cancer whole-genome 
and whole-exome datasets in the literature has 
increased, so too has our understanding of the 
key molecular events underlying the develop-
ment and progression of the disease. However, 
the majority of these molecular studies have 
lacked long-term clinical follow up data, making 
it difficult to identify relationships between spe-
cific sets of genomic alterations and clinical out-
come. Thus, while several RNA-based biomarkers 
of adverse outcome have entered into clinical 
practice (reviewed in the next chapter of this 
book) and while numerous genomic aberrations 
have been linked to adverse pathologic endpoints 
(e.g. Gleason upgrade at prostatectomy), com-
paratively little data exists to support the use of 
recurrent genomic alterations (or sets of altera-
tions) as biomarkers of adverse clinical endpoints 
such as 3-year biochemical relapse, 10-year met-
astatic relapse, or prostate cancer-specific mortal-
ity. In this section, we review the literature with 
regards to DNA-based predictors of clinical 
outcome.

 Prognostic Biomarkers: CNAs 
and Percentage of the Genome 
Altered

In their landmark paper 2010 paper, Taylor and 
colleagues performed molecular profiling of 181 
localized prostate cancers and identified six 

M. Fraser and A. Rouette



103

patient clusters based on CNA profiling [111]. 
Patients with the highest number of CNAs (clus-
ter 5) had significantly shorter time to biochemi-
cal relapse than other patients, although the 
clinical and pathological heterogeneity across 
clusters precluded a robust multivariable assess-
ment of the relative contribution of tumor grade 
and CNA number on clinical outcomes. 
Subsequent studies revealed that PGA is a nega-
tive prognostic factor for disease relapse 
in   localized prostate cancer, independent of 
tumor grade and other clinical prognostic factors 
[74, 75], a finding which has been validated 
across cancer types [112].

Nevertheless, the prognostic value of PGA 
does not appear to be randomly distributed 
across the genome, since some—but not all—
CNAs are associated with poor outcome. For 
example, amplifications of chromosome 8q24—
which contains the genes encoding both cMYC 
and the PCAT1 long non-coding RNA—are 
associated with poor clinical outcome [68], as 
are deletions of chromosome 8p21.2, which har-
bors the NKX3- 1 tumor suppressor gene, chro-
mosome 10q23.31, which contains the PTEN 
tumor suppressor gene [62, 63], and chromo-
some 17p13.1, which includes the TP53 gene 
[113, 114]. More recently, unbiased analysis of 
DNA copy number data from aCGH and SNP 
microarrays has identified multi-region signa-
tures that accurately classified patients at high 
risk of biochemical and metastatic relapse. Using 
unbiased machine learning on aCGH data 
derived from a single index tumor biopsy, a 100-
locus signature that accurately predicts relapse 
in patients treated with image- guided radiother-
apy for low/intermediate risk was developed 
[74]. Importantly, this signature predicted 
18-month biochemical relapse, which is a surro-
gate of lethal disease [115, 116], and synergized 
with other adverse clinical factors such as intra-
tumoral hypoxia [74]. This signature was subse-
quently refined into a 30-locus version, which 
accurately predicts both biochemical and meta-
static relapse in independent cohorts of localized 
prostate cancer, across the clinical risk and treat-
ment spectrum [76].

 Prognostic Biomarkers: Impact 
of Multi-modal Profiling

These DNA copy number-based biomarkers and 
signatures demonstrate that genomic aberrations 
can distinguish between indolent and aggressive 
localized disease. However, these signatures do 
not capture all of the observed heterogeneity in 
clinical outcomes, suggesting that information 
from other molecular aberration classes provides 
improved signature accuracy.

Indeed, a machine learning model trained on 
40 genomic and epigenomic drivers in localized 
prostate cancer identified a six-feature, multi- 
modal signature that accurately predicts both 
early and overall biochemical relapse in interme-
diate risk disease [25]. Composed of two epigen-
etic aberrations (methylation of the ACTL6B and 
TCER1L gene loci), two structural variants (MYC 
amplification and a translocation involving chro-
mosome 7), a non-synonymous mutation (ATM 
SNVs), and clinical T-stage, this signature out-
performed other established single-class bio-
markers (e.g. CNAs) for prediction of biochemical 
relapse, with a classification accuracy of ~83%. 
Indeed, addition of tumor subclonality data fur-
ther improved the performance of this signature 
[56]. Thus, patients with monoclonal tumors and 
low signature scores were virtually free of bio-
chemical relapse in the 8 years following defini-
tive treatment, while polyclonal tumors with high 
signature scores were very aggressive, with 
3-year biochemical relapse rates of ~40% and 
nearly 80% of patients experiencing biochemical 
relapse within 8 years.

 Challenges for Implementation 
of Molecular Biomarkers

As the costs of DNA sequencing continue to fall, 
whole-genome sequencing of clinical and 
research tumor specimens will become viable for 
an increasing number of investigators. However, 
the decline in genomics cost has not been mir-
rored by a concomitant drop in the cost of com-
puting and data storage hardware. Moreover, 
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labor costs constitute a substantial portion of the 
total cost of analyzing and annotating a genome 
sequence. Finally, as we have seen, subclonal 
evolution and disease heterogeneity can pro-
foundly influence the clinical course for an indi-
vidual patient, thus necessitating comparatively 
deep sequencing to detect rare variant alleles. As 
such, routine whole-genome or whole- 
transcriptome sequencing may not be feasible for 
broad clinical implementation, even if direct 
sequencing costs are negligible.

As such, there is a need to develop strategies 
for clinical interrogation that effectively balance 
assay cost, test accuracy, and therapeutic impact. 
Moreover, multi-modal biomarkers are likely to 
outperform those developed based on a single 
molecular analyte, and thus clinically-relevant 
platforms must be able to effectively integrate 
different molecular aberration classes. One 
potential solution to this challenge is the develop-
ment of bespoke targeted sequencing panels that 
include all coding and non-coding genomic 
regions that are of relevance to localized prostate 
cancer. As the number of sequenced prostate can-
cer genomes increases beyond a few thousand, 
the statistical power to discover molecular vari-
ants present at 1% or higher will quickly be 
reached (and has already been reached for some 
mutational classes such as SNVs), although fur-
ther increases in discovery power will require 
exponentially larger patient numbers. The 
genomic loci encompassing these recurrent vari-
ants—in both the somatic and germline 
genomes—could be included in a custom capture 
assay and sequenced to extremely high depths 
(up to 500×). If such an assay contained 50 Mb of 
custom capture and were sequenced to 500× 
mean coverage, this would yield only ~13% of 
the total sequencing required for a typical 60× 
whole genome sequence. Such a platform would, 
therefore, dramatically reduce the storage and 
computing resources required for analysis, and, 
critically for clinically-useful biomarkers, would 
substantially reduce the time required to generate 
‘actionable’ information. Moreover, the high 
sequencing depth would permit detection of rare 
variants, thus helping to ensure accuracy and 
clinical relevance.

There are several factors that currently limit 
the ability to design such a panel. A major factor 
is the current limit on our understanding of rare- 
but- recurrent variants in the prostate cancer 
genome. Maximizing clinical impact requires 
applicability to the largest possible patient popu-
lation, and thus limiting genomic regions to those 
mutated at 1% or higher will, necessarily, fail to 
identify relevant mutations in up to 1% of cases. 
Nevertheless, capture panels can be designed in 
an iterative fashion, with new regions included 
(or old ones refined or removed) as additional 
validated research data is developed.

A second limitation is the compatibility with 
molecular aberration classes. For example, aber-
rant DNA methylation at unique loci is associ-
ated with differential clinical outcomes [25, 65, 
117–126]. As such, an informative biomarker of 
aggressive disease is likely to include at least 
some information regarding DNA methylation, 
and therefore the compatibility of targeted 
sequencing panels with bisulfite-converted DNA 
should be considered.

 Heterogeneity

As discussed, distinct prostate cancer foci can 
harbor extensive genomic heterogeneity. The clin-
ical relevance of this is underscored by the discor-
dance between CNAs in lymph node metastases 
and the matched index lesion [94]. In contrast, 
biomarkers based on a single biopsy or surgically-
resected specimen can achieve very high prognos-
tic accuracy, often exceeding 80% [25, 56, 74, 
76]. It is unclear, however, whether this level of 
biomarker accuracy can be further extended by 
analysis of additional analytes and development 
of additional multi-modal signatures, or whether 
biomarker accuracy is fundamentally limited 
based on intra-prostate heterogeneity. This is a 
major unanswered question in translational pros-
tate cancer genomics, and a robust understanding 
of the effects of heterogeneity will be required to 
optimize any tissue- based biomarker that ulti-
mately achieves clinical implementation. One 
potential solution is the use of liquid-based bio-
markers to complement tissue biomarkers, since 
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these may better reflect the global mutational pro-
file across tumor foci and appear to accurately 
reflect the mutational spectrum of the source 
tumor [127–130]. To date, however, these studies 
have been limited to large volume mCRPC, and 
the applicability to localized prostate cancers—
particularly those of lower grade and stage—is 
not clear. Technological improvements will 
undoubtedly improve  sensitivity of detection of 
circulating cell-free DNA in  localized disease, 
and this may help to overcome the effects of het-
erogeneity of the primary tumor.

 Conclusions

The fundamental molecular aberrations that char-
acterize localized prostate cancer are now well- 
understood. It is clear that this disease state, in 
general, is typified by a low-to-moderate burden 
of driver SNVs, extensive genomic rearrange-
ment, and epigenetic dysregulation. Moreover, as 
the number of well-annotated, sequenced cases 
with deep clinical history and follow-up data 
continues to increase, the development of prog-
nostic and predictive biomarkers—informed by 
molecular profiling—will likewise increase. 
Analysis of disease heterogeneity—both between 
patients and within a single prostate gland—
remains a major research challenge, and a full 
understanding of the impact of heterogeneity will 
be absolutely required to maximize the potential 
clinical impact of molecular biomarkers.
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Prostate Cancer Transcriptomic 
Subtypes

Daniel E. Spratt

 Overview of Transcriptomics

Transcriptomics is the study of RNA molecules 
and is used to interrogate the activity of the 
genome in a cell or tumor by measuring its RNA 
makeup. Despite there being at least 11 types of 
known RNAs (e.g. mRNA, rRNA, tRNA, snRNA, 
snoRNA, siRNA, hnRNA, gRNA, tmRNA, 
telomerase RNA, catalytic RNA), the RNA of 
greatest interest in Oncology is currently messen-
ger RNA (mRNA), which is actively transcribed 
from DNA and ultimately translated into protein. 
More recently, lncRNAs are also becoming of 
increasing interest [1, 2]. As discussed in the 
prior chapter, DNA is largely similar across cells 
of an organism, often with specific alterations 
that define specific genomic subtypes of cancer. 
mRNA in contrast is highly dynamic and is less 
binary and static compared to a DNA mutation. 
Gene expression typically reflects the functional 
activity of a cell more than DNA, as even if an 
upstream gene is mutated or has lost function, if 
alternative pathways become activated mRNA 
expression may remain constant or even 
increased.

Given that many genes have similar expres-
sion and are highly correlated with one another, 

transcriptomics often is synthesized into gene 
expression signatures to capture subtypes of a 
particular cancer. These signatures reflect a snap-
shot of the tumor in time, and despite their 
dynamic nature, can reproducibly capture more 
static genomic and biologic subtypes, and even 
serve as reliable prognostic and predictive bio-
markers. In prostate cancer specifically, tran-
scriptomics initially was often used to compliment 
genomics. However, especially in localized pros-
tate cancer, the genomes of prostate cancers con-
tain a relatively small number of somatic driver 
mutations and/or copy number alterations, and 
thus there is currently limited utility in routinely 
searching for DNA alterations. Thus, gene 
expression profiling alone is increasingly being 
studied in  localized and recurrent prostate 
cancer.

 Technology

The most common technologies used clinically 
for the assessment of gene expression include 
real-time PCR and microarray. Research studies 
have increasingly transitioned to RNA sequenc-
ing (RNA-seq), but commercial tests almost 
exclusively use PCR or microarray technology 
[3]. Each technology has its strengths and weak-
nesses that must be weighed, including costs, 
breadth of transcriptome covered, customizabil-
ity, data-analysis, throughput, resolution, and 
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dynamic range [3, 4]. Most whole transcriptome 
studies have used a discovery process with data 
generated using either microarray or RNA-seq 
technology, and the subsequent signature created 
of typically <50 genes is then recreated with 
either a targeted sequencing process or simply 
uses RT-PCR given the reduced costs. Table  1 
summarizes the differences between microarray 
and RNA-seq technologies.

 Methods of Subtyping

The goal of subtyping is to define a subgroup of 
prostate cancer that is unique using transcrip-
tomics (Table 2). This could be to capture previ-
ously identified distinct genomic subtypes based 
on unique DNA profiles that can be captured 
using gene expression data. Alternatively, guided 
or semi-supervised subtyping methods can be 
performed, using gene expression to capture 
known biologic characteristics, such as basal- or 
luminal-ness, cell cycle activity, or neuroendo-
crine differentiation. More commonly, subgroup-
ing by prognosis is performed with commercially 
available subtyping signatures, rather than look-
ing at a biologic feature. In contrast, one can use 
gene expression data, which may or may not be 
rooted in known biologically driven mechanistic 
data, to identify patients who intrinsically are 
most- or least-likely to benefit from treatment. 
Finally, the least common is to perform unsuper-
vised hierarchical clustering to determine what 
genes statistically form unbiased subgroups. To 
illustrate the relationship of many of the devel-

oped prognostic, predictive, and biological sub-
types in prostate cancer, Fig. 1 shows a heatmap 
of many of the subtypes and transcriptomic sig-
natures that will be discussed in this chapter.

 Subtypes

 Capture Genomic Subtypes

As described in the previous chapter, the most 
recognized subtypes of prostate cancer are classi-
cally defined based on DNA alterations. This is 
reflected in genomic data available from The 
Cancer Genome Atlas (TGCA) from localized 
prostate cancer specimens showing frequent 
ERG and ETS-family rearrangements and SPOP 
mutations. This is also reflected in genomic data 
from multiple large metastatic CRPC cohorts, 
which have shown common alterations in p53, 
RB loss, DNA repair alterations, PTEN loss, 
among a list of frequently occurring mutations. 
In many instances it is not practical to perform 
genomic sequencing to identify all of these alter-
ations, especially given that it usually requires 
fresh-frozen tissue. Thus, investigators have 
developed methods to accurately and reliably 
capture these subtypes with gene expression data.

 1. ERG, ETS, SPINK1 [5]: A gene expression 
signature that accurately captures ERG+ 
tumors was developed with a random forest 
supervised model to predict FISH-assessed 
ERG rearrangement status. The model was 
developed and trained (n = 252 samples) and 

Table 1 Comparison of microarray and RNA-seq technology

Microarray RNA-seq
Principle Hybridization High- throughput sequencing
Thoughput High High
Background noise Higher Lower
Dynamic range ~100-fold >8000-fold
Distinguish different isoforms Limited Easier
Cost (perform, store, and analyze data) Lower Higher
RNA content required Higher Lower
Heterogeneity of read coverage across expressed region Yes No
Analysis simplicity Simple Complex
Data portability (size of data) Megabites Gigabites
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Table 2 Common transcriptomic subtyping methods

Subtyping categories
Restriction of genes 
used?

Currently used clinically  
or in clinical research? Examples

Unsupervised hierarchical clustering No No TCGA RNA clusters
Capture genomic (DNA)  
subtypes/alterations

Yes No ERG, ETS, SPINK1
SPOP mutant
PTEN loss

Capture biologic characteristics Yes No AR-Activity
NEPC

Prognostic biomarkers Either Yes Decipher
Prolaris
Oncotype Dx

Predictive biomarkers Either Yes ADT-RS
PAM50
PORTOS

Fig. 1 Select transcriptomic subtypes of localized prostate cancer
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validated with 155 tumors with known FISH- 
ERG status. Additionally, a classification 
method based on gene expression for ETV1, 
ETV4, ETV5, FLI1, and SPINK1 was devel-
oped with an unsupervised outlier analysis 
using the extremevalues on the expression of 
core probe sets for each gene. Tumors were 
ultimately grouped into four subtypes (ERG+ 
subtype, ETS+, SPINK+, or triple negative). 
Over 1500 patients were used to train and val-
idate this signature. ERG+ tumors typically 
had lower baseline serum PSA levels and 
lower Gleason scores compared to the triple 
negative subtype. SPINK1 tumors typically 
had higher PSAs and were more common in 
African-Americans. Subsequently, these 
microarray expression-based signatures were 
analytically validated against established 
immunohistochemical and FISH assays. 
Despite these findings, there were no signifi-
cant differences in time to biochemical recur-
rence or distant metastases, suggesting these 
subgroups are biologically based and not 
prognostic.

 2. SPOP mutant signature [6]: A novel gene 
expression signature and decision tree was 
developed to accurately predict SPOP mutant 
cancers from gene expression data. Starting 
with TCGA data, including RNA-seq data and 
known SPOP mutant status, differential gene 
expression was performed and clustered based 
on SPOP status. 212 genes were ultimately 
used to define the SPOP mutant subclass. This 
signature, which was validated in a cohort 
from Weill Cornell Medicine (n = 68), found 
an 89% sensitivity and 95% specificity of 
SPOP mutant prediction compared with DNA 
mutation calling. Using the prior classifier for 
ERG+ and ETS+ status [5], which are mutu-
ally exclusive from the SPOP mutant subtype, 
This decision tree was able to identify tumors 
most likely to harbor SPOP mutations in sam-
ples without DNA data (n  >  8000). It was 
found that SPOP predicted tumors were less 
likely to have higher grade tumors, positive 
surgical margins, or T3 disease. However, 
they were predicted to have higher PSAs. 
Therefore, despite the other clinicopathologic 

factors being favorable, SPOP mutant tumors 
identified by this gene expression classifier 
had worse outcomes.

 3. PTEN loss signature [7]: PI3K is frequently 
activated in prostate cancer, especially meta-
static CRPC through PTEN loss. PTEN 
mRNA expression levels are the primary 
determinant of PTEN protein levels. A PTEN 
status signature was developed for breast can-
cer samples with microarray data to identify 
genes most significantly associated with 
PTEN IHC status. From this, a consensus 
ranked gene list was generated by sorting the 
average p-value from each cross-validation 
analysis. A total of 246 genes were ultimately 
included in the PTEN signature with a 
receiver-operator characteristic (ROC) of 
0.758. This signature was also applied to other 
tumor types, including prostate cancer. In 
prostate cancer, this signature was shown to 
correlate with worse survival.

 Unsupervised Hierarchical Clustering

One method of obtaining subtypes is to simply let 
the data determine what genes are differentially 
expressed across samples in a manner that clearly 
divides patients into a limited number of groups 
based on a list of genes. This usually requires a 
large panel (e.g. >1000) of genes to be assessed. 
Given that this method does not force or restrict 
the clustering to predict either an outcome (e.g. 
recurrence) or a feature (e.g. genomic subtype), 
the genes discovered may be of unclear impor-
tance in prostate cancer at first glance.

 1. TCGA- 3 clusters [8]: The TCGA performed a 
multi-center study to interrogate primary pros-
tate cancer comprehensively, at the molecular 
level Using 333 tumors, analyses were con-
ducted on the genome, transcriptome, pro-
teome, and epigenome, ultimately identifying 
seven molecularly defined subtypes (ERG, 
ETV1, ETV4, FLI1, SPOP, FOXA1, IDH1, 
and others). Integrative clustering based solely 
on mRNA data was also performed. This was 
done via unsupervised expression clustering of 
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prostate tumors using mRNA-seq data. The 
top 3000 most variable genes were used to 
develop mRNA subtypes. Three mRNA clus-
ters were identified that largely grouped ERG 
and ETV positive tumors into one cluster, and 
SPOP, FOXA1, and IDH1 subtypes together 
into another cluster. The FLI1 genomic sub-
group contained most of the third mRNA clus-
ter. However, these mRNA subtypes did not 
optimally recapitulate the seven genomic sub-
groups. Thus, work from the Tomlins [5] and 
Barbieri [6] laboratories who derived the 
ERG+ and SPOP mutant signature appear to 
be more accurate than the TCGA subtypes, 
suggesting the original findings were likely 
over-fit, modeling error due to inference on a 
limited set of patient samples.

 2. In another study tissue microarray profiles of 
62 primary prostate cancer tumors, 41 normal 
prostate cancer specimens and 9 lymph node 
metastases captured >26,000 coding and non- 
coding genes [9]. Unsupervised hierarchical 
clustering was performed on all of the sam-
ples. Using 5153 cDNAs whose expression 
varied most across samples, tumor samples 
were distinguishable from normal samples. 
Additionally, three subtypes of prostate can-
cer were identified based on distinct gene 
expression patterns. However, the biological 
relevance or prognostic or predictive rele-
vance of these molecular subtypes is unclear, 
which is one disadvantage to clustering per-
formed in a completely unsupervised manner.

 Supervised Clustering to Capture 
Specific Biologic Characteristics

 1. Prostate Cancer Subtypes 1-3 [10]: An inte-
grated classification of prostate cancer was 
performed on a large training cohort of 1321 
tumor samples and a validation set using 10 
patient cohorts and 19 laboratory models of 
prostate cancer (cell lines and genetically 
engineered mouse models). Twenty two 
pathway- activation gene expression signa-
tures relevant to prostate cancer were 
employed to perform the clustering. These 

were subsequently collapsed to 14 pathway 
signatures that were grouped into three cate-
gories: (1) AR, AR-V, EZH2, FOXA1, RAS, 
and PRC, (2) SPOP, TMPRSS2-ERG, PTEN, 
and (3) stemness, proliferation, epithelial- 
mesenchymal transition, pro-neural, and neu-
roendocrine differentiation. At this point 
unsupervised clustering was performed using 
the 14 pathways activation profiles, and three 
distinct clusters were identified and termed 
PC1, PC2, and PC3. These subtypes were val-
idated in both localized and mCRPC. 
Interestingly, the TCGA subtypes, including 
ERG, ETV1/4, SPOP, and FOXA1 were found 
across all of the new subtypes identified, with 
differential enrichment by subtype. This study 
also looked at the association of basal and 
luminal expression and its correlation to the 
PC1-3 subtypes. They found a strong associa-
tion between luminal genes with PC1 and 
PC2, and basal genes with PC3. The PC1-3 
subtypes were also prognostic, in that the PC1 
subtype had shorter metastasis-free survival 
than either PC2 or PC3. Ultimately, the sub-
types were simplified into a 37-gene signature 
that could reasonably recapitulate the three 
subtypes. The clinical utility and clinical rel-
evance of this signature is unclear, highlight-
ing the immense biological heterogeneity of 
prostate cancer.

 2. AR-activity [11, 12]: The androgen receptor 
(AR) gene, which is near ubiquitously 
expressed in prostate cancer, regulates thou-
sands of genes. In localized prostate cancer 
AR expression has limited heterogeneity in 
expression, whereas in metastatic castration- 
resistant prostate cancer (mCRPC), there is 
more diversity in AR expression. However, 
the activity of the AR, or AR-signaling or AR- 
activity, which is measured by the expression 
of canonical AR-target genes, is significantly 
more heterogeneous in both localized and 
mCRPC.  Recent work demonstrated that 
~10% of localized prostate cancer has lower 
AR-activity measured by nine canonical AR- 
targets. This subset appears to closely resem-
ble advanced mCRPC in that both have similar 
AR-activity. Furthermore, expression of 
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 neuroendocrine markers and immunesignal-
ing signatures are increased in this low 
AR-active subset. Not surprisingly, low 
AR-active localized prostate cancer has a poor 
prognosis with a more rapid progression to 
metastatic disease compared to high 
AR-activity tumors. Not only does low 
AR-active prostate cancer have a worse prog-
nosis, it also appears to have unique treatment 
sensitivities. High AR-active prostate cancer 
is more sensitive to ADT and taxane chemo-
therapy, while low AR-active prostate cancer 
appears more sensitive to PARP inhibition and 
cisplatin chemotherapy. Further work is in 
development to assess if AR-activity can serve 
as a prognostic biomarker and a predictive 
biomarker to guide treatment selection.

 3. Neuroendocrine Prostate Cancer (NEPC) sig-
nature [13]: A gene expression signature of 
neuroendocrine and primary small cell pros-
tate cancer was developed using samples from 
eight cohorts to compare gene expression that 
is either up or down in NEPC compared to 
adenocarcinoma samples. A 69 gene signature 
was identified that captured at least 80% of 
NEPC patients. These genes generated three 
subgroups that were termed atypical small cell 
prostate cancer, prototypical adenocarcinoma, 
and prototypical small cell prostate cancer.

 Subtypes Developed for Prognosis

 Commercial Classifiers
 1. Decipher [12, 14–19]: The Decipher assay  

is a clinical-grade transcriptome-wide gene 
expression profiling assay, based on the 
Human Exon 1.0 ST oligonucleotide microar-
ray (GenomeDx, Inc). While the assay mea-
sures over 46,000 protein-coding and 
non-coding RNAs, the current Decipher clini-
cal test result is a prognostic biomarker based 
on the expression of 22 genes. A cohort of 
radical prostatectomy samples was used to 
train the signature for the primary endpoint of 
clinical failure (e.g. metastases) between 
patients who did and did not develop failure 
post-treatment. Forty three RNA transcripts 

were identified that were differentially 
expressed between groups. Through random 
forest machine learning 22-genes were ulti-
mately identified that yielded the best perfor-
mance for the prediction of metastatic disease. 
These 22 genes include both coding and non- 
coding genes that have roles in cell cycle pro-
gression, proliferation, immune response, cell 
adhesion and motility. The Decipher test has 
since been validated in over 3000 patients in 
>40 studies. Most notably the performance of 
the classifier was validated in a meta-analysis 
using 975 patients across five cohorts. 
Decipher was shown to independently predict 
for the development of metastatic disease, and 
had superior performance than currently used 
clinicopathologic variables (e.g. Gleason 
score, T-stage, margin status, PSA, etc). The 
C-index of the clinical model was 0.76, which 
increased to 0.81 from the addition of 
Decipher to the model. Furthermore, Decipher 
performed similarly across all subgroups by 
age, race, and treatment performed. Decipher 
has also been recently combined into an inte-
grated clinical-genomic risk grouping system 
that mirrors NCCN risk groups. This study 
validated the superior performance of 
Decipher over clinical factors in both surgical 
samples as well as pre-treatment biopsy sam-
ples. The C-index for the combined clinical-
genomic system was 0.84, and approximately 
67% of patients were reclassified from NCCN 
risk groups to new clinical-genomic risk 
groups. The Decipher test has been used in 
prospective trials as well. The PRO-IMPACT 
trial assessed the clinical utility of changing 
management decisions based on the Decipher 
test. Furthermore, the G-MINOR trial has 
completed enrollment, and has randomized 
patients and providers to the receipt of the 
Decipher test as compared to the best avail-
able clinical nomogram (CAPRA-S model). 
This trial will be the first randomized trial to 
assess the clinical utility of any commercial 
genomic classifier in prostate cancer. Decipher 
is also being used in multiple ongoing national 
randomized trials, including NRG GU-002, 
which is stratifying patients by the use of 
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Decipher. Other trials, such as NRG GU-006 
is leveraging the Decipher assay, rather than 
just the Decipher score, since the microarray 
used to assess genes in the Decipher test pro-
vides hundreds of additional signatures 
through the Decipher GRID, given that 
>46,000 genes are analyzed on every sample. 
Recently, the performance of Decipher in the 
first randomized trial of any commercial gene 
expression classifier has been reported. The 
SPARTAN trial, a randomized trial assessing 
the benefit of apalutamide in M0CRPC ran the 
Decipher test on a subset of the trial with 
banked tissue. They showed that Decipher 
was highly prognostic and predictive of first 
line ADT failure.

 2. Oncotype Dx [20]: The Oncotype Dx Genomic 
Prostate Score (GPS) is a 17 gene signature 
designed for pre-treatment biopsy use. It is 
run on a RT-PCR platform. Its intended use is 
to help guide active surveillance decision 
making. To derive the signature, 198 genes 
were identified that correlated with recur-
rence, death from prostate cancer, and adverse 
pathology. This gene list was truncated to 81, 
which were associated with aggressive dis-
ease within the validation cohort. Ultimately, 
the signature was refined to 17 genes based on 
consistency of expression across cohorts. 
These genes are involved in four primary 
pathways, including stromal proliferation, 
androgen signaling, cellular organization, and 
proliferation. Although the GPS signature has 
been validated in multiple prostatectomy 
cohorts of patients eligible for active surveil-
lance, until recently it had not been validated 
in actual active surveillance patients. Recently, 
the Canary PASS trial performed Oncotype 
Dx testing on 634 men entering active surveil-
lance. Unfortunately, the Oncotype Dx test 
was not associated with subsequent biopsy 
upgrade on either uni- or multi-variable analy-
sis. These results bring into question the clini-
cal accuracy of the Oncotype Dx test. Future 
studies are needed to assess the role of GPS 
testing in prostate cancer.

 3. Prolaris [21]: Prolaris, also known as the Cell 
Cycle Progression (CCP) score, measures 31 

cell cycle progression genes and 15 house-
keeping genes. It is run on a RT-PCR plat-
form. CCP was initially developed in breast 
cancer patients and has since been tested and 
validated in prostate cancer patients. It 
remains unclear if the test was optimized fully 
for prostate cancer, but it has been validated in 
prostate cancer needle biopsies and also pros-
tatectomy samples. It has been tested in 
patients undergoing active surveillance, pros-
tatectomy, and radiotherapy. The CCP test has 
been tested for multiple outcomes, including 
biochemical recurrence, metastasis, and pros-
tate cancer-specific mortality. The test has not 
been used in any randomized trials to date, 
and future prospective studies are needed to 
demonstrate its clinical utility and benefit in 
intact and post-treatment patients.

 Non-commercial Classifiers
 1. There have been dozens, if not hundreds, of 

prognostic gene expression signatures 
reported in the literature. A brief list is shown 
in Table 3. They have been developed for vari-
ous indications with various degrees of valida-
tion. None have robust clinical data to support 
their use, and none are commercially available 
or covered by Medicare (in contrast to 
Decipher, Oncotype Dx, and Prolaris). When 
these signatures were optimized to predict for 
the development of metastatic disease, it was 
found that the Decipher 22-gene signature 
outperformed all of the other signatures when 
run on the same microarray platform [22].

 Subtypes Developed for Predicting 
Treatment Response

 1. RSI [23]: The Radiation Sensitivity Index 
(RSI) was developed to predict intrinsic sensi-
tivity to ionizing radiotherapy. It claims to be 
a pan-cancer signature and was developed 
from the National Cancer Institute panel of 60 
cell lines. Thirty five of these cell lines were 
ultimately used to determine which genes cor-
related with clonogenic survival after 2 Gy of 
radiation therapy. In cell line data the  signature 
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only has a 62% accuracy of predicting cellular 
radiosensitivity. Ultimately, the RSI was 
developed, which is comprised of a linear 
algorithm of 11 genes (AR, cJun, STAT1, 
PKC, cABL, SUMO1, CDK1, HDAC1, and 

IRF1), each with its own weight, that are 
summed to yield a final score. There are 
 limited data using this signature in prostate 
cancer, and it does not appear to be able to 
predict outcomes in patients treated with 
radiotherapy. Future work will be necessary to 
determine if RSI can be applied to patients 
with prostate cancer.

 2. PORTOS [24]: Leveraging the Decipher 
GRID, a 24-gene Post-Operative Radiation 
Therapy Outcomes Score (PORTOS) was 
developed and validated to predict for benefit 
of post-operative radiotherapy. Using a train-
ing cohort of 198 patients, 1800 DNA damage 
repair and previously annotated radiation 
response genes were ranked based on out-
comes after post-operative radiotherapy. 
Twenty-four genes were identified that pre-
dicted benefit from post-operative radiother-
apy. Patients with high PORTOS scores 
derived a significant benefit, as measured as a 
reduction in distant metastasis, from receipt of 
post-operative radiotherapy. In contrast, 
patients with low PORTOS scores failed to 
derive benefit from the addition of post- 
operative radiotherapy. In the validation 
cohort (n  =  330) it was confirmed that 
PORTOS was a predictive biomarker of post- 
operative radiotherapy benefit (p-interac-
tion = 0.016). Importantly, it is probable that 
PORTOS may not be purely a measure of 
intrinsic radiation sensitivity, but rather a pre-
dictor of patients who harbor micrometastatic 
disease outside the radiation field.

 3. ADT-RS [25]: The Decipher GRID was used 
to access 1212 patients that underwent a radi-
cal prostatectomy with adverse pathology. 
Patients who received early adjuvant ADT 
were matched to patients who did not receive 
early ADT. Rather than a purely unsupervised 
analysis, they limited genes to a curated gene 
list of 1632 genes identified from studies 
investigating neuroendocrine differentiation, 
castration resistance, and resistance to 
ADT. This gene list was then filtered based on 
feature ranking and model training. Ultimately 
49 genes were identified and validated that 

Table 3 Select list of prognostic gene expression signa-
tures in prostate cancer

Signature
Original 
technologya

Number of 
features

Erho 2013 Microarray 22
Penney 2011 Microarray 157
Wu 2013 RT-qPCR 30
Bibikova 2007 Microarray 16
Xie 2011 Microarray 71
Ramaswamy 
2003

Microarray 17

Agell 2012 Microarray 12
LaPointe 2004 Microarray 22
Nakagawa 2008 Microarray 17
Bismar 2006 Microarray 13
Cheville 2008 Microarray 2
Cuzick 2011 RT-qPCR 31
Yu 2007 Microarray 87
Larkin 2012 RT-qPCR 3
Singh 2002 Microarray 12
Klein 2014 RT-qPCR 17
Larkin 2012 RT-qPCR 10
Saal 2007 Microarray 185
D. Antonio 
2008

RT-qPCR 59

Glinsky 2005 Microarray 11
Varambally 
2005

Microarray 50

Long 2011 Microarray 12
Stephenson 
2005

Microarray 15

Talantov 2010 RT-qPCR 24
Yu 2007 Microarray 14
Roca 2012 Microarray 10
Glinsky 2004 Microarray 5
Stephenson 
2005

Microarray 10

Ross 2012 RT-qPCR 6
Glinsky 2004 Microarray 5
Glinsky 2004 Microarray 4
Irshad 2013 Microarray 3
Olmos 2012 Microarray 9
Singh 2002 Microarray 5

aThis refers to the technology used to discover/develop 
expression signature
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were predictive of early ADT benefit. This 
was demonstrated with a significant interac-
tion test in those with a high ADT-RS score 
(p = 0.035), while low ADT-RS patients did 
not derive any benefit from early use of adju-
vant ADT.  Notably, ADT-RS was not prog-
nostic, but was in fact highly predictive, and 
on multivariable analysis the interaction for 
ADT-RS was even stronger after adjusting for 
other clinicopathologic factors.

 4. PAM50 [26]: The PAM50 classifier was origi-
nal developed in breast cancer. It is the basis 
for the commercially available Prosigna prod-
uct run using NanoString. PAM50 success-
fully classifies breast cancers as luminal A, 
luminal B, HER2, and basal subtypes. These 
subtypes are not only prognostic, they are pre-
dictive of benefit of endocrine therapy and 
HER2 targeted therapy. Given that multiple 
cancers, including prostate cancer, also have 
luminal and basal subtypes, the PAM50 signa-
ture was applied to localized prostate cancer 
leveraging the Decipher GRID gene expres-
sion database. Notably, the HER2 subtype 
was removed, since ERBB2/HER2 amplifica-
tion does not occur in prostate cancer as it 
does in breast cancer. The authors used the 
transcriptome-wide microarray Human Exon 
1.0 ST microarray platform on 1567 retro-
spective samples with long-term follow up 
that was further divided into a training and 
validation cohort. Additionally, they used 
2215 prospective samples to characterize the 
PAM50 subtypes in localized prostate cancer. 
All three subtypes, luminal A, luminal B, and 
basal, were identified in  localized prostate 
cancer at similar distributions (~33% each). 
Known luminal markers, such as NKX3.1 and 
KRT18 were enriched in the luminal subtypes. 
Similarly, the basal marker CD49f was 
enriched in the basal subtype. Luminal B 
patients were the most likely to develop bio-
chemical recurrence and distant metastasis, 
and display worse prostate cancer specific 
 survival, and overall survival, as determi-
ned independently by multivariable analysis. 

Luminal A patients had the most favorable 
outcomes. Given the ability of PAM50 to pre-
dict responses of breast cancer to endocrine 
therapy, the benefit of ADT was tested. It was 
demonstrated that luminal B patients derived 
a significant improvement in metastasis-free 
survival from the addition of post-operative 
ADT, while luminal A and basal patients did 
not. The interaction test was significant 
(p = 0.006), indicating that PAM50 appears to 
be a predictive biomarker of post-operative 
ADT benefit. These results have led to an 
open randomized phase 2 trial testing if the 
addition of apalutamide, a next generation 
anti-androgen, will improve outcomes over 
salvage radiotherapy alone (NRG GU006, 
NCT03371719).

 Conclusions

The transcriptome of prostate cancer continues to 
be unraveled. This chapter primarily focused on 
gene expression signatures that are based on the 
expression of protein coding genes. It is clear that 
gene expression data can recapitulate many of the 
important genomic alterations. Perhaps more 
importantly, the transcriptome has been lever-
aged to provide unparalleled accuracy in assign-
ing a personalized prognosis for a patient above 
and beyond routine clinicopathologic parameters. 
Many of these signatures are now in clinical prac-
tice, and randomized data will be reported over 
the next 1–2 years to validate some of these sig-
natures. The most exciting area that is just begin-
ning to unravel is the ability for gene expression 
classifiers to serve as true predictive biomarkers, 
which can identify patients most likely to benefit 
from standard of care treatments, such as radio-
therapy or ADT. Some of these are currently in 
ongoing randomized trials and have the promise 
to change the clinical landscape of managing 
prostate cancer.

Disclosure Advisory board for Janssen and Blue Earth.
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Immunological Complexity 
of the Prostate Cancer 
Microenvironment Influences 
the Response to Immunotherapy

Nataliya Prokhnevska, Dana A. Emerson, 
Haydn T. Kissick, and William L. Redmond

 Introduction

Current advances in cancer therapeutics have led 
to the development of immunotherapies that tar-
get the body’s own immune system to combat 
cancer. Advances in immunotherapy have led to 
the development of checkpoint blockade, with 
anti-programmed cell death 1 (PD-1) and anti- 
cytotoxic T lymphocyte antigen-4 (CTLA-4) 
successfully treating many solid tumors. 
Checkpoint blockade can increase both the pro-
liferative capacity and cytotoxicity of exhausted 

CD8+ T cells, leading to disease regression [1, 2]. 
Even though these are very effective treatments, 
not all cancers have a high response rate to immu-
notherapy. These treatments depend on the pres-
ence of tumor-specific CD8+ T cells, which can 
respond to checkpoint blockade. Therefore, 
understanding basic tumor immunology may 
help predict patient survival and response to 
checkpoint blockade.

 CD8+ T cells in Cancer

CD8+ T cells are a crucial part of the immune 
response against tumors. Many studies have 
shown that CD8+ T cells found within tumors 
acquire an exhausted phenotype. These exhausted 
cells lose their ability to proliferate, have 
increased expression of inhibitory receptors, and 
have lower effector function, including reduced 
interferon gamma (IFN-γ) production, granzyme 
B expression, and/or cytolytic activity [3]. Even 
though these cells have varying degrees of func-
tionality, CD8+ T cell infiltration into tumors pre-
dicts disease progression in melanoma, breast 
cancer, head and neck cancer, ovarian cancer, 
non-small cell lung cancer, esophageal cancer, 
small cell lung cancer, hepatocellular carcinoma, 
and renal cell carcinoma [4–6]. Recently, a group 
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developed an “immunoscore” for tumors based 
on T cell infiltration by looking at CD8+ and 
CD45RO+ T cells in both the tumor core and 
invasive margin. Higher immunoscores indicate 
more CD8+ T cell infiltration, where patients with 
higher scores have better disease-free survival 
and overall survival compared to patients with 
low immunoscores [7, 8]. The number of CD8+ T 
cells in the tumor can also predict response to 
PD-1 blockade, making it an important bio-
marker for both survival and response to current 
immunotherapies [9]. Understanding the mecha-
nism behind the diversity of CD8+ T cell infiltra-
tion in different cancers is crucial to improving 
current immunotherapies. Additionally, recent 
studies have changed our understanding of CD8+ 
T cell differentiation and exhaustion in the con-
text of chronic infections and cancer. Here, we 
will present evidence about the factors control-
ling the magnitude of an immune response in 
viral infections, discuss how this response differs 
in cancer, and why these responses are so 
variable.

 Immune Response to Viruses

The primary role of the immune system is to pro-
tect against infections. To achieve this, the 
immune system possesses incredible intricacy 
and organization of many cell types that co- 
ordinate responses against perceived threats. In 
cancer, the immune system fails to function and 
organize a response in the same way. By under-
standing the successful immune response to a 
virus and applying that knowledge to tumor 
immunology we can better understand how the 
system fails to eradicate tumors.

 Danger Sensing

A prototypical viral infection begins when a virus 
enters the body and infects permissive cells. 
Infected cells sense viral infections through pattern 
recognition receptors (PRRs) such as Toll- like 
receptors (TLR), Nod-like receptors, retinoic acid-
inducible gene I (RIG-I)-like receptors, and the 

stimulator of interferon genes (STING) pathway, 
which trigger the release of pro- inflammatory cyto-
kines such as interleukin-1 (IL-1), IL-6, IL-8 and 
tumor necrosis factor (TNF)-α (Fig. 1a) [10, 11]. 
This pro-inflammatory reaction recruits immune 
cells including antigen presenting cells (APCs) that 
aid in clearing the infection, phagocytosis of anti-
gen, and migration through the lymphatics to acti-
vate T and B cells (Fig. 1b). This is a crucial step 
that connects the innate immune system to the 
adaptive immune system, thus allowing immune-
mediated clearance of the infection.

 Antigen Presentation

Dendritic cells (DCs) are a critical part of the 
immune response. When DCs are activated by 
pathogen-associated molecular patterns (PAMPs) 
and take up antigen, they process it into peptides 
that are 8–10 amino acids in length and load them 
onto the major histocompatibility complex 
(MHC) for presentation to T cells [12]. DCs traf-
fic to secondary and tertiary lymphoid organs 
through the lymphatics via expression of chemo-
kine receptors (e.g., CC chemokine receptor-7; 
CCR7), wherein they interact with cognate 
antigen- specific T cells to facilitate T cell activa-
tion. In addition to T cell receptor (TCR) recogni-
tion of the MHC-peptide complex, T cells also 
need co-stimulation through the co-stimulatory 
receptor, CD28, which binds its ligands CD80/86 
expressed by APCs [13]. Signaling through TCR 
and CD28 activates T cells and the presence of 
pro-inflammatory cytokines produced by DCs, 
such as IL-12 and type I IFN, further promote T 
cell activation and proliferation [14]. Once a T 
cell is activated, it upregulates effector mole-
cules, chemokine receptors, and proliferates to 
produce a population of more antigen-specific 
CD8+ T cells capable of combating the infection.

 Lymphoid Organization in Viral 
Infections

Only antigen-specific CD8+ T cells are activated 
by DCs presenting cognate MHC-peptides, and 
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for this to happen there needs to be an organiza-
tion of CD8+ T cells and DCs, which typically 
occurs in draining lymph nodes (dLN) or within 
tertiary lymphoid structures. The organization of 
immune cells is crucial to the anti-tumor response 
since conventional DCs (cDC1s, which are 
CD8α+XCR1+) and plasmacytoid DCs (pDCs) 
help orchestrate CD8+ T cell activation and 
response to viral antigens. The expression of 
XCL1 by CD8+ T cells recruits cDC1s, while the 
production of type I IFN by pDCs acts on DCs 
and CD8+ T cells to further activation [15]. Thus, 
for optimal antigen-specific CD8+ T cell activa-
tion, there must be collaboration of different DC 
subsets with each other and CD8+ T cells. This 
level of organization of DCs and CD8+ T cells is 
crucial for the immune response to viral 
infections.

 CD8+ T cell Effector Function

Once activated CD8+ T cells upregulate chemo-
kine receptors such as CXC chemokine receptor-
 3 (CXCR3), they can leave lymphoid organs and 
migrate to the site of infection and proliferate to 
produce many antigen-specific CD8+ T cells 
(Fig. 1c). Activated CD8+ T cells also upregulate 
effector molecules such as granzyme B, perforin, 
and death ligands such as Fas and TNF-related 
apoptosis inducing ligand (TRAIL). CD8+ T cells 
selectively kill cells that express the MHC- 
peptide complex for which they are specific, 
leaving uninfected cells intact while targeting 
only infected cells. When activated CD8+ T cells 
encounter an infected and antigen-specific cell, 
the engagement of its TCR leads to the release of 
cytotoxic granules. Perforin polymerizes to form 

Fig. 1 Immune response to a viral infection. (a) Once a virus 
has infected cells the viral PAMPs induce the expression of 
pro-inflammatory cytokines, which can recruit macrophages 
and DCs. pDCs are activated through TLR7/9 and produce 
large quantities of type I IFN.  The combination of viral 
PAMPs and pro-inflammatory cytokines leads to the activa-
tion of DCs and their migration to secondary lymphoid 
organs. (b) Once an activated APC finds an antigen-specific 

CD8+ T cell it can activate the CD8+ T cells through MHC-
peptide interaction with TCR, co-stimulation with CD80/86 
interacting with CD28, and through the production of Il-12. 
(c) Activated CD8+ T cells upregulate chemokine receptors, 
effector molecules, and proliferate. Once the activated CD8+ 
T cells leave the lymphoid organs and migrate to the site of 
infection, they can exert effector function by causing apopto-
sis of infected cells through perforin and granzyme B

Immunological Complexity of the Prostate Cancer Microenvironment Influences the Response…
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a pore on the target cell, allowing different gran-
zymes to enter the target cell. Granzyme B is a 
protease that can activate caspase-3 and cleave 
Bid. This induces an intrinsic apoptotic pathway 
wherein the activation of caspase-3 leads to DNA 
degradation and eventually apoptosis. The 
cleaved truncated Bid also interacts with Bax and 
Bad, leading to the release of cytochrome C from 
the mitochondria, which also leads to an intrinsic 
apoptosis. Overall, the selective killing of 
infected cells by cytotoxic CD8+ T cells prevents 
unnecessary inflammation and damage as the 
apoptotic cells are phagocytosed and cleared.

Another pathway by which CD8+ T cells can 
induce apoptosis is through the Fas pathway. 
Activated CD8+ T cells can express Fas ligand 
(FasL), which binds to Fas on the target cell, 
leading to the trimerization of Fas and caspase-9 
activation. Similar to apoptosis through caspase 
3, the activation of caspase-9 leads to DNA deg-
radation and apoptosis [16]. The primary func-
tion of activated CD8+ T cells is to induce 
apoptosis of antigen-specific infected cells or 
transformed tumor cells that express tumor- 
specific antigens. In a viral infection when the 
antigen is cleared, some activated CD8+ T cells 
survive and become memory CD8+ T cells. This 
is an important function of CD8+ T cells, since 
having long-lived memory to a pathogen leads to 
fast recall responses upon reinfection. In the con-
text of progressively growing tumors, CD8+ T 
cells do not become memory cells and instead 
gain an exhausted phenotype, upregulate expres-
sion of numerous inhibitory receptors, and lose 
their ability to proliferate.

 The Immune Response to Cancer

During viral infections there are specific phases 
of the immune response: danger sensing, antigen 
presentation and then clearance of the infection. 
The immune response to cancer differs in how 
the immune system is activated and how it 
responds to the tumor antigens, due to the chronic 
nature of tumor development as well as differ-
ences in the types of antigens to which the 
immune system responds. Increased T cell infil-

tration in tumors is associated with improved sur-
vival as well as better response to checkpoint 
blockade. To generate activated tumor-specific 
CD8+ T cells, there must be APC activation and 
antigen presentation. How the CD8+ T cells are 
supported within the tumor microenvironment 
(TME) and which cells promote their infiltration 
is important to understand in the context of clini-
cal outcomes and future immunotherapies.

 Danger Sensing in Tumors

In a viral infection there are numerous pro- 
inflammatory cytokines and PAMPs that activate 
different immune cells and recruit APCs to the 
site of infection. In tumors, the recruitment and 
activation of immune cells often does not occur 
in the same pro-inflammatory environment. In 
tumors, the immune system relies on danger- 
associated molecular patterns (DAMPs) such as 
extracellular ATP, heat shock proteins, hydro-
phobic aggregates, reactive oxygen species and 
nucleic acids, which signal that there has been 
tissue damage and cell death, thereby eliciting an 
immune response [17]. The DAMPs released by 
necrotic cells can activate DCs and induce T cell 
proliferation, whereas apoptotic cell death does 
not induce the same type of DC activation and T 
cell activation [18]. This has been shown in both 
mouse and human DCs that are stimulated and 
activated by necrotic syngeneic cells or necrotic 
tumor cells, from melanoma, kidney adenocarci-
noma, and thymoma cell lines. DCs activated by 
necrotic tumor cells are capable of activating 
antigen-specific CD8+ T cells [19]. Necrotic 
cells derived from prostate cancer cell lines, 
such as LNCaP and PC3, are also capable of 
activating DCs, which can then present antigen 
and activate CD8+ T cells. Studies with DCs 
from healthy donors and from stage IV prostate 
cancer patients, demonstrated that there is no 
intrinsic defect in DCs from prostate cancer 
patients [20]. This is a crucial component of gen-
erating a productive immune response against 
tumors, as is the composition of APCs within the 
TME capable of presenting tumor antigens to 
tumor-specific CD8+ T cells.
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 Antigen Presentation of Tumor 
Antigens

APCs are the interface between antigen and T 
cell activation. Understanding how this popula-
tion of cells operates in cancer is key to under-
standing the initial generation of the anti-tumor T 
cell response.

 DCs in Cancer

Several DC subsets have been classified based 
upon their phenotype and function in mice and 
humans. DCs can be broadly classified by the 
high expression of CD11c and MHC class II 
(MHC II). One crucial subset of DCs for CD8+ T 
cell activation is the cross-presenting DC, which 
refers to the processing and presentation of exog-
enous antigens on MHC class I molecules [21]. 
These cells are of interest in the context of cancer 
immunology since most tumor antigens are exog-
enous proteins and must be presented on MHC I 
in order to activate tumor-specific CD8+ T cells. 
The cross-presenting DC (cDC1) subset has been 
thoroughly characterized in mice. These cells are 
defined by CD8α and XCR1 expression and show 
increased antigen uptake, processing and presen-
tation on MHC I [22]. This DC subset has also 
been characterized in human tissue, distinguished 
by the expression of CD141, and has been seen in 
the lung, liver, skin and blood compartments [23]. 
This DC subset is indispensable in the activation 
of CD8+ T cells in infection and tumor progres-
sion as cDC1-deficient mice do not control influ-
enza infection or immunogenic tumors in a T 
cell-dependent manner [24, 25]. Overall, this is a 
key DC subset in the immune response that spe-
cializes in the activation of viral and tumor-spe-
cific CD8+ T cells. Another major DC subset 
(cDC2) in mice is characterized by the expression 
of CD11b on CD11c+ MHC II+ DCs. CD11b+ DC 
(mice) and CD1c (humans) are less efficient at 
cross-presentation of exogenous antigens and 
therefore thought to mainly activate CD4+ T cells 
through MHC II [26]. Even though there are many 
similarities between DC subsets in mice and 
humans the phenotype of the cells is not always 

translatable, which is an important consideration 
when analyzing and comparing DCs from mouse 
and human tissues.

The last major subset of DCs are pDCs, which 
are a crucial part of the antiviral immune 
response. In mouse and humans, this highly spe-
cialized subset of cells produces the largest quan-
tities of type I IFN early after viral infection. 
These cells circulate in the periphery and express 
high levels of TLR7 and TLR9, which activate 
the pDCs and induce the expression of pro- 
inflammatory cytokines. pDCs are a crucial 
bridge between the innate and adaptive immune 
system during viral infections as they promote 
the activation of DCs and T cells. Although some 
studies have shown pDC infiltration in breast 
cancer predicts poorer overall survival, more 
studies are needed to determine how pDCs influ-
ence the CD8+ T cell response to tumors [27]. 
The activation of pDCs is a rapid response to 
viral infection that may not occur during tumor 
growth, and this lack of pDC activation may limit 
the generation of potent anti-tumor CD8+ T cells.

There have been numerous studies showing 
the prognostic power of DC infiltration in tumors. 
For example, one study used data from the cancer 
genome atlas (TCGA) and analyzed CD103/141- 
associated genes to determine cross-presenting 
DC infiltration (cDC1). The ratio of CD103/141+ 
signature genes to genes not associated with 
CD103/141 DCs acts as a prognostic marker that 
predicts overall survival in numerous cancer types 
including breast cancer, head-neck squamous cell 
carcinoma, and lung adenocarcinoma [26, 28]. 
This shows how the extent of DC infiltration alone 
can have prognostic power over a wide variety of 
cancers. Other studies using TCGA data have also 
determined that the CD141 gene signature corre-
lated with CD8+ transcript levels [24]. This dem-
onstrates the importance of DCs in the TME to 
promote and support CD8+ T cell infiltration and 
how DC and CD8+ T cell infiltration can be used 
to predict survival in patients with cancer (Fig. 2).

Studies have also shown in human melanoma 
tumors the crucial role of CD141+ DCs expressing 
CCR7, which allows for the migration into lymph 
nodes to present tumor antigens to tumor- specific 
CD8+ T cells. The tumors containing higher levels 
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of CCR7 transcripts correlated with more CD3+ T 
cell infiltration and better survival [28]. DCs need 
to be able to bring tumor antigens into the lym-
phoid organs to activate tumor- specific CD8+ T 
cells more efficiently due to the higher concentra-
tion of CD8+ T cells and DCs in lymphoid tissues. 
In prostate cancer after androgen ablative therapy, 
there is an increase in DC and macrophage infiltra-
tion [29], but their  phenotype before and after 
treatment remains poorly understood. Other stud-
ies, which also looked at DCs in the blood of pros-
tate cancer patients before and after vaccination 
(GVAX) and checkpoint blockade (aCTLA-4; ipi-
limumab) treatment, revealed that increased 
CD1c+ DCs and CD11c+CD14lo DCs predicted 
better survival with the treatment [30]. Collectively, 
these studies show that the presence of DCs, espe-
cially CD141+ DCs in tumors, correlates with 
more T cell infiltration and better prognosis and 
survival in many tumor types. Understanding why 
DCs infiltrate certain tumors may help us under-
stand the differences in CD8+ T cell infiltration.

Recent studies have also shown that murine 
DCs present within the TME are less efficient at 
presenting antigen to and activating CD8+ T cells. 
These DCs induce less CD8+ T cell proliferation, 
express lower levels of co-stimulatory molecules 

and produce less IL-12 [31]. Additional studies 
showed an inhibitory effect of IL-10-secreting 
macrophages in the TME, which suppresses DC 
activation and IL-12 production [32, 33]. 
Together, these studies show that it is important 
to not only have good DC infiltration in the 
tumor, but also to have functional DCs capable of 
activating T cells and promoting a pro- 
inflammatory immune response.

 Lymphoid Organization in Tumors

Recent work has shown that in certain 
instances tertiary lymphoid structures (TLS), 
which contain CD8+ T cells, DCs, follicular 
DCs and high endothelial venules, can form 
near the tumor [34]. Tumors containing a TLS 
were associated with higher T cell infiltration 
and improved disease- free survival in both 
breast and colorectal cancer [35, 36]. In viral 
infections, the organization of APCs and CD8+ 
T cells is crucial for activating and promoting 
effector differentiation of antigen-specific 
CD8+ T cells. Interestingly, in non-small cell 
lung cancer, TLS-associated mature DCs cor-
relate with CD8+ T cell infiltration and 

CD103/CD141

CD11b/CD1c

M1 “pro-
inflammatory”

M2 “anti-
inflammatory”

CD8 T cells

High CD8 T cell & 
DC infiltration

Low CD8 T cell 
infiltration

Cancer cell

A B

Fig. 2 Differences in immune cell composition in high 
and low infiltrated tumor. (a) Highly immune-infiltrated 
tumor with clusters of CD103+/CD141+ and CD11b+/
CD1c+ DCs, M1-skewed macrophages and CD8+ T cells. 
These tumors have more pro-inflammatory APCs that can 

promote CD8+ T cell infiltration and effector function. (b) 
Poorly CD8+ T cell infiltrated tumors with more 
M2-skewed tumor-associated macrophages, which are 
immunosuppressive and prevent further CD8+ T cell 
activation
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improved survival [37, 38]. This demonstrates 
the power of having an organized structure 
that supports T cells and DCs near the tumor 
that is comparable to the organization of lym-
phoid tissues during a viral infection. In pros-
tate cancer, some immune structures contain T 
regulatory cells and other immunosuppressive 
cells [39]. In prostate cancer, TLS comprised 
of more  pro- inflammatory Type 1 helper (Th1) 
and CD8+ T cells are associated with improved 
tumor regression [40]. Understanding how 
these TLS form and how the composition and 
organization can affect patient outcomes is an 
important step towards developing novel ther-
apeutics for patients that are refractory to 
immunotherapies and may have immunologi-
cally “cold” tumors, which are poorly infil-
trated with CD8+ T cells and/or DCs.

 Macrophages in Cancer

Macrophages, which are APCs that are a critical 
component of the TME, are capable of presenting 
tumor antigens to T cells, phagocytosing apop-
totic cells and secreting various cytokines [41]. 
Due to the plasticity of these cells, they can 
acquire different phenotypes based on the 
immune environment that influences them. A 
classically activated macrophage acquires an M1 
pro-inflammatory phenotype, capable of secret-
ing TNF, IL-1, IL-6, IL-8 to promote the activa-
tion of T cells. M1-skewed macrophages can also 
secrete reactive oxygen species (ROS) and che-
mokines to attract more pro-inflammatory 
immune cells to mediate the destruction of patho-
gens and tumor cells. The other phenotype of 
macrophages, that is more common in the TME, 
is a “wound repair” alternatively-activated M2 
macrophage. These are a necessary part of the 
immune response for tissue homeostasis as well 
as wound repair but are thought to promote 
tumorigenesis within the TME. M2 macrophages 
can secrete anti-inflammatory cytokines such as 
IL-10 and TGF-β, and act as poor APCs. 
M2-skewed macrophages can also significantly 
hinder the CD8+ T cell anti-tumor response 
through arginase-1 and ROS secretion, which 

limits CD8+ T cell activation. They can also 
secrete growth factors to promote tumor growth 
and metastasis, such as epidermal growth factor 
(EGF), as well as suppress T cell anti-tumor 
activity [32, 42]. Macrophages can also express 
programmed cell death ligands 1/2 (PD-L1/2) 
and further hinder CD8+ T cell anti-tumor activ-
ity. Tumor-infiltrating macrophages with an M2 
phenotype can express PD-1 and respond to 
PD-1-blockade leading to reduced tumor burden 
in mouse models [43]. The location of macro-
phages in the TME can alter CD8+ T cell 
responses, for example when macrophages are in 
the stroma of lung squamous-cell carcinomas 
they prevent the interaction of CD8+ T cells with 
DCs that are present in the TME [5]. Overall, 
macrophages are a crucial component of the 
TME and can directly impact the tumor-specific 
CD8+ T cell response.

When macrophages are incubated with condi-
tioned media from prostate cancer cells, they are 
skewed towards an M2 phenotype and produce 
IL-10 [42]. Conditioned media from prostate 
cancer cells can also re-program M1 macro-
phages into an M2-like phenotype, demonstrat-
ing how the TME can alter the phenotype of 
immune cells. Especially in tumors that are not 
highly infiltrated by CD8+ T cells and pro- 
inflammatory APCs, it is important to under-
stand how the TME can skew the immune 
environment to promote, rather than inhibit, 
tumor growth. A higher macrophage density 
leads to poor prognosis in lung, hepatocellular 
carcinoma, and renal cell carcinomas [44, 45]. 
Macrophages are very plastic APCs that can pro-
mote immune responses as well as the growth 
and vascularization of tumors. Understanding 
what role macrophages play in the TME and how 
they can directly impact CD8+ T cells as well as 
how they can be used to predict clinical out-
comes is crucial for understanding the highly 
complex TME.

The TME also contains cells broadly classi-
fied as myeloid-derived suppressor cells 
(MDSCs), which can promote tumor growth and 
down-regulate CD8+ T cell activity. Currently 
there are two subsets that have been classified, 
monocytic MDSCs (M-MDSCs, which originate 
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from monocytes) and polymorphonuclear 
MDSCs (PMN-MDSCs, arising from granulo-
cytic PMN precursors) [46]. In prostate cancer, 
mostly PMN-MDSCs have been identified and 
suggested to promote castrate-resistant prostate 
cancer (CRPC). M-MDSCs share many markers 
with monocytes and macrophages, making it dif-
ficult to distinguish between these cells. Similarly, 
PMN-MDSCs share many markers with other 
granulocytes and PMNs.

Understanding how the various APC popula-
tions influence CD8+ T cell responses is crucial to 
determine how to improve immunotherapy in 
cancers that have not responded to current thera-
pies. In prostate tumors there is a large popula-
tion of M2 macrophages, which could be the 
reason for less CD8+ T cell infiltration and 
reduced activation. Historically, prostate cancer 
has not responded to T cell-focused therapies, but 
when DCs pulsed with tumor antigen are given as 
a therapeutic intervention, such as with 
Sipuleucel-T treatment, CD8+ T cell infiltration 
increased and clinical outcomes were modestly 
improved [47, 48]. Therapies that focus on 
enhancing immune infiltration into prostate 
tumors are a current area of interest and could 
potentially be combined with T cell-focused ther-
apies in order to achieve better clinical 
outcomes.

 CD8+ T cells in Cancer

The extent of DC infiltration correlates with 
improved CD8+ T cell infiltration and better over-
all survival. Even though DCs can predict sur-
vival, CD8+ T cells are the effector cells capable 
of destroying tumors. The connection between 
DCs and CD8+ T cells is crucial in understanding 
the immune response to cancer. CD8+ T cells 
found within tumors typically have an exhausted 
phenotype, with increased inhibitory receptor 
expression, like PD-1 or T cell immunoglobulin 
and mucin domain-containing protein-3 (Tim-3), 
along with decreased proliferation and effector 
function. This does not explain the necessity of 
DCs within the TME, but the new stem-like 
model of CD8+ T cell exhaustion demonstrates 

the need for a DC-rich nice to support stem-like 
CD8+ T cells.

 LCMV Model of CD8+ T cell Exhaustion

The lymphocytic choriomeningitis virus 
(LCMV) model has been used to discover and 
understand many immunological phenomena, 
spanning from CD8+ T cell memory to exhaus-
tion. Two strains of LCMV allow for the study of 
an acute versus chronic viral infection. LCMV 
Armstrong is an acute viral infection that is 
cleared via CD8+ T cells and elicits a strong 
memory CD8+ T cell response. The LCMV clone 
13 strain models a chronic infection; by deplet-
ing CD4+ T cells and then infecting the mice 
with clone 13, the infection becomes truly 
chronic and is not cleared by the immune system 
[49, 50]. The early model of LCMV-induced T 
cell exhaustion described a gradual increase in 
inhibitory receptor expression and loss of effec-
tor function. CD8+ T cells first lose their ability 
to produce IL-2 and their cytotoxic function, fol-
lowed by the loss of proliferation and ability to 
produce IFN-γ and TNF-α [3, 51]. PD-L1 block-
ade was shown to rescue antigen- specific 
exhausted CD8+ T cells in chronic LCMV clone 
13 infected mice, thus restoring their ability to 
proliferate and produce IFN-γ [2]. This was the 
first example of PD-1 blockade restoring CD8+ T 
cell functionality in a chronic antigen setting.

CD8+ T cells found within tumors have the 
canonical exhausted phenotype. They have up- 
regulated numerous inhibitory receptors, such as 
PD-1, CTLA-4, lymphocyte activation gene 3 
(Lag-3), and Tim-3. They also have a diminished 
ability to proliferate and produce effector cyto-
kines [52, 53]. This shows that tumor-infiltrating 
CD8+ T cells have a comparable phenotype to the 
antigen-specific CD8+ T cells found in the chronic 
viral model of LCMV clone 13 infected mice. 
While this model of T cell exhaustion offers an 
understanding of why T cells in tumors have lost 
functionality, it does not explain why some 
tumors have very low T cell numbers, or more 
importantly why some patients do not respond to 
checkpoint therapy.
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 Stem-Like Model of CD8+ T cell 
Exhaustion

Recent work in the field of CD8+ T cell exhaustion 
has resulted in a revised model of how T cell exhaus-
tion occurs [54]. The new working model of CD8+ 
T cell exhaustion has implications in how we think 
about CD8+ T cell exhaustion as well as modern 
immunotherapy approaches. This work described 
two populations of CD8+ T cells in a chronic viral 
infection that express PD-1. One is a stem-like 
CD8+ T cell that expresses CXCR5, T cell factor 1 
(TCF1), and has higher expression of CD28, while 
the other is a terminally- differentiated Tim-3+ CD8+ 
T cell. The stem-like CD8+ T cells reside in a 
DC-rich location of the spleen (Fig. 3b), while the 
Tim-3+ subset localizes to sites of infection and is 
not restricted to lymphoid tissues and acts as effec-
tors, expressing granzyme B and IFN-γ. The 

CXCR5+ TCF1+ stem-like CD8+ T cell subset can 
self-renew and give rise to Tim-3+ effector-like cells 
(Fig.  3c). During viral infection, PD-1 blockade 
promotes CXCR5+TCF1+ stem-like cell prolifera-
tion and differentiation into a large population of 
antigen-specific effector-like CD8+ T cells capable 
of killing infected cells. PD-1 blockade also affected 
Tim-3+ CD8+ T cells by blocking negative signaling 
and increasing their effector functions at the site of 
infection [54]. This new model of CD8+ T cell 
exhaustion can help us understand how the immune 
system responds to chronic antigen as well as how 
PD-1 blockade works within this model.

Since this model was described, several groups 
have observed a stem-like model of T cell exhaus-
tion in numerous cancers and murine tumor mod-
els. Populations of TCF1+ and 
terminally- differentiated Tim-3+ CD8+ T cells have 
been described in MC38 sarcoma, B16 melanoma, 
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Fig. 3 Generation of an anti-tumor effector response 
against cancer. (a) Stem-like cells reside within tumors 
and their presence requires an antigen presenting niche for 
support: These cells receive their activating and inhibitory 
signals from a range of APCs including DCs, M1 and M2 
macrophages, TAMs, and/or inflammatory monocytes. 
The rate of generation is an aggregate of many complex 
positive and negative signals. For example, PD-L1 block-
ade can increase the rate of effector generation from stem- 
like cells. Failure to generate an effector population due to 
lack of the correct signaling results in a tumor with low 
CD8+ T cell numbers, but no terminally exhausted cells. 
(b) It is unclear if a stem-like CD8+ T cell in lymphoid 
tissue gives rise to effector cells that migrate to areas of 
inflammation to kill target cells. One hypothesis is that 

these cells will be present in regions where DCs are most 
dense. (c) The total yield from the stem-like cell is an 
aggregate of what is produced by cells in the lymph nodes 
and tumor. The number of cells generated by this process 
may be critical for controlling tumor growth. High num-
bers of terminally exhausted CD8+ T cells implies the acti-
vation process of the stem-like cell is continuing 
effectively. (d) The anti-cancer effect caused by CD8+ T 
cells is proportional to the number of effector CD8+ T 
cells, the quality of these cells, and the negative signals 
sent back from tumor cells expressing inhibitory ligands. 
Inhibitory molecules including Tim-3, Lag-3, and others 
probably have minimal effect on the number of CD8+ T 
cells generated, but may have critical effects on the ability 
of the effector population to kill tumor cells
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Transgenic adenocarcinoma of the mouse prostate 
(TRAMP)-C1 prostate cancer, Lewis Lung 
Carcinoma, and CT26 colon tumors [55, 56]. These 
cells closely resemble the originally identified 
CD8+ T cells from chronic viral infection. TCF1+ 
CD8+ T cells have higher expression of IL-7R, 
CCR7 and CD62L, like CXCR5+ cells. The effec-
tor TCF1-Tim-3+ CD8+ T cells were also found to 
express higher levels of effector molecules such as 
IFN-γ and granzyme B, which parallels their origi-
nal description. An important part of the stem-like 
model of CD8+ T cell exhaustion is the ability of 
TCF1+ CD8+ T cells to proliferate and give rise to 
Tim-3+ effector cells. While Tim-3+ CD8+ T cells 
lack the ability to proliferate, they do express more 
effector molecules [54]. These studies demonstrate 
that the stem-like model of CD8+ T cell exhaustion 
can be applied to numerous mouse tumor models.

The stem-like model of CD8+ T cell exhaus-
tion is also translatable to human cancer. Many 
recent studies have shown that in different human 
cancers there are similar stem-like and effector 
CD8+ T cell populations. In lung cancer patients, 
a CXCR5+ CD8+ T cell population, and a 
CXCR5-Tim-3+ population was found by using 
high dimensional mass cytometry (CyTOF) anal-
ysis. These two subsets closely resemble what 
has been described in mouse models, wherein 
CXCR5+ CD8+ T cells retain proliferative capac-
ity and give rise to CXCR5-Tim-3+ effector CD8+ 
T cells [57]. In a single-cell RNA sequencing 
study of melanoma, a transitional and dysfunc-
tional CD8+ T cell subset was found. Transitional 
CD8+ T cells present within tumors retain TCF1 
expression, while dysfunctional CD8+ T cells 
have higher expression of inhibitory receptors 
such as PD-1 and Lag-3 [58]. Lack of functional 
CD8+ T cell response to tumors leads to poor T 
cell infiltration, there needs to be both a func-
tional TCF1+ stem-like CD8+ T cell and it must 
produce Tim3+ effector-like CD8+ T cells in 
order to have a productive CD8+ T cell response 
to the tumor.

The environment in which these CD8+ T 
cell stem-cells are maintained is a crucial 
aspect of the stem-model of exhaustion, espe-
cially when considering that originally the 
stem-like TCF1+ CD8+ T cells were discovered 

in lymphoid tissues surrounded by DCs in a 
chronic viral infection. The organization of 
DCs and CD8+ T cells is crucial for the activa-
tion of CD8+ T cells in viral infections. These 
discoveries have led to an increasing interest 
in the immune environment that best supports 
stem-like CD8+ T cells and induces their pro-
liferation and differentiation, especially within 
the TME. Since the amount of CD8+ T cells 
within tumors has clear positive prognostic 
power, it is important to understand the 
immune niche supporting CD8+ T cell infiltra-
tion into tumors.

Overall, the immune system is crucial in the 
response to cancer as CD8+ T cell infiltration into 
tumors can predict patient outcomes as well as 
response to immunotherapy. Understanding the 
stem-like model of CD8+ T cell exhaustion has 
led to a better understanding of the CD8+ T cell 
response to PD-1 blockade, which increases the 
differentiation of Tim-3+ CD8+ T cells as well as 
their effector function. This model of CD8+ T cell 
exhaustion has led to an interest in other immune 
cells within the TME that can support stem-like 
CD8+ T cells, such as DCs. CD141+ DC (cDC1) 
infiltration has been shown to predict better out-
comes in patients as well as correlate with CD8+ 
T cell infiltration. Tumors that cannot support an 
environment with DCs and T cells do not have 
high CD8+ T cell infiltration and therefore have 
worse outcomes and respond poorly to check-
point blockade. The future of immunotherapy 
likely needs to focus on rebuilding the tumor 
immune microenvironment to support DCs and 
stem-like CD8+ T cells and facilitate their prolif-
eration and differentiation into effector-like CD8+ 
T cells capable of destroying tumor cells.

 Prostate Cancer Tumor-Associated 
Antigens

Inducing an immune response against cancer is 
critical for producing an effective and long- 
lasting response. Integral to the anti-tumor 
immune response is the presentation of tumor- 
associated antigens (TAA) on APCs to CD8+ T 
cells for priming of tumor-specific cytotoxic T 
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cells. Identifying tumor antigens present in pros-
tate cancer and understanding their role in induc-
ing an adaptive immune response is essential for 
developing effective vaccine strategies that 
enhance the generation of tumor-specific CD8+ T 
cells. Described below are the most common 
prostate cancer tumor antigens being utilized for 
immune therapy in preclinical models and in 
ongoing clinical trials (Table 1).

 Prostate-Specific Antigen

Epithelial cells lining the acini and ducts of the 
prostate gland produce the serine protease 
prostate- specific antigen (PSA), and secrete it 
into the prostate lumen. PSA aids in liquefying 
semen coagulum and is excreted in seminal fluid. 
In healthy individuals, serum PSA levels are 
common at low concentrations (0–2.5  ng/ml), 
with serum concentrations above 2.5 ng/ml indi-
cating a cause for biopsy [59]. Serum concentra-
tions of PSA correlate with prostate cancer 
disease progression, which makes PSA a useful 
prognostic marker that aids in the grading and 
staging of prostate cancer, as well as an indicator 
of disease recurrence and progression [60, 61]. 
However, increased PSA levels are also associ-
ated with benign inflammatory conditions such 
as benign prostate hyperplasia (BPH) and prosta-
titis, which may result in a false positive screen 
that is not indicative of cancer progression [62].

In addition to its value as a prognostic marker, 
PSA is an immunogenic antigen that can drive 
immune responses [63]. PSA-specific CD8+ T 
cells are found in both healthy individuals and 
prostate cancer patients [64]. For this reason, PSA 
can serve as a target for prostate cancer vaccina-
tion to elicit an anti-tumor immune response from 
CD8+ T cells. For example, PROSTVAC is a pox-
virus-based vaccine that expresses the PSA anti-
gen as well as molecules to aid in T cell stimulation 
including CD80, intercellular adhesion molecule 
1 (ICAM-1), and lymphocyte function- associated 
antigen 3 (LFA-3) [65, 66]. A phase II trial for the 
treatment of metastatic castration- resistant pros-
tate cancer (mCRPC) showed that patients receiv-
ing PROSTVAC had an increase in their median 

overall survival of 8.5 months compared to con-
trol (25.1 months vs. 16.6 months) [67]. However, 
a recent phase III trial failed to demonstrate 
improved overall survival compared to controls 
(NCT01322490). Failures to respond to a PSA-
expressing vaccine may be the result of a high 
frequency of PSA-specific CD8+ T cells express-
ing Tim-3, a marker of T cell exhaustion [68]. 
This suggests that while patients possess tumor-
specific T cells needed to mount an anti- tumor 
response, those T cells may be unable to respond 
in a productive and effective manner. Thus, cur-
rent ongoing studies are assessing the potential 
benefit of combination immunotherapy, specifi-
cally PD-1 checkpoint blockade, to improve vac-
cine efficacy.

 Prostate Acid Phosphatase

The prostatic epithelium synthesizes prostate 
acid phosphatase (PAP), a prostate-specific, 
secreted glycoprotein enzyme that is involved in 
the liquefaction of semen [69]. Expression of 
PAP and its serum concentration correlates with 
testosterone levels, disease progression and the 
amount of bone metastases. Due to these prog-
nostic correlations, PAP serum levels were origi-
nally used as a prostate tumor biomarker dating 
back to the 1940s, prior to the adoption of PSA 
screening in the 1980s. Despite the widespread 
use of PSA for prostate cancer screening, PAP 
still has prognostic value as a biomarker for 
determining and differentiating intermediate- and 
high-risk patients, and for predicting clinical 
recurrence and likelihood of developing distant 
metastases [70].

Like PSA, PAP also has properties as an immu-
nogenic antigen recognized by T cells in humans 
and mice [71]. Evidence for this is provided by 
one study showing that intratumoral injection of a 
PAP-expressing vector resulted in decreased 
tumor growth in a xenograft model [72]. 
Additional studies have shown that PAP expressed 
by a DNA vaccine successfully induced PAP-
specific CD8+ T cells, while also increasing PSA 
doubling time, suggesting that prostate cancer 
patients may benefit from targeting PAP using 
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cancer vaccines [73, 74]. Sipuleucel-T, the first 
therapeutic cancer vaccine to receive Food and 
Drug Administration (FDA) approval works as an 
immunostimulant to trigger an anti-PAP immune 
response for the treatment of mCRPC [48, 75]. 

Delivery of Sipuleucel-T is achieved using leuka-
pheresis of patient blood to remove and isolate 
primary DCs. The patient’s DCs are loaded with 
PAP peptide in an incubation step and are addi-
tionally stimulated with granulocyte-macrophage 

Table 1 Clinical trials for prostate cancer immunotherapy

Therapy name Description NCT identifier Ref number
PROSTVAC PSA vaccine NCT01322490 [65–68]
Sipuleucel-T PAP vaccine NCT00065442

NCT00005947
[48, 75, 
76]

AGS-1C4D4 PSCA targeted mAb NCT00519233 [95]
ETBX-061 MUC1 vaccine NCT03481816 [99]

NY-ESO-1 and MUC1 vaccine NCT02692976
TARP vaccination NCT02362451 [113]

CV9103 STEAP1 vaccination NCT00831467 [121]
DSTP3086S STEAP1 antibody-drug conjugate NCT01283373 [123]
GVAX Prostate cell line vaccination NCT00089856

NCT00133224
[141]

Ipilimumab CTLA-4 blocking mAb NCT02113657
NCT01194271

[144, 
145]

Ipilimumab In combination with GVAX NCT01510288
Ipilimumab In combination with PROSTVAC NCT02506114
Ipilimumab In combination with GM-CSF NCT00064129 [146]
Ipilimumab In combination with ADT NCT01377389 

NCT02703623
NCT01498978 
NCT00170157
NCT01688492
NCT02020070

Atezolizumab PD-L1 blocking mAb NCT03016312
Atezolizumab
CPI-444

In combination with an A2A receptor agonist NCT02655822

Nivolumab PD-1 blocking mAb, used in combination with 
Ipilimumab

NCT03061539
NCT02985957
NCT02601014

Nivolumab In combination with a PSA vaccine NCT02933255
Nivolumab In combination with ADT NCT03338790 

NCT02484404
Nivolumab 
AM0010

In combination with pegylated IL-10 NCT02009449

Pembrolizumab
ADXS31-142

PD-1 blocking mAb, used in combination with a PSA 
vaccine

NCT02325557

Pembrolizumab
pTVG-HP

PD-1 blocking mAb, used in combination with a PAP 
vaccine

NCT02499835

Pembrolizumab PD-1 blocking mAb, used in combination with a 
radium-223

NCT03093428 [151]

Durvalumab
Tremelimumab

PD-1 blocking mAb, used in combination with a 
CTLA-4 blocking mAb

NCT03204812

Durvalumab In combination with a TLR3 agonist NCT02643303
PSA and CD3 Bi-specific antibody NCT01723475 

NCT02262910
[153]

CAR-T cell targeting PSMA NCT01140373
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colony stimulating factor (GM-CSF) to promote 
cell growth and survival in culture. These PAP 
peptide-loaded DCs are then re-infused back into 
the patient to  promote a CD8+ T cell-mediated 
anti-tumor response. The IMPACT clinical trial 
assessing the efficacy of Sipuleucel-T 
(NCT00065442) showed that patients receiving 
Sipuleucel-T experienced a statistically signifi-
cant increase in median survival time of 
4.1 months compared to the control arm. However, 
despite an increase in survival time, patients 
receiving Sipuleucel-T did not experience a sig-
nificant decrease in tumor size [48]. The follow-
ing D9901 trial (NCT00005947) confirmed these 
findings [76]. Sipuleucel-T was FDA-approved 
for mCRPC in 2010 and is in ongoing clinical tri-
als to evaluate its efficacy when used in combina-
tion with other therapies.

 Prostate-Specific Membrane Antigen

Prostate-specific membrane antigen (PSMA) is a 
membrane-bound zinc metalloenzyme expressed 
primarily on prostate epithelial cells, although 
low expression can be found in other tissues such 
as the kidney [77]. While PSMA is expressed in 
the healthy prostate epithelium compared to other 
tissues, it is also one of the most commonly and 
highly upregulated genes found in prostate can-
cers, including high staining on epithelial cells of 
prostatic intraepithelial neoplasia (PIN) and on 
malignant carcinomas [77]. Interestingly, PSMA 
expression appears to be linked to androgen depri-
vation therapy (ADT), with increased expression 
in response to therapy [78]. Like PSA and PAP, 
PSMA expression may be a useful prognostic bio-
marker. It has been shown that expression corre-
lates with disease progression and time to 
recurrence [79], which could make PSMA useful 
as a prognostic marker accounting disease pro-
gression and tumor cell disease potential; yet, 
attempts to utilize PSMA serum levels alone as a 
prognostic marker have not been successful. 
However, other methods involving PSMA expres-
sion have had success, including the ProstaScint 
scan that combines CT and MRI scans. The 
ProstaScint technique utilizes PSMA- specific 

antibodies bound to radioactive indium-111 to 
bind and identify prostate cancer metastases and 
has proven to be a valuable tool for identifying 
distant, remaining, and recurrent disease [80].

PSMA can also be targeted using various forms 
of monoclonal antibody (mAb) therapy. For exam-
ple, unconjugated, radiolabeled, and drug-conju-
gated humanized mAbs against PSMA have all 
been utilized to induce antibody- dependent cellu-
lar cytotoxicity (ADCC) and cell death [81]. 
PSMA contains a cytoplasmic tail internalization 
signal that induces protein internalization to the 
endosome upon ligand binding, which leads to 
trafficking back to the cell surface or targeting to 
lysosomes for protein degradation [82]. This key 
property of PSMA internalization is exploited by 
treatments to introduce toxins specifically into 
prostate cancer cells. In treatments such as 
D7-PE40, a targeted immunotoxin consisting of 
an antibody fragment specific for PSMA is linked 
to exotoxin A, a dimer protein that blocks protein 
synthesis through elongation factor-2 inhibition. 
This conjugated therapy targeted against PSMA 
has shown efficacy in blocking tumor growth in 
pre-clinical models [83]. Other therapeutic strate-
gies targeting PSMA have been developed, such as 
chimeric antigen receptor T cells (CAR-T) spe-
cific for PSMA. In a pre-clinical xenograft model 
of human prostate cancer, anti-PSMA CAR-T 
cells were highly effective at eradicating tumors 
and inducing tumor-specific lysis [84, 85].

 Prostate Stem Cell Antigen

Prostate Stem Cell Antigen (PSCA) is a GPI- 
anchored surface protein involved in stem cell 
survival [86]. PSCA is highly expressed in pros-
tate cancer, pancreatic cancer, and bladder cancer 
epithelial cells [87]. Expression of PSCA is 
found in 90% of primary prostate cancers and a 
high proportion of metastatic sites contain ampli-
fication of the PSCA gene [88]. Further, PSCA 
expression is associated with a higher Gleason 
score, high staging, and cancer progression to 
bone metastases [89]. In addition to these asso-
ciations, PSCA detection also functions as a 
marker of response to therapy, as decreased 
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PSCA mRNA levels correlate with response to 
radiation therapy [90]. The PSCA gene is located 
about 3 kb downstream of an androgen- responsive 
enhancer, resulting in decreased PSCA expres-
sion in response to ADT [91]. However, despite 
these correlations, not much is known about the 
role and function of PSCA in prostate cancer or 
in normal prostate tissue.

Due to its high expression in primary prostate 
cancers and metastases, PSCA is being evaluated 
as a therapeutic target. Preclinical murine studies 
have examined the efficacy of a PSCA-based 
DNA vaccine and the use of engineered CAR-T 
cells specific for PSCA [92]. Clinical trials have 
included examinations of vaccine and mAb ther-
apies targeting PSCA as well. A phase I/II clini-
cal trial assessed the efficacy and safety of a 
PSCA peptide-loaded DCs vaccine, which 
induced an immune response against PSCA and 
showed promise for patients with mCRPC [93]. 
A six-patient phase I trial for the treatment of 
mCRPC utilized another DC-based vaccine that 
employed multiple binding epitopes of 
PSCA. This trial resulted in a beneficial increase 
in PSA doubling time and the generation of 
memory T cell responses against the peptides 
administered [94]. Finally, a phase I clinical trial 
for the treatment of mCRPC tested AGS-1C4D4, 
a mAb targeting PSCA [95]. In this trial, the ther-
apy was well tolerated by the 13 patients treated, 
with six patients having stable disease for 
24 months. Targeting PSCA through vaccine and 
antibody-based therapeutics has so far shown 
promise, which warrants further exploration in 
pre-clinical and clinical studies based upon its 
induction of memory T cells. It will be interesting 
to determine how PSCA-targeted therapeutics 
will combine and potentially synergize with 
established prostate cancer therapies and immu-
notherapies, such as PD-1 blockade.

 Mucin-1

Mucin-1 (MUC1), a highly glycosylated protein, 
is expressed across a wide variety of epithelial 
cancers including prostate adenocarcinoma, but 
is not detected in healthy prostate tissue [96]. 

MUC1 is expressed on the apical borders of epi-
thelial cells where it plays a role in cell adhesion 
and mucosal barrier protection. MUC1 exists in 
secreted and membrane-bound forms; however, 
in prostate adenocarcinomas and neoplasms, 
MUC1 is also expressed in the cytoplasm. 
Expression of MUC1 correlates with disease pro-
gression, tumor volume, and lymph node metas-
tases [97]. However, MUC1 is suppressive of 
androgen receptor (AR) expression, leading to 
decreased androgen sensitivity and response to 
ADT [98].

Due to its high expression in adenocarcino-
mas, MUC1 is a target for antibody-based tar-
geted therapy as well as vaccine therapy. 
Therapeutic targeting of MUC1 for prostate can-
cer is currently being tested in clinical trials. 
Researchers have developed an adenovirus-based 
vaccine that expresses MUC1 along with two 
other TAAs and contains specific gene modifica-
tions that decrease viral gene expression and pre-
vent a host immune response against the viral 
protein components [99]. This vaccine, ETBX- 
061, is currently being tested for clinical trial use. 
This trial (NCT03481816) is testing the efficacy 
and safety of the MUC1 viral vaccine alongside 
other adenovirus-based vaccines expressing PSA 
and brachyury proteins for patients with mCRPC.

 NY-ESO-1

NY-ESO-1 is a well-characterized cancer testis 
antigen of unknown function expressed in blad-
der, esophageal, liver, and breast cancer [100]. In 
transitional cell carcinoma, expression of 
NY-ESO-1 correlates with staging and seroposi-
tivity in high grade patients [101]. NY-ESO-1 is a 
MHC class I and class II antigen that induces cel-
lular and humoral immune responses that are 
associated with anti-tumor immune activity [102] 
and the presence of these NY-ESO-1-specific T 
cells correlates with good prognosis. In one 
study, 10% of prostate cancer patients had auto-
antibodies against NY-ESO-1  in their serum, 
while healthy patients had none [103]. This sup-
ports evidence that NY-ESO-1 is expressed 
highly in cancerous tissue and lowly in healthy 
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tissue, a property that makes NY-ESO-1  attractive 
as a potential cancer vaccine antigen. Over 30 
clinical trials have been conducted with 
NY-ESO-1 vaccines or NY-ESO-1-targeted 
adoptive T cell therapy, several of which focus 
specifically on prostate cancer. Clinical trial 
NCT02692976 utilized a DC-based vaccine 
loaded with NY-ESO-1 and MUC1 peptides, 
with separate groups assessing the efficacy of 
plasmacytoid, myeloid, or the combination of 
both subtypes of DCs. The therapy was well- 
tolerated, with only 33% of patients experiencing 
low grade toxicity, and efficacious, with 67% of 
patients achieving 6 months of stable disease. To 
increase response to this vaccine, combinations 
of NY-ESO-1 vaccine therapy with immunother-
apies are being considered. Preliminary work 
with CTLA-4 blockade/NY-ESO-1 vaccine com-
bination therapy demonstrated an increase in the 
numbers of NY-ESO-1 specific T cells in meta-
static melanoma, which correlated with clinical 
responses [104].

 T-cell Receptor Alternate Reading 
Frame Protein

T-cell receptor alternate reading frame protein 
(TARP) is an MHC class II-restricted protein 
expressed on prostate and breast cancer epithelial 
cells [105]. TARP expression correlates with can-
cer progression and is found in primary and met-
astatic sites [106–108]. TARP is a 58-residue 
sequence product of an alternate reading frame of 
the TCR locus [109]. This alternate reading frame 
sequence contains two known CD8+ T-cell bind-
ing epitopes that are presented on APCs and pros-
tate cancer cells [110]. Testosterone upregulates 
TARP expression, which suggests a role for 
androgens in promoting its expression [111]. 
However, TARP expression has been observed in 
androgen-sensitive and androgen-insensitive 
prostate cancer [112]. Its high expression in pros-
tate cancer makes it an ideal target antigen for 
cancer vaccine therapy.

Due to its immunogenicity, TARP-specific vac-
cination was explored in a phase I clinical trial. This 
trial consisted of 41 patients with asymptomatic 

hormone-sensitive prostate cancer receiving either 
emulsified TARP peptide with GM-CSF or DCs 
pulsed with TARP peptide [113]. The five-dose vac-
cination schedule was well tolerated and had an 
acceptable safety profile in both treatment groups. 
Clinical outcomes were assessed based upon PSA 
doubling time, which is a measure of the time it 
takes for serum concentrations of PSA to double. 
Both treatment groups showed a decrease in PSA 
doubling time, with 74.2% of total patients display-
ing a reduction in PSA doubling time 48  weeks 
post- treatment. Additionally, the TARP vaccine 
increased TARP peptide-specific IFN-γ production, 
with responses recorded for 80% of patients. These 
data suggest that TARP vaccine therapy may help in 
controlling micro-metastases and slowing disease 
progression. A trial with a second generation of this 
vaccine (NCT02362451) is underway with modifi-
cations that include the addition of MHC class II 
binding sites to the peptide sequence [113].

 GRB2-Like Endophilin B2

The GRB2-Like Endophilin B2 (SH3GLB2) 
peptide was discovered in the TRAMP murine 
prostate model as a stimulator of prostatic adeno-
carcinoma specific T cells (SPAS1). TRAMP 
mice receiving vaccination with the TRAMP-C2 
cell line, CTLA-4 blockade, and GM-CSF expe-
rienced a reduction in tumor growth and a reduc-
tion in spontaneously forming tumors. This 
treatment method was employed to identify 
unknown prostate cancer antigens, as had been 
done previously for melanoma [114, 115]. By 
testing T cell activity from the spleens of treated 
mice a 395 amino acid sequence was identified 
that induced T cell activation and shared 96% 
homology with human SH3GLB2, a protein of 
unknown function [116]. SH3GLB2 is highly 
expressed in prostate cancer metastases and is 
orthologous to SPAS1, the immunodominant 
model antigen in the TRAMP-C1 murine model. 
Analysis of SH3GLB2 expression in human 
prostate cancer has shown that it is highly 
expressed in lymph node metastases in patients 
with aggressive cancer [117]. Because T cell 
responses can be induced in a mouse vaccination 
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model, it is thought that SH3GLB2 is a viable 
vaccination target antigen in humans. However, 
to our knowledge, there have been no attempts at 
this therapy as of this time.

 Six Transmembrane Epithelial 
Antigen of the Prostate 1

Six transmembrane epithelial antigen of the pros-
tate 1 (STEAP1) is a metalloreductase enzyme 
expressed at cell-cell junctions and is overex-
pressed in the cell membrane and cytoplasm of 
prostate cancer cells, with lower expression in 
healthy tissue [118, 119]. STEAP1 is highly 
expressed in PIN lesions, which suggests that it 
plays a role in early prostate cancer development 
and thus might be an attractive biomarker for 
early disease [120]. STEAP1 has been a target 
antigen for antibody-based therapy as well as 
vaccine therapy due to its high expression in PIN 
and more advanced forms of prostate cancer. The 
CV9103 vaccine utilized STEAP1 mRNA in a 
phase I/II trial of 44 patients (NCT00831467) 
[121]. This strategy effectively induces cytotoxic 
CD8+ T lymphocytes with reactivity against 
STEAP1. Additionally, a vaccinia virus Ankara 
vector delivery system containing STEAP1 has 
shown promise as a vaccine therapy in murine 
models [122]. Developed mAbs against STEAP1 
have also shown promise in murine models by 
inhibiting xenograft tumor growth. This success 
has led to the development of an antibody-drug 
conjugate (ADC). DSTP3086S is an ADC linked 
to monomethyl auristatin E, which inhibits cell 
growth by blocking tubulin polymerization. 
DSTP3086S has shown promise in a phase I clin-
ical trial (NCT01283373) for mCRPC and has 
shown greater effectiveness at higher concentra-
tions [123].

 Models of Murine Prostate Cancer

 TRAMP

The TRAMP murine model was originally devel-
oped in 1995, which was followed by further 

characterization and development of cell lines 
and modified models of TRAMP [124]. The 
TRAMP model of spontaneous prostate cancer 
was developed using the simian vacuolating virus 
40 (SV40), a virus with oncogenic proteins, to 
induce cancer. Expression of the early region of 
the virus which is composed of the large and 
small T antigen was driven by a modified 
probasin- ARR2 promoter specific to the prostate. 
The large-T and small-t antigens of SV40 protein 
bind to and inhibit the activity of p53 and Rb 
tumor suppressors. Additionally, the small-t anti-
gen binds to phosphatase PP2A along with sev-
eral other oncogenic intracellular proteins. 
Inhibiting p53 and Rb tumor suppressors results 
in a predictable progression from PIN lesions to 
highly penetrant metastatic disease by week 28. 
All of these mice develop lymph node metastases 
and 67% go on to develop pulmonary metastases. 
However, these mice exhibit a variable response 
to ADT, although mice that are resistant to ADT 
are more likely to develop metastases [125]. 
Additionally, these mice develop phyllodes-like 
lesions that have a leaf-like structure, similar to 
that found in human breast cancer. It should also 
be noted that some studies have demonstrated 
that TRAMP may not actually be a form of ade-
nocarcinoma and is instead an atypical epithelial 
hyperplasia that develops into neuroendocrine 
carcinoma [126].

Three prostate cancer cell lines were derived 
from tumor-bearing TRAMP mice [127]. Two of 
these cell lines (TRAMP-C1 and TRAMP-C2) 
readily form tumors when implanted subcutane-
ously into syngeneic wild-type (C57/BL6) mice. 
However, the third cell line (TRAMP-C3) only 
grows in vitro. These tumorigenic cell lines 
retained AR expression, but lost expression of the 
T antigen found in the transgenic mouse. 
TRAMP-C1 and TRAMP-C2 are amenable for 
studies investigating therapeutic efficacy of vari-
ous immunotherapies, although it should be noted 
that TRAMP-C1 is considered poorly immuno-
genic with a low level of basal immune infiltra-
tion, while TRAMP-C2 is moderately 
immunogenic. TRAMP-C1 is responsive to 
CTLA-4 blockade in a T and natural killer (NK) 
cell-dependent manner. TRAMP-C2 cells are also 
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responsive to checkpoint blockade, but can form 
metastases in the draining lymph nodes and lungs, 
thus making it a useful model for surgical resec-
tion and metastasis. For example, while 95% of 
mice with surgically resected primary TRAMP-C2 
tumors develop metastases, this was reduced to 
50% following CTLA-4 blockade [128].

 LADY

The LADY model of prostate cancer is designed 
similarly to the TRAMP model; however, it has 
modifications in the probasin (PB) promoter 
region and a mutation to the small-t antigen, 
which renders it unable to bind phosphatase 
PP2A and other oncogenic intracellular proteins. 
Many different lines of the LADY model have 
been generated with variable tag transgene 
expression. These lines are named 12t  −  1 
through 11. The 12  in the name indicates the 
approximate 12  kb promoter length, t for the 
small-t antigen transgene, and 1–11 for the 11 
lines generated. The mouse line that develops 
cancer at the fastest rate is 12t − 7, which pro-
gresses to locally invasive adenocarcinoma at 
15–22  weeks, but does not become metastatic 
[129]. In contrast, Line 12t − 10 grows slowly, 
progressing to invasive neuroendocrine carci-
noma at 33 weeks, and develops lymph node and 
lung metastases at 50 weeks-of-age. Considering 
the range in variation in metastatic potential seen 
across the model, these various lines may be 
helpful for comparing the genetics involved in 
metastatic progression.

The TRAMP and LADY transgenic mice each 
carry advantages and disadvantages as models of 
human prostate cancer. For example, both were 
generated by driving expression of SV40 T anti-
gens off of a prostate-specific promoter to produce 
highly penetrant and well characterized disease, 
which is a mechanism of oncogenic transforma-
tion that is not mirrored in humans. Not all models 
of TRAMP and LADY are capable of progressing 
to metastatic disease, but both the TRAMP and the 
12t − 10 LADY models have metastatic potential. 
Unfortunately, these models do not reciprocate 
human prostate cancer progression completely, 

due to being driven by an exogenous oncogene 
that does not exist in humans. This leads to accu-
mulation of different mutations and subsequently 
altered disease progression than is found in 
patients with prostate cancer. This SV40 oncogene 
driver produces mostly neuroendocrine cancers 
and similar carcinoma subtypes in mice, which 
likely represents only 25–30% of cases of men 
with advanced prostate cancer. However, the 
development of neuroendocrine carcinomas 
depends upon the genetic background of the 
mouse. Mice that do develop neuroendocrine pros-
tate cancer may be useful for studying human neu-
roendocrine prostate cancer.

 c-Myc Models

c-Myc is a proto-oncogene commonly overex-
pressed or mutated in human prostate cancer. 
Furthermore, c-Myc overexpression is also 
found in PIN, which suggests a role in early 
cancer progression. Thus, to recapitulate the 
onset and progression of human prostate can-
cer, several mouse models utilize mutations 
and overexpression of c-Myc along with other 
commonly associated mutations of tumor sup-
pressors, such as p53 and phosphatase and ten-
sin homolog (PTEN). Two models were 
developed in which c-Myc expression is driven 
from either the Pb promoter or the ARR2PB 
promoter, similar to the TRAMP and LADY 
models. These two distinct models of c-Myc-
driven prostate cancer are categorized as 
Lo-Myc and Hi-Myc. They are distinct in their 
responsiveness to androgens and ADT making 
them good models for studying human prostate 
cancer disease progression and responsiveness. 
The Lo-Myc model results in prostate cancer 
progression that is unresponsive to ADT, which 
makes this model castration resistant. In con-
trast, the Hi-Myc model exhibits androgen sen-
sitivity, which reflects the regulation of c-Myc 
transgene expression by the androgen-regu-
lated Pb promoter. However, in human prostate 
cancer, castration does not inhibit c-Myc 
expression. Hi-Myc mice progress to adeno-
carcinoma around 26 weeks-of-age, while the 
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Lo-Myc model progresses more slowly with 
adenocarcinoma developing at 56 weeks [130]. 
However, neither Hi-Myc nor Lo-Myc models 
develop spontaneous metastases [130]. Similar 
to what is seen in human prostate cancer, 
expression of the prostate- specific tumor sup-
pressor NKX3.1 is reduced in Hi-Myc PIN and 
adenocarcinoma [131]. Further studies of this 
model have coupled it to genetic knockouts 
that are common in human prostate cancer.

 PTEN Knockout

PTEN is a major tumor suppressor that functions 
to dephosphorylate activated AKT and 
3- phosphoinositide-dependent protein kinase-1 
(PDK1) [132, 133]. PTEN is commonly mutated 
or lost in many cancers, including a high percent-
age of human prostate cancers [134, 135]. 
Original models of PTEN heterozygous mice 
were not ideal for studying prostate cancer 
because many of the mice that survived embry-
onic development developed other types of can-
cers due to the non-specific knockout of 
PTEN.  To overcome these limitations, prostate 
tissue-specific PTEN knockout mice were gener-
ated using the Cre recombinase system, driving 
Cre expression off of a prostate-specific promoter 
to flox out a section of PTEN flanked by loxP 
sites. These mice develop progressive prostate 
cancer from PIN to metastatic adenocarcinoma in 
a manner similar to human prostate cancer 
progression.

Two groups have developed PTEN knockout 
mice using this system. One group deleted exon 5 
of PTEN and these mice develop PIN at 6 weeks 
and adenocarcinoma by 9–29 weeks-of-age with 
lung and lymph node metastases forming at 
12–29  weeks in 45% of the mice [136]. 
Additionally, this model may be useful for study-
ing androgen dependency as tumors initially 
regress in response to androgen ablation, but then 
become resistant mirroring what is observed in 
humans. Another group developed a PTEN model 
by deleting both exon 4 and 5. These mice devel-
oped prostate cancer more slowly compared to the 
exon 5 deleted mice, with observed lesions by 

42  weeks [137]. An additional model utilizes a 
tamoxifen-inducible Cre transgene knocked in to 
the NKX3.1 locus, which simultaneously knocks 
out one allele of NKX3.1 and brings Cre expres-
sion under control of the NKX3.1 promoter [138]. 
This adds temporal control over PTEN deletion. 
Mice that receive tamoxifen at 2 months-of-age 
develop high grade PIN and micro-invasive ade-
nocarcinoma [139]. PTEN knockout models have 
also been combined with targeted deletion of p53 
as well. This combination of tumor suppressor 
knockouts results in an aggressive prostate cancer 
by week 11 and eventual death by week 29 [140].

 Prostate Cancer Immunotherapy: 
Vaccines, Checkpoint Blockade, 
and Combination Therapy

 Vaccines

As described previously, Sipuleucel-T was the 
first therapeutic cancer vaccine to garner FDA 
approval and uses PAP-loaded DCs to direct 
anti- tumor (PAP) responses in patients [48, 75]. 
In contrast, PROSTVAC is a poxvirus-based 
vaccine expressing PSA along with the co- 
stimulatory molecules CD80, ICAM-1, and 
LFA-3. In addition to these agents, GVAX is 
another prostate cancer vaccine platform, and 
instead of focusing on a single target, such as 
PSA or PAP, to induce an anti-tumor immune 
response, GVAX is a cellular vaccine that con-
tains irradiated prostate cells from two different 
human prostate cancer cells lines, LNCaP and 
PC3 [141]. These cell lines have been addition-
ally modified to produce GM-CSF in order to 
stimulate DCs for antigen presentation. This 
vaccine could potentially induce immune 
responses to multiple prostate cancer antigens at 
once, which is beneficial to eliminate a heteroge-
neous population of prostate cancer cells from 
the body. This vaccination method would bypass 
the need to human leukocyte antigen (HLA) 
match patients because it relies on the patient’s 
own DCs to present antigen in vivo [142]. 
However, despite this potential for an effective 
and easier cancer vaccine design, GVAX has not 
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seen success in clinical trials when compared to 
docetaxel in two separate phase III trials 
(NCT00089856, NCT00133224).

 CTLA-4 Blockade

T cell costimulation by CD28 is critical for their 
activation and induction of cytotoxic activity. This 
pathway is negatively regulated by CTLA-4, which 
competes for the CD28 ligand. Ipilimumab is a 
CTLA-4 blocking mAb that prevents its activity 
and to increase CD28 signaling on T cells [143]. 
Initial studies of Ipilimumab in prostate cancer 
patients led to unacceptable adverse effects, includ-
ing death among several patients being treated for 
CRPC, and unfavorable outcomes, with no increase 
in overall survival [144]. However, several patients 
did have a complete remission in response to this 
therapy [145]. Improvement in patient and bio-
marker selection, as well as new and improved 
CTLA-4 blocking antibodies may limit severe 
adverse effects in the future. Ipilimumab is being 
evaluated for its ability to elicit T cell responses 
against tumor- specific neoantigens as part of a 
phase II trial for CRPC (NCT02113657) and as 
neoadjuvant therapy prior to radical prostatectomy 
(NCT01194271).

While initial trials testing the efficacy of ipili-
mumab have not resulted in increased overall 
survival, ipilimumab may still be beneficial 
when applied in combination with other thera-
pies. A phase I clinical trial of GVAX in combi-
nation with ipilimumab for patients with CRPC 
showed that the treatment had an acceptable 
safety profile. Additionally, the therapy led to 
favorable tumor responses and prolonged sur-
vival, especially among patients with higher 
peripheral blood expression of CTLA-4 and PD-
1 on their CD4+ T cells and lower frequencies of 
regulatory T cells prior to therapy. Overall, the 
best predictor of favorable outcome to this ther-
apy was CTLA-4 expression by CD4+ T cells, 
which might suggest CTLA-4 as a biomarker for 
selection of patients that would benefit from this 
therapy. A phase II trial is ongoing to determine 
the efficacy of the PROSTVAC vaccine in com-

bination with ipilimumab (NCT02506114) as a 
neoadjuvant therapy for patients with localized 
prostatic neoplasia.

Ipilimumab is also being tested in an ongoing 
phase I trial in combination with GM-CSF for 
the treatment of recurrent prostate carcinomas 
and stage IV prostate cancer (NCT00064129). It 
was found that patients with immune-related 
adverse events (IRAEs) had an increase in T cell 
clonality 2 weeks after initial ipilimumab treat-
ment, and an increase in PSA-specific T cells 
was associated with increased T cell diversity 
[146]. Additional trials of ipilimumab include its 
use in combination with ADT for CRPC 
(NCT01377389, NCT02703623), stage IV and 
recurrent prostate cancer (NCT01498978, 
NCT00170157), for chemotherapy- naïve CRPC 
(NCT01688492), and for use prior to radical 
prostatectomy (NCT02020070).

 PD-1/PD-L1 Blockade

PD-1 is a glycoprotein expressed on T cells that 
interacts with PD-L1 expressed in cancer cells 
and a range of other immune cells, to inhibit T 
cell activation. Targeting the PD-1/PD-L1 axis 
with blocking mAbs is an area of great focus in 
cancer therapy, having received FDA approval 
for several cancer types [147, 148]. However, 
PD-1-targeted therapy in prostate cancer may 
have a minimal impact due to lower PD-L1 
expression in prostate cancer compared to other 
cancers [149]. Low PD-L1 expression may 
explain the minimal response seen in early clini-
cal trials of nivolumab, which is a PD-1 blocking 
antibody, for mCRPC. Other studies looking at 
pembrolizumab (anti-PD-1 mAb) therapy in 
combination with enzalutamide for mCRPC have 
demonstrated meaningful clinical benefit for a 
subset of patients [150]. This may be a possible 
therapeutic avenue to follow after patients’ prog-
ress towards androgen insensitivity because dur-
ing the progression to androgen insensitivity, 
DCs increase expression of PD-L1 and CD8+ T 
cells increase expression of PD-1. A phase III 
trial is underway to determine the efficacy of 

Immunological Complexity of the Prostate Cancer Microenvironment Influences the Response…



140

atezolizumab (a PD-L1 blocking antibody) in 
combination with enzalutamide compared to 
enzalutamide alone (NCT03016312). 
Additionally, the use of ipilimumab is being 
investigated in combination with nivolumab in 
mCRPC (NCT03061539, NCT02985957, 
NCT02601014).

A phase I/II trial is ongoing to investigate 
the efficacy of ADXS31-142, a PSA based vac-
cine, as a monotherapy or in combination with 
pembrolizumab for mCRPC (NCT02325557). 
The pTVG-HP PAP antigen-based DNA vac-
cine is being investigated in combination with 
pembrolizumab (NCT02499835). An ongoing 
phase II trial is looking at the efficacy of pem-
brolizumab in combination with Radium-223, 
which targets bone metastases (NCT03093428) 
and has shown efficacy in pre-clinical models 
[151]. Another phase II trial is investigating the 
efficacy of combination immunotherapy using 
durvalumab, an anti-PD-L1 antibody, in combi-
nation with tremelimumab, and anti-CTLA-4 
antibody for the treatment of mCRPC 
(NCT03204812), as well as in combination 
with a TLR3 agonist (NCT02643303). 
Nivolumab is being looked at in combination 
with a poxvirus-based PSA expressing cancer 
vaccine (NCT02933255). An ongoing phase II 
trial is investigating the safety and efficacy of 
nivolumab in combination with multiple ADTs 
and poly-ADP ribose polymerase (PARP) 
inhibitors (NCT03338790, NCT02484404). 
Nivolumab is being investigated as part of a 
phase I trial looking at the safety of AM0010, a 
pegylated IL-10 immune stimulating agent 
(NCT02009449). Atezolizumab is being inves-
tigated as part of a phase I trial looking at the 
safety of CPI-444, an adenosine A2A receptor 
agonist for the treatment of mCRPC 
(NCT02655822).

 Other Therapies

An alternative immunotherapy strategy is using 
bi-specific antibodies to link T cells to their 

cancer cell target [152]. A therapeutic method 
utilizing this strategy targeted PSMA and CD3 
simultaneously to bring T cells in contact with 
their target cell to induce cytotoxicity. This 
therapy has shown promise in xenograft models 
with a reduction in PSA levels, and reduced 
tumor growth [153]. These promising findings 
have led to two phase I clinical trials 
(NCT01723475, NCT02262910). CAR-T cells 
have also been developed to target prostate can-
cer antigens. These CAR-T cells are modified 
by lentiviral- or retroviral-induced expression 
of an engineered TCR specific for a tumor sur-
face antigen [154]. CAR-T targeting PSMA has 
shown promise in pre-clinical murine studies, 
as well as in a phase I clinical trial 
(NCT01140373). CAR-T therapies targeting 
other prostate tumor antigens such as MUC-1 
and TARP have also shown promise in pre-clin-
ical models [155].

 Conclusions

Inducing immune responses against TAAs is a 
critical step in producing an effective and long- 
lasting anti-cancer response. Multiple prostate 
cancer antigens have been identified with varying 
degrees of expression in prostate cancer as well 
as other cancers and healthy tissues. Many of 
these associated antigens are capable of being 
identified by CD8+ T cells and inducing an effec-
tive immune response. However, translating these 
findings into effective vaccine therapies has been 
challenging. The FDA approval of Sipuleucel-T 
has shown that vaccine therapy has efficacy in 
prostate cancer patients. The development of 
immune checkpoint blocking antibodies such as 
ipilimumab, nivolumab, and pembrolizumab 
have also shown promise as effective therapeutic 
strategies in treating prostate cancer. Ongoing 
and future approaches are looking at combina-
tions of tumor antigen-specific vaccines along 
with checkpoint blockade to activate 
 tumor- specific CD8+ T cells and thereby enhance 
ant- tumor immunity.
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 Introduction

Prostate cancer (PCa) is the most common can-
cer, and the second leading cause of cancer deaths 
(after lung cancer), among men in the Western 
world [1]. For 2017, there were an estimated 
161,360 new cases of PCa diagnosed, mostly in 
patients between 60 and 80 years old, as well as 
26,730 deaths from the disease [2]. Tumor metas-
tasis from the organ to a distant site is responsible 
for 90% of all cancer deaths [3, 4]. The incidence 
of metastatic disease in the United States 
increased 72% between 2004 and 2013 in a sam-
ple of 767,550 men diagnosed with PCa (from 
1685 cases in 2004 to 2890 in 2013) [5]. Localized 
PCa (confined to the gland, T1 to T2 stage) gen-
erally is considered curable, with nearly a 100% 
5-year-survival rate [2], but 5-year-survival drops 
to 29% with a tumor escaping the gland (T3 
stage) [6]. The most common score, Gleason 6, is 
indeterminant, and controversy surrounds inter-
pretation of the score to predict aggressive (high- 
risk) vs. indolent (low-risk) disease [7]. Recently 
the Gleason score (GS) grading pattern has been 
revised and patients are stratified into four 

groups: GS2-6, GS7, those with GS8 without 
GS5, and those with primary, secondary or ter-
tiary GP5. Of these, the most common score in 
563 patients (52.4%) was GS7 [8]. The prognos-
tic benefit of the new prostate cancer grade- 
grouping was independently validated using 
surgical specimens. The greater predictive accu-
racy of the new system will improve risk stratifi-
cation in the clinical setting and aid in patient 
counselling [9].

Currently there is an unmet clinical need to 
determine if or when localized disease has 
extended past the prostatic capsule, which requires 
invasion and migration into and through the 
smooth muscle stroma coordinated by tumor spe-
cific and stromal-specific signals. Research to dis-
cover molecular and biophysical signatures of 
aggressive PCa includes both genomic-based 
classification [reviewed in [10]] and proteomic- 
based biomarkers [reviewed in [11]] correlating 
with outcomes. The potential for blood-based and 
urinary biomarkers for early detection and treat-
ment decisions [12] are attracting increased atten-
tion since sensitive and quantitative measurements 
are now achievable with an intent to avoid unnec-
essary biopsy and over-diagnosis of indolent dis-
ease [13]. The integration of histopathology [14], 
molecular genomic, proteomic, and transcrip-
tomic (“omics”) information [15], coupled with a 
clearer understanding of the changing microenvi-
ronments during PCa progression (illustrated in 
Fig.  1), may lead to the early  detection of high 
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risk disease to inform treatment decisions and 
additional strategies for metastasis prevention.

Alteration of the microenvironment within the 
normal prostate gland occurs in males in the third 
and fourth decade of life and increases progressively 
with advancing age [16]. The microenvironment 
contextual changes are observed histologically and 
called prostatic intraepithelial neoplasia (PIN). PIN 
is defined by focal loss of normal morphological 
relationships of the epithelium to the stromal envi-
ronment [17–19]. PIN has sporadic basal cells and 
primarily luminal cell phenotypes, expressing prod-
ucts of differentiation including the androgen recep-
tor and prostate specific antigen (PSA). The luminal 
cells also have a loss of DNA damage sensors for 
DNA repair (i.e., using instead an error prone pro-
cess of non-homologous end rejoining) [20], similar 
to differentiated cell populations that lose DNA 

repair capacity [21–24]. The loss or transformation 
of the normal basal cell component is a key step in 
PIN, resulting in epithelial cell exposure to a new 
microenvironment containing conserved develop-
mental morphogens such as laminin 511 [25] and 
growth factors in the surrounding stroma [26–30]. 
Most evidence suggests PIN is the pre- malignant 
lesion [31]. A high-grade PIN (HG-PIN) lesion 
develops during the early period of PCa develop-
ment, with increasing attenuation of the basal cell 
layer and extracellular matrix (ECM) [32, 33]. Since 
the goal of this chapter is to focus on the changing 
microenvironments of lethal PCa, it should be noted 
that while HG-PIN lesions are early forms of cancer, 
they are not synonymous with lethal PCa and do not 
elevate serum PSA concentration [31].

Different microenvironments (as shown in 
Fig. 1) are encountered during PCa invasion and 

Fig. 1 Lethal PCa is found in different microenviron-
ments. Panel (a) The prostate gland is located at the base 
of the bladder and is encapsulated by a band of smooth 
muscle (grey fill). Tumor stage is depicted as T1 or T2 
within the gland or T3 when it has breached the smooth 
muscle capsule. Panel (b) Microscopically, the tumor (∗∗) 
moves though the smooth muscle (white star) which can 
be detected by staining desmin (white star). Panel (c) PCa 
(∗∗) stained for α6 integrin (brown) has disrupted and 
invaded a nerve (arrow) stained for PGP 9.5 (pink). Panel 

(d) PCa (∗∗) within a lymph node extracellular matrix 
(arrows) stained for laminin 511 (brown). Panel (e) 
Schematic of hematogenous spread of PCa clusters. Panel 
(f) Histological section of PCa cluster within a vessel. 
Panel (g) PCa clusters (∗∗) stained for α6 integrin (brown) 
within bone (##). (Panel a is from the Wikimedia 
Commons, Free Media Repository, File: CRUK278.svg. 
Panel e was adapted from Guo W, Giancotti FG. Integrin 
signalling during tumour progression. Nature reviews 
Molecular cell biology. 2004;5(10):816–26)
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escape from the gland. The environments include 
the smooth muscle, nerves, lymph nodes, vascula-
ture, bone and hypoxic regions in the peripheral 
zone of the gland. Each of these environments are 
distinct, both in their biophysical and biochemical 
characteristics [34, 35]. Cohesive invasion of PCa 
through a band of laminin-lined smooth muscle, 
known as the prostatic capsule (Fig. 1, panel a), 
defines disease progression [36]. Aggressive PCa 
is called extracapsular extension and, clinically, 
the staging increases from a T2 to a T3 score. 
Muscle invasive tumors are clusters or groups of 
tumor cells (Fig. 1, panel b). Within the peripheral 
zone of the gland, tumors encounter and invade 
nerves (Fig. 1, panel c) and escape the gland as 
detected in the pelvic lymph nodes (Fig. 1, panel 
d) and as tumor clusters within the circulation 
(Fig.  1, panels e, f) and within the bone, as the 
primary metastatic site (Fig. 1, panel g).

In this chapter, we review evidence that pros-
tate tumors change their microenvironment dur-
ing the process of smooth muscle and neural 
invasion [37, 38]. Extracellular vesicles can con-
dition the microenvironment and are extruded 
from PCa cells [39, 40]. Prostate tumors also 
adapt to their changing environments during 
treatment [41]. At least 20–30% of patients with 
low-risk tumors (Gleason sum score <6) treated 
with radical prostatectomy (RP), with or without 
pelvic lymph node dissection (PLND), will expe-
rience biochemical recurrence [42].

The adaptation of prostate tumors to hypoxic 
conditions during invasion is another physiologi-
cally relevant event that impacts therapeutic 
options and opportunities. The standard of care for 
tumors with intermediate to high risk of recur-
rence is androgen deprivation therapy (ADT) [42], 
often combined with radiation and/or chemothera-
pies [42]. When tumors progress and develop 
resistance to ADT, the disease is classified as cas-
tration-resistant PCa (CRPC), a lethal manifesta-
tion of the disease. Recently, more potent 
second-generation forms of ADT have been devel-
oped, which have become standard-of- care for 
patients with CRPC.  For instance, enzalutamide 
binds to ligand-binding domain of the androgen 
receptor, displacing testosterone and dihydrotes-
tosterone, thereby inhibiting androgen-receptor 

signaling [43]. Abiraterone inhibits cytochrome 
P450 17A1 (CYP17A1), thereby disrupting andro-
gen-receptor signaling by depriving the tumor of 
androgens [43]. Approximately 20–40% of CRPC-
stage patients have no response to these agents 
with respect to prostate-specific antigen (PSA) 
levels (i.e., they have primary resistance) [44, 45], 
and among patients who initially have a response 
to enzalutamide or abiraterone, virtually all even-
tually acquire secondary resistance [43]. Clearly, 
prostate tumors have the capacity to evolve and 
adapt to extreme conditions. As these therapies 
were developed, an increased understanding of the 
disease has shifted to better use of existing thera-
pies in early-stage, non-castrate disease and the 
need for new molecular phenotype markers of dis-
ease prognosis and treatment selection [reviewed 
in [46]].

The dynamic reciprocity between tumors and 
their microenvironments [reviewed in [47]] 
underscores the need for an increased under-
standing of the environmental cues encountered 
during PCa invasion into and through physiologi-
cally relevant environments. Understanding the 
microenvironment has the potential to provide 
alternative strategies for halting aggressiveness 
of high-risk disease by providing biochemical or 
mechanical contextual cues. This approach would 
have the advantage of avoiding the selection of 
aggressive disease that is inherent in survival- 
based therapeutics.

 The Muscle Stroma 
and Pseudo-Capsule

PCa arises in the peripheral zone of the gland 
(Fig. 1) which contains smooth muscle stroma. The 
human gland is surrounded by a smooth muscle 
capsule [48] which is not observed in mice [49]. 
The capsule is a major partition, and breeching the 
barrier marks the transition from organ-confined 
disease (T1, T2) to more aggressive disease (T3). A 
major molecule that is present in the muscle ECM 
is laminin 511, a molecularly conserved protein tri-
mer that self- assembles into a mesh-like network 
or partition [50].
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The integrins are a family of tissue-specific 
ECM receptors that are mechano-transduction 
regulators for cell movement into and through the 
ECM while also inducing intracellular signaling. 
Integrins are non-covalently bound α,β heterodi-
meric cell surface receptors that mediate adhe-
sion and migration via connections between 
extracellular adhesion molecules and the intra-
cellular cytoskeleton [38, 51, 52]. There are 24 
members found in vertebrates, comprised of 18α 
and 8β subunits, all programmed by distinct 
genes [53–55]. The laminin-binding integrin 
(LBIs) alpha subunits, which includes α6 
(CD49f), α3 (CD49c), and α7, are some of the 
most highly conserved integrin receptors [56, 57] 
and play important roles in both normal and path-
ological states. Of these, only α3β1 and α6β1 are 
found in prostate carcinoma [58, 59]. LBIs in 
PCa cells are important adhesion receptors for 
cell migration, invasion, and metastasis [60–62], 
while the stromal components (muscle cells) are 
likely to have an active role, as well. In this 
regard, another LBI, called α7 integrin is muscle- 
specific, and contains identical and evolutionarily 
conserved amino acid residues [63] as described 
for the α6 integrin [64] that are used for uPAR 
mediated cleavage. It remains to be determined if 
the muscle specific α7 integrin cleavage would 
account for the known disruption of the smooth 
muscle stroma by prostate cancer [63].

Our group and others have documented the role 
of LBIs and laminin extracellular matrix proteins 
in regulating cell adhesion and migration during 
PCa progression [33, 58]. Epithelial cells attach to 
the substratum in normal prostate via integrin 
α6β4 to laminin 332  in strongly adhesive struc-
tures [38]. The α6β4 integrin is expressed mainly 
in stratified epithelial tissues of the prostate and is 
the predominant integrin heterodimer found in 
normal prostate epithelium [65]. However, α6β4 is 
downregulated in PCa [58, 66, 67], enabling 
involvement of α6β1 and α3β1 laminin receptors 
and the pro-migratory phenotype of luminal epi-
thelial cells during PCa progression [38].

Glandular escape occurs by tumor invasion of 
the smooth muscle capsule [18, 38], shown in 
Fig.  1, which is especially rich in laminin 511 
[18]. Increased LBI expression (α6 integrin) is 

significantly associated with risk of biochemical 
progression, clinically detectable metastasis, 
bone metastasis progression, and death from PCa 
[68]. The integrin marks a basal stem cell pro-
genitor population of prostate cancer [69]. LBI- 
variant forms are tumor specific [64, 70], found 
on invasive tumors [71], elevated during invasion 
[72], and are required for successful PCa bone 
metastasis progression [64, 73]. Systemic block-
ing of LBI function significantly inhibits precon-
ditioning of the metastatic niche [12], as well as 
metastatic lesion progression in mice [74], and 
blocks and sensitizes tumors to drug and radia-
tion therapy [75, 76].

The prostate tumor invasive phenotype occurs 
primarily as a cohesive group of cancer cells, 
expressing the α6 integrin at cellular interfaces, 
which contrasts significantly from its usual basal 
location [77]. Interestingly, α6 integrin is also 
present at cell-cell interfaces in stem cell cultures 
and 3-D spheroid cultures [77]. In lower organ-
isms, LBIs are required for morphogenesis and the 
migration of stem cell clusters on laminin [78]. 
Laminin is a potent morphogen, and a prominent 
component of the stiff smooth muscle of the pros-
tatic capsule [18].

Invasion of human PCa into the muscle layer 
is depicted in Fig. 1, panel b. Figure 2 illustrates 
two in vitro models and one in vivo model of 
smooth muscle invasion. In the first model, 3D 
invasion imaging can be directly detected using 
tumor cells that have been modified to contain 
GFP- or RFP-tagged membrane or cytoskeletal 
proteins. Using time-lapse microscopy, the move-
ment of tumor cells into and within the smooth 
muscle layer can be observed. In the second 
model, quantification and blocking of invasion 
can be determined using the modified Boyden 
chamber type assay. The invasion of tumor cells 
through the smooth muscle layer can be quanti-
fied with a plate reader, as this is adaptable to a 
24-well format, and chemo-attractants or antago-
nists can be tested. In the third model, human 
tumor cells are injected directly into the perito-
neal cavity of the NOD-SCID (immunodeficient) 
mouse, where colonies will grow on the under-
surface of the diaphragm within 6–8 weeks. The 
diaphragm is a structure that contains a smooth 
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muscle layer with skeletal muscle attachments 
and will support tumor colonization and invasion 
into and through the layer [79]. Using this model, 
the impact of genetic modifications of tumors or 
stroma on smooth muscle invasion or the effects 
of agonists and antagonists on the invasion pro-
cess can be tested. In addition, it is possible to 
recover tumor cells that have breached the smooth 
muscle layer and are present on the superior sur-
face of the diaphragm.

The mouse xenograft model allows detection 
and tracking of invasive cancer cells into smooth 
muscle (Fig.  3, panel a), and human needle 
biopsy specimens allow the observance of tumor 
invasion into muscle (Fig. 3, panel b). Together, 
these models can be used in an iterative process 
to validate candidate molecular events of smooth 
muscle invasion in PCa. In this way, promising 
new actionable targets may be discovered.

Our work supports a two-step process in 
which [1] early cohesive cluster invasion is 
mediated by LBI-dependent adhesion events, 
and [2] cohesive invasion through smooth mus-
cle is mediated by membrane expression of LBIs 
that is regulated by recycling events. Specifically, 
the α6 integrin is contained in EEA1 vesicles in 
PCa cells, which supports both short-loop and 
long- loop recycling (perinuclear recycling com-

partment, PNRC, also called apical recycling 
endosomes, ARE) locations [80]. Other work 
has shown that FIP5 is part of the widely distrib-
uted tubulin network and vesicles [81]. Rab11, 
which is involved in the vesicular transport of 
many cellular membrane proteins (reviewed in 
[80]), plays an important role in the membrane 
flux of integrins [82], especially α6β4 integrin 
[83]. The selectivity for transport of “cargo” to 
the membrane is dictated by the Rab11 family 
interacting proteins (Rab11-FIPs) [84]. The 
selectivity of these adapters is an actionable step 
to block muscle invasion and can be tested using 
the models shown in Figs. 2 and 3.

 Hypoxia in PCa Invasion 
and Metastasis

While laminin-binding integrins assist the tumor 
in escaping the prostate gland, the microenvi-
ronment within the gland can initiate growth 
and trigger pro-metastatic events. Hypoxia, a 
reduction in the normal level of tissue oxygen, 
is a hallmark of solid tumors that develops due 
to inflammation, cell remodeling, proliferating 
tumor cells, and abnormal tumor vasculature. 
Hypoxia is a key molecular feature of the tumor 

Fig. 2 In vitro and In vivo smooth muscle invasion mod-
els. Left Panel: Tumor cells (hatched bar) are placed on 
top of the 2–3 cell layer of smooth muscle (brown layer) 
grown on a collagen (blue layer) coated coverslip. For 
invasion assays, the same layering is done on Boyden 
chamber inserts. Histological section shows human PCa 
within the gland bounded by a smooth muscle layer. 
Middle Panel: In the SCID mouse, IP injection of human 

tumor cells will result in tumor colonies (black arrow) that 
grow on the underside of the diaphragm. Right Panels: 
The collected diaphragm is embedded so that the tumor 
colony (black arrow) is oriented on top of the muscle, and 
transverse sections detected the tumor displacing the 
myoepithelium (a) and tumor (brown cytokeratin stain) 
moved through the smooth muscle layer. (Right panels, 
adapted from McCandless [79]
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microenvironment that controls the metastatic 
potential of solid tumors. Hypoxia is especially 
relevant to PCa because the prostate gland itself 
is hypoxic compared to most other soft tissues, 
and hypoxia increases with stage in PCa [85]. In 
this regard, hypoxia can be considered an early 
event during prostate carcinogenesis. The pres-
ence of hypoxia in PCa has been well docu-
mented through the detection of intrinsic 
hypoxia markers (HIF-1α, VEGF, LOX, and 
GLUT1 [86, 87]), medical imaging (PET with 
[18F] fluoro- misonidazole [88–90]), and physi-
cal measurement (Eppendorf pO2 microelec-
trodes [91, 92]). Low oxygen tension is 
associated with a worse clinical outcome in PCa 
patients. Hypoxia can be used to predict disease 
recurrence after radical prostatectomy [85], and 
hypoxia is associated with early biochemical 
relapse and local recurrence in the prostate 
gland [91]. Similarly, the expression of hypoxia-
induced factors (HIF-1α and VEGF) predicts 
treatment failure, independent of tumor stage, 
Gleason score, or serum PSA levels [86].

Due to the strong correlation between hypoxia 
and PCa invasion, ongoing efforts are underway 
to develop new methods to assess hypoxia at the 
time of diagnosis to identify PCa patients at high 
risk of developing metastatic disease and avoid 
the wide-spread overtreatment of patients with 
indolent, low-risk disease. Advances in clinical 

imaging technologies allow for more resolved 
imaging of hypoxia and are currently being vali-
dated in preclinical and clinical models of PCa. A 
method was recently developed that integrates 
images related to oxygen consumption and supply 
into a single image (consumption and supply- 
based hypoxia (CSH) imaging). This CSH imag-
ing method was then used to image hypoxia in 
patients administered pimonidazole prior to pros-
tatectomy [93]. Another technology using 
18F-misonidazole (FMISO) uptake on PET/CT to 
determine the spatial distribution of hypoxia in 
the prostate prior to radiotherapy treatment found 
significant hypoxia in over one-third of patients 
[88]. While the study was too small to correlate 
pre-treatment hypoxia with outcome, recurrence 
and metastatic disease were more frequently 
observed in patients with hypoxic tumors.

Another study reported on the development 
and validation of a hypoxia-related prognostic 
signature for localized PCa [94]. A signature of 
28 hypoxia-inducible genes was refined based on 
its ability to predict patient outcome after radical 
prostatectomy. This gene signature predicted the 
risk of biochemical recurrence and metastasis in 
over 1000 patients with primary tumors, regard-
less of treatment type, and the prognostic value 
was independent from existing clinic- pathological 
factors. These studies indicate that hypoxia is an 
important aspect of the prostate tumor microenvi-

Fig. 3 Human prostate tumors are invasive into smooth 
muscle. Panel (a) DU145 prostate tumor cells were 
injected into the mouse model shown in Fig.  1. Eight 
weeks later the diaphragms were harvested and showed 
tumor (purple stain) invading the diaphragm (black arrow) 

and into the pink muscle. Panel (b) Human PCa obtained 
from a needle biopsy specimen was stained for E-cadherin 
(green), nuclei (DNA, blue) and the muscle was auto- 
fluorescent (red). The angulation of the prostate glands 
within the muscle is characteristic of invading cancer
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ronment, and new methods to detect and thera-
peutically target tumor hypoxia are needed to 
improve how we detect and treat PCa patients at 
high risk of developing metastatic disease. Below, 
we will highlight HIF-dependent and HIF- 
independent hypoxia-induced signaling path-
ways, with a focus on how they alter the 
physiological properties of prostate tumors to 
promote invasion and metastasis.

 Angiogenesis

Increased angiogenesis is one of the main out-
comes of HIF signaling, and the connection 
between excessive vascularization and cancer 
progression is well established [95]. Hypoxia- 
induced angiogenesis plays a major role in PCa 
progression, as VEGF and HIF-1α are increased 
in PCa compared to benign prostatic hyperplasia 
(BPH) [96]. Despite this fact, anti-angiogenic 
agents that target VEGF or its receptors have pro-
vided no significant improvement in overall sur-
vival, even in combination chemo- and targeted 
therapies [97, 98]. The lack of efficacy of anti- 
angiogenic therapies can likely be attributed to 
the resultant increase in tumor hypoxia and 
hypoxia-mediated activation of alternative pro- 
angiogenic signaling pathways. Recent studies 
have found several VEGF-independent pathways 
that drive angiogenesis in the prostate and are 
activated in hypoxia, including PIM kinases [99], 
IL-6 [100], and p-REX [101], among others.

Intriguingly, PIM kinases are upregulated in 
an HIF-1-independent manner in hypoxia [99], 
and combined PIM inhibition and anti- 
angiogenic agents produced synergistic anti-vas-
cular and anti-metastatic effects in orthotopic 
models of PCa [102]. In addition to increasing 
the expression and release of pro-angiogenic 
molecules, hypoxia increases vascular permea-
bility by altering the integrity of blood vessels. 
Endothelial cells are the major structural compo-
nent of blood vessels and serve as a barrier to the 
extravasation and intravasation processes [103]. 
Interestingly, depletion of HIF-1α in endothelial 
cells suppresses the migration of tumor cells 
through endothelial cells, whereas HIF-2α deple-

tion stimulates metastatic spread. These opposite 
effects of HIF-1α and HIF-2α on vessel forma-
tion and metastasis could explain the failure of 
HIF-1-targeting agents in clinical trials.

 Epithelial-Mesenchymal Transition

A prevailing theory to explain tumor invasion and 
metastasis is that detachment of cancer cells from 
the primary tumor is initiated by the activation of 
epithelial to mesenchymal transition (EMT). 
Hypoxia can induce epithelial plasticity and a 
migratory phenotype through the direct and indi-
rect regulation of the EMT transcription factors 
Snail, Slug, Twist, and ZEB1. One of the main 
events that enhances EMT during hypoxia is the 
repression of E-cadherin via HIF-1-dependent 
and -independent mechanisms [104]. Increased 
expression of LOX and LOXL2 under hypoxia is 
necessary and sufficient for hypoxic repression of 
E-cadherin, which is the result of increased 
expression of the SNAIL transcription factor [87]. 
Further, EMT in cancer is associated with a loss 
of epithelial-specific E-cadherin from adherens 
junctions and a switch from the expression of 
keratins as major intermediate filaments to the 
mesenchymal intermediate filament system com-
posed of vimentin [105]. While this is a widely 
accepted transition in several cancers, in PCa, 
EMT occurs sporadically in patterns that are not 
understood. For example, in a majority of organ 
confined (low-risk) PCa, EMT is rarely observed 
as E-cadherin remains expressed [106].

E-cadherin is an important cell-to-cell adhesion 
molecule that is down-regulated in EMT and pro-
motes invasive and metastatic tumors [107, 108]. 
ZEB1 decreases E-cadherin expression and, like-
wise, miR-200 targets and decreases expression of 
ZEB1 and ZEB2 [109], which, through the 
increased expression of E-cadherin, promotes 
tumor clusters rather than individual circulating 
tumor cells (CTCs) [77]. The miR- 200 family of 
micro RNAs are central markers for epithelial cells, 
inhibiting expression of genes that trigger EMT 
and facilitate metastatic tumor growth [109, 110]. 
However, in human PCa tissue, E-cadherin is 
mostly up-regulated [18], providing a survival 
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advantage for tumor cells [111, 112]. Accordingly, 
miR-200 is downregulated in PC3 cells [109]. A 
potential resolution to this apparent contradiction is 
that, while some cells in the tumor are negative for 
E-cadherin (appearing mesenchymal), others 
remain positive (appearing epithelial). There is a 
transient down-regulation of E-cadherin in gland-
confined PCa, while metastatic PCa exhibits robust 
E-cadherin expression [106]. A mixed phenotype 
may be the model to resolve the EMT controversy 
and explain how the migration of tumor cell clus-
ters provides a survival advantage over CTCs [77]. 
Accordingly, E-cadherin serves as an excellent 
marker of tumor cell clusters [77], and lymph node 
metastatic lesions contain prominent E-cadherin 
expression [77, 113, 114]. This suggests that pros-
tate carcinoma invades and metastasizes by a col-
lective type cell migration [115, 116] with 
prominent E-cadherin and cytokeratin expression 
and tumor cell-cell adhesion [106].

EMT (detected by E-cadherin loss) can be 
observed in occasional tumor cells within the 
periphery of tumor clusters in aggressive (high 
risk) tumors with a Gleason Grade 5 (Gleason 
sum scores >8) (reviewed in [18]). Collective 
migration can involve cell-cell adhesion via 
E-cadherin and the presence of “leader cells” 
without E-cadherin at the periphery of the clus-
ters [117, 118]. EMT could account for a sub-
population of tumor cells within the estimated 
30% of patients that have high-risk, aggressive 
disease prior to treatment [42]. Indeed, a switch 
from collective to amoeboid type migration in 
model systems is achieved with a hypoxic micro-
environment [119].

 Extracellular Matrix Degradation

The tumor ECM is shaped by cancer cells to pro-
vide structural and functional features that facilitate 
metastasis [120]. HIF-1 signaling mediates changes 
in ECM integrity through the upregulation and 
secretion of proteolytic enzymes, such as matrix 
metalloproteinases (MMPs), cathepsins, lysyl oxi-
dases, and prolyl-4-hydroxylases (P4Hs). 
Cumulatively, these changes support the initial 
stages of metastasis through matrix degradation 

and remodeling. Matrix metalloproteinases 
(MMPs) are a family of enzymes that cleave a 
broad range of components of the extracellular 
matrix (ECM), basement membrane, growth fac-
tors, and cell surface receptors. Stromal and inflam-
matory cells, rather than tumor cells, typically 
synthesize MMPs, which can then act on the 
stroma and regulate the tumor microenvironment, 
as well as acting on tumor cells themselves.

Several MMPs, including MMP-9 [121] and 
the urokinase receptor uPAR, which are known 
to increase in response to hypoxia, are overex-
pressed during PCa progression [122–124]. 
Hypoxia-driven expression of these MMPs can 
promote invasion and correlates with poor 
patient prognosis. Increased expression of 
MMP-2 in PCa cells is an independent predictor 
of shorter disease-free survival [125]. Moreover, 
expression of MMP-9  in prostatic carcinoma 
cells results in reduced lung metastases but does 
not affect the tumor growth rate [121, 126]. The 
most common site of metastasis for PCa is the 
bone where MMP expression promotes meta-
static seeding. MMP-7 is highly expressed in 
PCa cells as well as osteoclasts at the tumor-
bone interface, and overexpression of MMP-7 
triggers bone metastasis in a rodent model of 
PCa [127]. Carbonic anhydrase (CA) IX is 
another hypoxia-induced gene that is critical for 
maintaining homeostasis and impacting the 
ECM. CAIX is an established marker of hypoxia, 
and expression of CAIX positively correlates 
with PCa staging and outcome [128]. CAIX is a 
membrane bound, zinc-dependent enzyme that 
catalyzes CO2 hydration into bicarbonate with 
release of a proton [129]. Since CO2 is elevated 
in hypoxic tissues, CAIX plays a major role in 
maintaining the acid/base homeostasis under 
low oxygen tension. The CAIX active site is 
located on the outer side of the plasma mem-
brane, so the extrusion of hydrogen ions into the 
extracellular space by CAIX maintains intracel-
lular pH, and at the same time promotes acidifi-
cation of the prostate tumor and surrounding 
stroma. Thus, hypoxia-induced CAIX leads to 
degradation of the surrounding ECM and creates 
an environment conducive to invasion and 
metastasis.
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 Extracellular Matrix Remodeling

Alignment and stiffness of the ECM are critical 
regulators of tumor cell migration. Hypoxia is an 
important microenvironmental factor that stimu-
lates tissue fibrosis. Collagen type I is the major 
structural ECM component in the prostate [130], 
and cancer cell invasion often takes place along its 
fibers. Hypoxia was recently shown to mediate 
collagen 1 fiber remodeling in the ECM of tumors, 
which may impact delivery of therapeutics as well 
as tumor cell dissemination [131]. HIF-1 activa-
tion in fibroblasts regulates ECM biogenesis to 
produce a stiff microenvironment that enhances 
cell adhesion, elongation, and motility. HIF-1 
controls these events by increasing procollagen 
prolyl (P4HA1 and P4HA2) and lysyl (PLOD2) 
hydroxylase expression in hypoxia, resulting in 
increased fibrillar collagen deposition. HIF-1-
dependent collagen modification is critical for 
dynamic matrix organization and stiffness, which 
enhances tumor cell invasion. Cells receive mech-
anistic signals from the alterations in the ECM via 
focal adhesions. Formation of focal adhesions 
requires the binding of ECM proteins to integrins 
and cell-surface ECM receptors. Recent studies in 
breast cancer have shown that hypoxia induces 
the expression of integrins that bind to collagen 
(ITGA1, ITGA11), fibronectin (ITGA5), and 
laminin (ITGA6). Notably, HIF-1 upregulates 
ITGA5 [132] and ITGA6 [133] under hypoxic 
conditions, both of which enhance migration and 
invasion, and silencing of ITGA5 or ITGA6 
reduces cell motility and metastasis in vivo. Thus, 
the ability of hypoxia to promote metastasis relies 
heavily on interactions between tumor cells and 
factors within the tumor microenvironment.

Hypoxia alters a variety of physiological pro-
cesses that directly enhance the invasive capacity 
of tumor cells, as well as changing aspects of the 
tumor microenvironment to facilitate metastasis. 
Thus, hypoxia-induced metastasis involves a 
complex network controlling the expression of 
cell-cell and cell-extracellular matrix (ECM) 
adhesion molecules, the secretion of extracellular 
proteases that break down the ECM, and the 
release of a plethora of growth factors and chemo-
kines that promote tumor cell invasion. The broad 

effects of hypoxia have largely been attributed to 
activation of HIF-1. While HIF-1 remains a cen-
tral player in the cellular response to hypoxia, it 
has become clear that HIF-1- independent signal-
ing pathways are also responsive to hypoxia and 
contribute to PCa metastasis.

 Perineural Invasion

While hypoxia creates the conditions for the 
tumor to become invasive of surrounding tissues, 
perineural invasion is a prominent mechanism for 
tumors to escape the capsule. Thus, a wider per-
spective can help contextualize how tumor uses 
the nerves as a route to escape.

A general step-model can be applied to tumor 
metastasis whereby tumor cells interact with 
their environment, including loss of cellular 
adhesion and detachment, local invasion of the 
ECM, intravasation into the lymph system or 
vasculature, and extravasation into the paren-
chyma of distant tissues [38]. Neurotropic 
tumors, including prostate, pancreatic [71], 
bladder [134], head and neck, stomach, and 
colorectal cancers [135–137], exhibit an affinity 
for utilizing the neuroanatomy of highly inner-
vated organs as a pathway for the primary tumor 
to escape the local site [38, 135]. PCa cell 
migration along and invasion into prostatic 
nerves and neurovascular bundles, a process 
termed perineural invasion (PNI), is a common 
pathway of extracapsular escape during PCa 
metastasis [138, 139]. Across a  variety of can-
cers, PNI is associated with increased tumor 
aggression, poorer outcome, and reduced sur-
vival [135, 137, 140, 141].

PNI is found in 22.4–65.4% of PCa biopsy 
tissue samples in patients with organ-confined 
disease [142, 143]. The presence of PNI is linked 
to a reduced occurrence of apoptosis in cancer 
cells, allowing for enhanced propagation of 
tumor cells [144]. While PNI in organ-confined 
disease is not an independent marker for the risk 
of biochemical recurrence in PCa [142] follow-
ing treatment, previous research suggests that a 
greater diameter of the largest focus of PNI is 
correlated with an increased probability of pro-
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gression after radical prostatectomy. Specifically, 
patients with a PNI  <  0.25  mm demonstrated 
little adverse effect 5 years after surgery, patients 
with PNI diameter of 0.25–0.5 mm were consid-
erably less likely to remain disease-free at 
5 years, and only 36% of those with PNI of 0.5–
0.75 mm and 14% of those with PNI ≥ 0.75 mm 
remained free of progression after 5 years [143].

PNI has been described in the literature, orig-
inally in head and neck cancer, since the mid- 
1800s [135]. Until recently, PNI was considered 
to be an extension of lymphatic metastasis 
because of the presence of lymphatic channels 
within the epineurial layer [136], the dense 
sheath of connective tissue surrounding the 
shaft of a nerve. However, conclusive studies 
revealed that there are no lymphatics within the 
nerve sheath [135]. Instead, there are three con-
nective tissue layers comprising the nerve 
sheath—from the outside in, they are the epi-
neurium, the perineurium, and the endoneurium 
[135]. The area just outside the nerve sheath is 
the perineurium, which surrounds the entire 
nerve. The epineurium connects one or multiple 
fascicles to create one nerve and contains two 
unique layers. The outer layer of areolar con-
nective tissue and lightly joined collagen bun-
dles and an inner layer of tightly joined collagen 
fibrils and elastin fibers [135, 145]. The inner-
most layer of the nerve sheath, the endoneu-
rium, forms a barrier around discrete nerve 
fibers and encases the Schwann cells and indi-
vidual axons of the nerve [135, 146].

The peripheral zone of the prostate gland con-
tains primarily motor neurons as evidenced by 
the histopathology and the pathophysiology asso-
ciated with post-prostatectomy incontinence and 
damage to the neurovascular bundles [147]. 
Peripheral nerves make up one of many complex 
tumor microenvironments and are comprised of 
multiple cell types, including Schwann cells, or 
peripheral nerve glial cells. Schwann cells pro-
duce a basal lamina that forms a protective layer 
surrounding the nerve; the basal lamina and 
extracellular collagen fibrils also form part of the 
endoneurial connective tissue environment [148]. 

The basal lamina of Schwann cells is composed 
mostly of glycoproteins, including collagens, 
laminins, entactin, fibronectin, and proteoglycans 
[149]. Cells interact with basal lamina elements 
via extracellular matrix surface receptors. These 
interactions generate signaling cascades neces-
sary for cell orientation and function between 
laminin and integrins [149].

Integrins α3β1, α6β1, and α6β4 are binding 
partners with laminins 10 and 11  in peripheral 
nerves [148]. Our group identified α6β1 integrin 
as the primary laminin-binding integrin impli-
cated in prostatic PNI [38, 150]. Macrophages 
can contribute to a tumor-specific form of α6β1 
integrin, α6pβ1, mediated by the urokinase plas-
minogen activator (uPA) [72], which cleaves the 
ligand-binding domain of full-length α6 integrin 
while on the cell surface [72].

α6 integrin is a 140-kDa laminin receptor, 
whereas α6p is a novel 70-kDa form of the α6 
integrin (the p is for the Latin word parvus, 
meaning small), and the α6p form is missing 
the extracellular β-propeller domain associated 
with ligand-binding [150, 151]. Macrophages 
significantly increased uPAR expression at the 
cell surface in the PC-3 cell-line (at 24, 48, and 
72 h of co-culture) [72]. uPAR (the uPA recep-
tor) is expressed in several tumor-associated 
cell types, including tumor cells, tumor associ-
ated stromal cells, neutrophils, and macro-
phages [124, 152], but by itself is insufficient to 
produce the α6p integrin variant. Rather, uPA is 
required for cleavage [153]. These results iden-
tified a new mechanism by which macrophages 
increase the invasive phenotype of prostate 
tumor cells through modulation of α6β1 integ-
rin cleavage, producing α6pβ1 [72]. Thus, 
cleavage of integrin α6β1 to form α6pβ1 (Fig. 4) 
increases tumor cell motility, invasion, and 
osseous PCa metastasis [64, 71–73]. While the 
exact mechanism involving α6pβ1 in promoting 
perineural invasion is, thus far, undetermined, it 
is intriguing that uPAR is required for nerve 
regeneration [154] and uPA binding to uPAR 
promotes axonal regeneration via integrin acti-
vation [155].
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 Extracellular Vesicles: A Focus 
on Microvesicles in PCa

The term “extracellular vesicle” (EV) was intro-
duced as a generic term to describe any type of 
membrane-enclosed particles released by any 
type of cell (including microorganisms) in the 
extracellular space. PCa EVs can include exo-
somes, microvesicles, microparticles, apoptotic 
particles, apoptotic bodies, oncosomes, and var-
ious derivative names, depending on the source 
tissue [reviewed in [156, 157]]. For this section, 
we will focus on microvesicles (MVs) since 
these are derived primarily from tumor cells 
using a process of budding of the plasma mem-
brane [156]. In addition, their large size 
(0.2–1  mm diameter), ease of collection from 
both blood and urine samples [158–161], and 
quantification by high-resolution flow cytome-
try [162, 163] suggest a potential utility in meet-
ing the need for clinical discriminators of 

low-risk (indolent) vs. high-risk (aggressive) 
disease at the time of diagnosis [157].

Several reports have documented the abun-
dance of MVs or their composition in cell-based 
experiments of intravasation, extravasation, and 
metastasis [reviewed in [156]]. While their sys-
temic presence in cancer patients can be observed, 
quantified, and are reported to be novel biomark-
ers correlating with increased risk of biochemical 
recurrence [39], their function appears to be quite 
varied.

Both the local tumor and systemic microen-
vironments in PCa can be influenced by 
extruded MVs that populate and change the 
microenvironment. EVs, including MVs, 
appear to have varying effects on the tumor cell 
population: promoting invasion into and 
through varied microenvironments [164, 165], 
metabolic reprogramming [166], conditioning 
niches for metastatic success [167], inducing a 
form of immune suppression by preventing the 

Fig. 4 Model of the α6p integrin variant. The α6 integ-
rin extracellular domain (left panel) is shown, based on 
the structure of the Av integrin and contains a β-propeller 
region that is responsible for laminin binding. Mass 
spectrometry analysis of the α6p form revealed that the 
NH2 terminal end of α6p integrin contained at least the 

‘genu’ region and part of an exposed loop in the thigh 
domain, while amino acid residues corresponding to the 
β-propeller and most of the “thigh” region are not 
detectable. The location of the conserved RRR amino 
acids required for cleavage and production of α6p are 
shown
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infiltration of immune cells [168], or providing 
surrogates of tumor progression [169]. EVs 
appear to be paracrine transcriptional activa-
tors since the nuclear transport of epidermal 
growth factor receptor in PCa cells occurs via 
EVs [170]. The role of EVs in cell-to-cell com-
munication [171] has been observed in tumors 
subjected to therapies that are known to result 
in “bystander effects” such as cisplatin, ioniz-
ing radiation, and localized hyperthermia 
[172–174]. For example, cisplatin induces the 
release of EVs from epithelial cancer cells, 
which can prompt invasiveness and drug resis-
tance in bystander cells [172]. Taken together 
these studies suggest that the EVs can reflect 
biological phenotypes of the tumor and repre-
sent a biologically active cell-cell communica-
tion tool.

The ability of extracellular vesicles and their 
contents to be acquired by the tumor cells may be 
a useful way to modify tumor behavior by selec-
tive cargo transfer [175]. The delivery of bioac-
tive cargo opens the possibility for tumor cells to 
be modified for therapeutic purposes. The routes 
and mechanisms of EV uptake include both 
clathrin-dependent endocytosis pathways and 
clathrin-independent pathways such as micropi-
nocytosis, phagocytosis, and lipid raft-mediated 
internalization [reviewed in [176]]. It is likely 
that the routes will be dependent upon the cell 
type and the type of vesicle. For example, EV 
uptake depends upon clathrin-based endocytosis 
in endothelial cells [177], whereas EVs from epi-
thelial cancer cells depend upon clathrin- 
independent endocytosis and on Na+/H+ exchange 
and phosphoinositide 3-kinase activity, which are 
important for micropinocytosis [175].

The natural role of EVs in encapsulating and 
delivering cargo to modify cellular functions 
highlights the potential of these particles as ther-
apeutic delivery vehicles [178]. In PCa, microves-
icles have been used to enhance the cytotoxicity 
of paclitaxel in the LNCaP and PC3 cell lines. 
Importantly, EVs that were not loaded with pacli-
taxel increased cancer cell viability [179]. 
Advances in specific targeting of MVs likely will 
be required for effective delivery of the selective 

cargo and is an active area of emerging strategies 
for EV engineering [178].

While we know that the EVs are biologically 
active entities, and that their release can be stimu-
lated by cytotoxic agents such as cisplatin [172], 
it is also important to know the physiologically 
relevant trigger(s) for EV production. This is 
especially true if the goal is to determine if EVs 
can be used to distinguish indolent disease that 
has not escaped the gland from aggressive dis-
ease that is escaping the gland at the time of 
diagnosis.

In vitro, hypoxia induces EVs in PCa cell 
lines [180]. In humans, hypoxia is a physiologi-
cally relevant microenvironment in the prostate 
gland that can be detected by immunohisto-
chemical labeling using pimonidazole of radical 
prostatectomy samples [181] as well as non-
invasive 18F-fluoromisonidazole PET/CT of 
patients prior to radiotherapy treatment [88]. In 
these studies, tumor hypoxia was associated with 
radioresistance and poor prognosis after radia-
tion therapy. More recently, magnetic resonance 
(MR) imaging, with an integration algorithm of 
oxygen consumption and supply, detected tumor 
hypoxia that correlated with increased stage and 
lymph node status [93]. Taken together, these 
studies suggest that hypoxia can be detected in 
the prostate gland using non-invasive imaging 
techniques, correlates with aggressive disease, 
and produces EVs released into the circulation. 
Future studies are needed to determine if a trac-
table EV signature exists that could serve as a 
biomarker of hypoxia and/or aggressive disease 
to distinguish indolent from aggressive disease 
at diagnosis.

 Summary

Prostate tumors have the capacity to evolve and 
adapt to extreme conditions by utilizing complex 
adaptive systems [182]. We have examined some 
of the dynamic reciprocity between tumors and 
their microenvironments [reviewed in [47]], and 
this highlights the need for an increased and more 
comprehensive understanding of the environmen-
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tal cues encountered during PCa invasion into and 
through physiologically relevant environments. 
The more we understand the microenvironmental 
context of tumor development, growth, and 
metastasis, the greater the possibility for develop-
ing new and innovative treatments to prevent 
aggressive disease. We note that this approach 
would have the advantage of avoiding the selec-
tion of more aggressive disease inherent in sur-
vival-based therapeutics.
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The Bone Microenvironment 
in Prostate Cancer Metastasis

Anthony DiNatale and Alessandro Fatatis

 The Bone Marrow 
Microenvironment

Observations that the skeleton has an affinity for 
prostate cancer cells prompted Stephen Paget 
[1] to postulate that a receptive tissue is at least 
as important as the disseminating tumor cells in 
promoting metastatic colonization and progres-
sion [2]. It might be intuitive that the supporting 
features of organs frequently targeted by tumor 
cells should mimic those of the tissues in which 
the primary neoplasia originated. However, this 
is likely not the case, as malignant phenotypes 
acquire metastatic potential via somatic muta-
tions or inherently retain the ability of adapting 
to foreign microenvironments [3]. It is widely 
recognized through experimentally testing that 
only a minority of cancer cells succeed in colo-
nizing a specific tissue upon the conversion 
from Circulating Tumor Cells (CTCs) to 
Disseminated Tumor Cells (DTCs), which 

occurs following extravasation [4, 5]. Thus, 
departure from the primary tumor by invasion 
and intravasation, survival during systemic cir-
culation and recognition of adhesive and che-
moattractant cues are events of the metastatic 
cascade that are required to seed distant organs, 
which would not lead to secondary lesions 
unless the ‘seeds thrive in the soil’ [6].

Cell-autonomous features may equip cancer 
cells to immediately benefit from the supporting 
conditions already present in the bone at the time 
of seeding; however, it is plausible—and con-
vincing evidence exists—that cancer-induced 
conditioning of the local microenvironment also 
occurs via functional cross-talk [7, 8]. In this sce-
nario, residing stromal cells are exposed to sig-
naling molecules originating from the DTCs and 
would reciprocate by secreting trophic factors 
that render the bone marrow a hospitable ecosys-
tem for tumor growth [9–11].

The implication of different resident cells of 
the bone microenvironment and role that local 
tissue factors play in the skeletal colonization of 
prostate cancer cells are discussed extensively in 
excellent reviews available in the literature.

This chapter will rather focus on (a) emerging 
concepts that deserve careful consideration and 
(b) established paradigms that should be criti-
cally reevaluated.
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 Hematopoietic Niche, Colonization 
and Dormancy

With the knowledge that hematopoietic stem 
cells (HSCs) are capable of homing to a specific 
niche in the bone marrow, both during develop-
ment and HSC transplantation, it was correctly 
hypothesized that prostate cancer cells use a sim-
ilar mechanism, thus explaining the common 
occurrence of skeletal metastases in advanced 
tumors [12, 13]. Additionally, DTCs can be 
detected in bone marrow aspirates following rad-
ical prostatectomy, in line with the fact that the 
disease can re-emerge at the skeletal level several 
years later following local therapy [14, 15]. This 
latency can be supported by the notion that the 
HSC niche is not only dormancy-supporting for 
HSCs, but also for prostate DTCs [16–18].

CXCL12 (stromal derived factor-1, SDF-1) 
and its receptors CXCR4 and CXCR7 are known 
to play a major role in HSC homing to the bone 
marrow [12, 19, 20]. These same chemokine 
receptor-ligand interactions are implicated func-
tionally in prostate cancer metastasis to the bone, 
particularly CXCR4 [21–23]. Utilizing a mouse 
model of micrometastasis, it was shown that 
DTCs resulting from the spreading of a subcuta-
neous tumor competed for inhabiting the HSC 
niche with HSCs and prevented their engraftment 
[12]. These same studies indicated that HSCs and 
prostate cancer cells both home to the endosteal 
niche [24, 25]. Using parathyroid hormone to 
increase the number of cells of osteoblastic lin-
eage and the number of osteoblastic niches, the 
number of prostate DTCs was increased. 
Additionally, a Col2.3Δ-TK transgene was used 
to deplete osteoblasts in a selective and inducible 
manner, which resulted in decreased arrival of 
prostate cancer cells to the skeleton, along with 
decreased growth in bone. Collectively, these 
findings provide compelling evidence for the role 
of the endosteal osteoblastic niche in prostate 
cancer metastasis.

HSCs can be mobilized into circulation by 
interfering  with the CXCR4/CXCL12 signaling 
axis using AMD3100, a selective antagonist of 
CXCR4 that prevents CXCL12 binding [20]. In 
support of the concept that prostate cancer cells 

home to the bone marrow through hijacking the 
mechanism of HSC homing, AMD3100 was able 
to mobilize prostate cancer DTCs into circula-
tion, similarly to what is observed for HSCs [20].

Annexin2 (ANXA2) plays a major role in 
HSC homing by aiding in the presentation of 
CXCL12 to HSCs by engaging this chemokine, 
as determined by in vitro binding assays and in 
vivo co-localization using immunofluorescent 
staining [26]. The role of ANXA2 was deter-
mined to be both cell intrinsic and extrinsic in 
HSC homing, as HSCs from Anxa2−/− mice 
express less CXCR4 mRNA, and wild-type bone 
marrow transplantation into Anxa2−/− mice 
results in decreased HSC engraftment. Initially, 
experimental evidence revealed that blocking 
ANXA2 can counteract prostate cancer localiza-
tion to the osteoblastic niche [27]. Additionally, 
growth of bone-localized prostate cancer may be 
supported by ANXA2 through activation of the 
MAPK pathway. In line with the proposed role of 
ANXA2  in HSC homing, prostate cancer cells 
showed significantly greater binding to bone 
marrow stromal cells expressing ANXA2 when 
compared to those lacking this protein [26].

While the HSC niche has been found capable 
of orchestrating colonization of both HSCs and 
tumor cells in the skeleton, its impact might be 
even more complex by regulating cellular activi-
ties opposite to colonization and proliferation, 
such as dormancy. Cellular dormancy occurs 
when cells are retained in the G0 phase of the cell 
cycle and yet are capable of re-entering the cell 
cycle to resume proliferation [28]. HSCs undergo 
quiescence upon arriving to their bone niche, yet 
have the highest self-renewal activity and the 
ability to reversibly switch between dormancy 
and self-renewal [29, 30]. Overall, the function of 
the HSC niche is to maintain a reservoir of cells 
with self-renewal capacity, which are also pro-
tected from physiological stresses [31, 32]. DTCs 
can also enter a dormant state, an event that 
allows them to resist most cytotoxic therapeutics 
with mechanisms of action that interfere with 
either DNA replication and/or mitosis [33].

Notably, in addition to being implicated in 
homing to the HSC niche, ANXA2 also aids in 
dormancy induction, by binding to its receptor on 
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prostate cancer cells and inducing Axl, a receptor 
tyrosine kinase highly expressed in multiple can-
cer types and associated with metastatic disease, 
poor prognosis, and drug resistance [34]. Axl 
binds to its ligand, growth-arrest specific factor 
(GAS6), which is expressed on osteoblasts, to 
induce dormancy and entry into the G0 phase of 
the cell cycle [18]. Additionally, GAS6 protects 
prostate cancer cells from docetaxel chemother-
apy as a result of the induced dormancy [18]. 
Interestingly, if the expression of Tyro3, an addi-
tional receptor for GAS6, exceeds Axl expres-
sion, prostate cancer cells may revert to a highly 
proliferative state [16].

An additional mediator of cell dormancy is the 
p38 mitogen-activated protein kinase; a low 
extracellular signal-regulated kinase (ERK) to 
p38 ratio results in cell cycle arrest [35–37]. In 
prostate cancer cells, bone morphogenetic pro-
tein 7 (BMP7), a transforming growth factor-β 
(TGF-β) family member, is secreted by bone 
stromal cells in the metastatic niche and induces 
dormancy through activation of p38 [38]. The 
induction of p38 expression is responsible for 
upregulation of the metastasis suppressor 
NDRG1 (N-myc downstream regulated gene 1) 
and p21, a cell cycle inhibitor. BMP7 treatment 
potently suppresses cell growth and removal of 
this factor permits cell proliferation. This further 
supports the concept that the stromal factor 
BMP7 is capable of inducing dormancy in pros-
tate cancer.

Subsequent to the evidence that prostate DTCs 
hijack HSC homing mechanisms to localize to 
the HSC niche, osteoblasts have been shown to 
contribute to dormancy in prostate cancer cells 
through induction of TANK binding kinase 1 
(TBK1) [39]. Through TBK1 induction, osteo-
blasts inhibit the mTOR signaling pathway in 
prostate cancer cells, which can be rescued by 
shRNA-mediated TBK1 silencing. mTOR inhibi-
tion in prostate cancer cells by rapamycin 
increases dormancy, as determined by an increase 
in the Ki67 negative population, and cells are less 
susceptible to chemotherapy-induced apoptosis. 
To further support the involvement of TBK1, 
shRNA-mediated silencing of TBK1 increases 
the susceptibility of prostate cancer cells to 

docetaxel chemotherapy in vitro. Further, TBK1 
knockdown in vivo prevents tumor recurrence 
following a 3-week regimen of docetaxel, while 
the scrambled shRNA fails to prevent 
recurrence.

Taken together, these studies reveal a skeletal 
metastatic niche far more complex than was pre-
viously recognized and identify additional, cru-
cial events and mediators implicated in metastatic 
prostate cancer that cannot be neglected on the 
path of curative strategies for advanced patients.

Thus, the need for a paradigm shift in thinking 
with regard to cell-cooperative mechanisms in 
metastatic colonization and progression of pros-
tate cancer  should be seriously considered, as 
discussed in the next two paragraphs.

 Osteoclasts and the Vicious-Cycle

Evidence that cancer cells disseminate to the 
skeleton and recruit osteoclasts to degrade miner-
alized bone matrix, thereby releasing trophic fac-
tors, and making these cells unwilling partners in 
crime, was first provided by Mundy [40]. This 
initial observation has been fueling collaborative 
efforts by experimental oncologists and bone 
physiologists, with the intent of understanding 
the events and mechanisms of the  so called 
vicious cycle, by which cancer cells could sustain 
their survival and growth in the skeleton by ben-
efiting from a forcefully-induced bone remodel-
ing [41]. As expected, a further aim driving the 
research on the role of osteoclasts in skeletal 
metastasis was to identify means to interfere with 
the heterotypic interactions between these cells 
and disseminated tumor cells for therapeutic pur-
poses [42]. The general paradigm of tumor- 
induced bone turnover entails the production of 
cytokines capable of inducing osteoclasts to 
resorb mineralized matrix, a physiological func-
tion that in this context is usurped by cancer cells 
to mobilize embedded growth factors normally 
intended for bone trophism and maintenance, 
such as transforming growth factor beta-1 (TGF- 
β1) [41, 43]. Cancer cells benefit from these fac-
tors by increasing proliferation, and the resulting 
surge in secreted cytokines would sustain a 
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 continuous cycle of osteoclast activation and 
tumor expansion. Normal bone turnover is para-
mount to maintaining the structural integrity and 
physiological functions of the skeleton; it is esti-
mated that humans renew their skeleton several 
times over their lives [44]. This fine-tuned pro-
cess requires functional cross-talk between 
osteoblasts—resident cells in charge of bone-
matrix deposition—and osteoclasts, multinucle-
ated syncytium cells derived from the fusion of 
macrophages that inhabit the bone marrow fol-
lowing their conversion from monocytes arriving 
via systemic blood [45]. Interestingly, osteoclas-
togenesis is promoted by IL-6 produced by osteo-
blasts [46], which then effectively orchestrate 
both the deposition and resorption phases of bone 
remodeling. The activation of osteoclasts requires 
a plethora of soluble factors including macro-
phage colony-stimulating factor (M-CSF) and 
receptor activator of nuclear factor κ-B ligand 
(RANKL), which are secreted by osteoblasts in 
response to parathyroid hormone (PTH) and 
active vitamin D3 [47], and by other bone- 
resident cells [48]. M-CSF enhances prolifera-
tion and survival of pre-osteoclast, deriving either 
from the circulating blood or upon differentiation 
of hematopoietic stem cells (HSCs) while also 
inducing the expression of RANK.  This mem-
brane receptor then responds to RANKL to pro-
mote both differentiation of pre-osteoclasts into 
osteoclasts and their functional activation [49]. 
Following the fusion of several activated precur-
sors into a single cellular unit, osteoclasts will 
polarize and interact with the mineralized matrix 
at unique membrane domains, using mainly αvβ3 
and α2β1 integrins forming a sealing zone and 
ruffled border, which create a cleft (resorption 
lacuna) into which acidic fluids and lysosomal 
enzymes, such as the cysteine protease cathepsin 
K, are discharged to dissolve the bone minerals 
and degrade type-I collagen [44, 50]. The number 
of osteoclasts is controlled by their limited lifes-
pan as well as the demise occurring by apoptosis 
[51]. Conversely, their functional activity is con-
stantly kept in check by osteoblasts either by 
direct cell-cell contacts involving the ephrin B 
receptors [52] or via secretion of osteoprotegerin 
(OPG), a soluble decoy receptor for RANKL 

[53]. Skeletal metastases observed in prostate 
cancer patients have been historically defined as 
osteoblastic or osteosclerotic based on radiologi-
cal imaging [54, 55]. However, histopathological 
evaluation consistently shows that the vast major-
ity if not all these patients harbor skeletal tumors 
with a mixed pattern of osteolysis and osteoscle-
rosis [55–57] and also present with markers of 
bone resorption in blood and urine [58, 59], indi-
cating co-participation of osteoblasts and osteo-
clasts in the expansion of the metastatic tumors. 
Matrix deposition by osteoblasts follows osteo-
lytic events in physiological conditions; skeletal 
tumors in metastatic prostate cancer display an 
increased formation of bone tissue, which exhib-
its altered composition and architecture as com-
pared to normal bone generated during routine 
skeletal remodeling [55]. Major players in this 
process are endothelin-1 (ET-1) [60] and the 
prostate specific antigen (PSA), acting as an 
osteoblast mitogen and a protease activator of 
parathyroid-hormone related peptide (PTHrP) 
[61], respectively, and both actively secreted by 
prostate cancer cells. PTHrP would activate 
osteoclasts, thus leading to bone resorption and 
osteolysis [49]. An additional, and puzzling, 
observation, is that prostate cancer cells express 
transcription factors such as RUNX2 [62]. These 
transcription factors are usually expressed by 
osteoblasts during differentiation from mesen-
chymal stem cells and are responsible for the 
transcription of bone-specific matrix proteins 
such as osteocalcin [63] and matrix metalloprote-
ase 9 (MMP9) [64]. A theorized explanation for 
this phenomenon is that the predilection of spe-
cific prostate malignant phenotypes for the skel-
eton depends on their osteomimetic properties, 
which would endow them with features charac-
teristic of endogenous bone cells, thus facilitating 
their survival and growth in the skeleton. 
Furthermore, this osteomimicry [65] would 
accentuate the physiological bone-repairing 
mechanisms performed by osteoblasts, eventu-
ally leading to the osteosclerotic lesions that 
would nevertheless be characterized by poorly 
organized layers of collagen type-I fibrils and a 
woven bone with reduced mechanical resistance 
[66]. Another pathway counterbalancing the 
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osteolytic consequences of the vicious cycle is 
the secretion of ET-1 by cancer cells, as men-
tioned above, which binds the ETA receptor on 
osteoblasts, promoting proliferation and bone- 
depositing activities [60, 67]. Understandably, 
the discovery of the close functional interactions 
between osteoclasts and prostate cancer cells, 
and the identification of several soluble media-
tors of osteosclerosis, generated high expecta-
tions for more effective strategies aimed  to 
contain metastatic growth at the skeletal level. 
However, while counteracting the unbalanced 
activities of osteoclasts and osteoblasts pharma-
cologically has led to significant mitigation of the 
co-morbidities associated with skeletal metasta-
ses, to date these new approaches have not dem-
onstrated relevant effects on the overall survival 
of prostate cancer patients. Bisphosphonates—
analogues of naturally occurring inorganic pyro-
phosphate—and the RANKL inhibitor 
denosumab potently inhibit both bone-resorption 
and osteoclasts’ viability [68], and are currently 
standards of care for patients with bone- 
metastatic prostate cancer [69]. These drugs 
reduce pain and improve quality of life, also 
effectively delaying the occurrence of skeletal- 
related events (SREs) such as pathological frac-
tures and spinal compression [70–72], while 
failing to increase life expectancy [73]. Similarly, 
the ETA antagonist Antrasentan [74] did not delay 
disease progression in CRPC patients [75]. 
Although the acquisition of additional palliative 
approaches for patients with metastatic prostate 
cancer should be always hailed, it is undeniable 
that the lack of effects on overall survival that 
was anticipated for these drugs has been 
disappointing.

A possible explanation for the ineffectiveness 
of osteoclasts-targeting strategies in controlling 
tumor progression in the skeleton may rest on the 
spatial distribution of areas of bone-resorption 
within the context of a metastatic lesion. As 
shown in Fig. 1a, osteoclasts are mostly confined 
to the edge of the tumor mass, at locations where 
they interact directly with the bone. As a result, 
the trophic factors released from the mineralized 
matrix during osteolytic events would most likely 
affect the cancer cells immediately adjacent to 

the areas of resorption. This scenario is effec-
tively reproduced in an experimental animal 
model of metastasis, in which skeletal tumors, 
generated by human prostate cancer cells grafted 
in the systemic blood circulation of mice, display 
osteoclasts at the tumor-bone interface (Fig. 1b). 
However, in the innermost areas of the lesion, 
tumor cells grow with variable architecture and 
intermix with stromal cells but are devoid of 
osteoclasts or bone tissue. Therefore, it appears 
unrealistic to expect that soluble factors mobi-
lized by osteoclasts may diffuse far enough 
within the tumor to effectively promote survival 
and proliferation of cancer cells except those sit-
uated immediately next to the bone-resorption 
areas.

On the other hand, it is easy to recognize how 
bisphosphonates and RANKL inhibitors limit 
pain from bone erosion, preventing fractures by 
avoiding the weakening of compact bone, and 
also indirectly counteracting osteosclerosis and 
spinal cord compression by depriving osteoblasts 
of the necessary osteolytic steps preceding bone- 
matrix deposition. Indeed, impairing osteolysis 
plausibly lessens the expansion of metastatic 
tumors within the bone tissue by limiting the 
space amenable for growth. However, the eradi-
cation of tumor cells growing as large foci from 
their skeletal lodging may require different 
strategies.

In light of the considerations above, one would 
anticipate that smaller bone tumors are more vul-
nerable to drugs targeting osteoclasts. For 
instance, at the initial stages of skeletal coloniza-
tion, microscopic tumor foci generated by prolif-
erating DTCs could be more reliant on 
osteolysis-derived trophic factors and their lim-
ited cross-section would expose the whole tumor 
mass to their supportive effect. Validating this 
hypothesis in human specimens may still be a 
daunting task, due to the tumor-size detection 
limits of current imaging modalities. Even if 
these limitations could be surmounted, validating 
this hypothesis would still be limited by the fea-
sibility of performing core-needle biopsies on 
very small lesions, although improved protocols 
for CT-guided procedures are being successfully 
developed [76, 77]. A valid alternative is to 
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employ animal models of metastasis, in which 
cancer cells are grafted in the arterial circulation 
to allow for their unbiased spreading to skeleton 
and soft-tissues [78, 79]. Since tumor seeding 
will occur via single cancer cells arriving at target 
organs and lodging as DTCs, the initial phases of 
skeletal colonization can be investigated by the 
appropriate combination of fluorescent and bio-
luminescent imaging approaches [11, 80, 81]. In 
an initial study, mice were grafted with human 
prostate cancer cells stably expressing GFP, 
which allowed the imaging of skeletal tumors 
while they were increasing in size following ini-
tial seeding by fluorescence stereomicroscopy. 
Osteoclasts were then visualized by staining 
serial tissue sections for Tartrate-resistant acid 
phosphatase (TRAP), an enzyme released by 
these cells when involved in active bone resorp-
tion [82]. The results showed that tumors with a 
cross-section area of ~3 × 103 μm2 or larger were 
surrounded by layers of osteoclasts (Fig.  2a); 

however, smaller foci—routinely observed dur-
ing the first 2 weeks following cancer cells seed-
ing—were found to be spatially unrelated to 
osteoclasts [83]. There was a comparable paucity 
of osteoclasts in areas surrounding breast cancer 
cells grafted in mice by direct intratibial delivery 
[49]. An absence of bone resorption activities 
was observed when small colonies of prostate 
cancer cells in bone biopsies obtained from two 
different patients were studied [84]. These pre- 
clinical and ex-vivo observations are supported 
by clinical trials in patients with high-risk, non- 
metastatic prostate cancer having time to first 
metastasis as primary endpoint. A meta-analysis 
[85] of six randomized controlled trails, which 
accrued almost 6000 patients that were evaluated 
for clinical response to either bisphosphonates 
(five trials) or denosumab (1 trial), found that 
none of the trials evaluating bisphosphonates 
showed any difference in the incidence of skele-
tal metastases between placebo/standard-of-care 

Fig. 1 Osteoclasts in skeletal metastases. (a) Tissue 
specimens obtained from skeletal metastases in prostate 
cancer patients. The Hematoxylin-Eosin stained tissue 
shows the typical adenocarcinoma architecture of the 
tumor cells growing within the bone marrow (light pur-
ple). The two insets show an osteoclast—visible as a 
syncytial, multinucleated cell—at the interface between 
the tumor mass at the compact bone (pink); (b) 
Experimental metastases generated in the skeleton of 

mice grafted with human prostate cancer cells display a 
similar scenario in a tissue section processed with a 
Masson’s trichrome staining. The osteoclast (yellow area 
and arrow) is localized between the tumor cells in gray 
and the bone and cartilage stained in blue. The human 
tissue specimens were obtained through the bone biore-
pository established at the Sidney Kimmel Cancer 
Center of Thomas Jefferson University, Philadelphia 
[124]
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and treated groups. The phase-III trial evaluating 
denosumab reported a significant delay in the 
appearance of bone metastases in treated patients, 
although it amounted to approximately 4 months 
[86]. A second meta-analysis of seven random-
ized controlled clinical trials for men with meta-
static prostate cancer treated with bisphosphonates 
mirrored these results, also showing lack of 
improvement in overall survival [87].

In summary, the functional interplay between 
normal and malignant cell populations occurring 
in bone metastatic sites can lead to a non- 
canonical cycle of bone-resorption and matrix- 
deposition, and the histopathological effects of 
this process increase the occurrence of skeletal- 
related events (SREs), such as pathological frac-
tures and spinal cord compression in prostate 
cancer patients. While the soluble factors released 
by osteolytic events should promote proliferation 
and survival of tumor cells, reducing their avail-

ability by pharmacologic inhibition of the bone- 
resorption events was found to produce minimal 
anti-tumor activity, despite the significant effects 
exerted by bisphosphonates and RANKL inhibi-
tors on pain and the occurrence of SREs, which 
fully justify their FDA-approval as SOC for pal-
liative treatment of patients with advanced bone- 
metastatic disease.

An additional—and seemingly more promis-
ing—strategy exploiting the tumor-induced 
remodeling of the bone tissue in the metastatic 
setting is represented by the use of the radioiso-
tope Radium-223 dichloride (223Ra). Due to its 
structure, 223Ra behaves as a calcium analog 
and—when administered via a venous route—
accumulates in sites of active mineralization, 
such as those controlled by osteoblasts counter-
ing the osteolytic activity of osteoclasts. At these 
sites and upon binding to hydroxyapatite, a major 
component of the mineralized matrix [88], 223Ra 

Fig. 2 Spatial relationship of osteoclasts with tumor cells 
in experimental metastases. Mice were grafted via intra-
cardiac route with human prostate cancer cells stably 
expressing Green Fluorescent Protein (GFP) and sacri-
ficed at either 1  week (a) or 2  weeks (b) post-grafting. 
Bone tissue samples harboring metastases were fixed, 
decalcified and frozen. Serial cryo-sections were exam-
ined using a fluorescence stereomicroscope. Calibrated 
digital analysis of fluorescent microscopy images indi-
cated that the cross-section area of 1-week tumors mea-
sured 1.9  ±  0.5  ×  103  μm2 and that of 2-week tumors 

measured 35 ± 6 × 103 μm2. The presence of active osteo-
clasts in the bone marrow regions colonized by cancer 
cells was established histologically by TRAP staining. 
Metastases with cross-section area larger than 
28 × 103 μm2—indicated by the green fluorescent signal 
and usually observed at 2 weeks post-grafting—were sur-
rounded by an evident layer of active osteoclasts, as 
shown in the magnified panel (b), whereas smaller metas-
tases (a) were instead spatially unrelated to osteoclasts, 
which appear sparsely distributed (black arrows). 
(Reproduced with permission from Ref. [83].)
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is in close proximity to the cancer cells located at 
the interface between tumor and bone [89]. Due 
to its alpha-particle emitter properties, 223Ra is 
then capable of inducing non-repairable DNA 
double-strand breaks in cancer cells [90], affect-
ing their viability. Explorative clinical studies 
[91] were followed by a randomized phase-III 
clinical trial that compared 223Ra to placebo in 
CRPC patients with symptomatic bone meta-
static disease and demonstrated an increase in 
overall survival of 3.6  months [92]. Additional 
clinical studies are being conducted to explore 
potential therapeutic combinations of 223Ra with 
chemotherapeutics and targeted therapies [89].

 Cooperativity and AR 
Heterogeneity Among Metastatic 
Cells

The concept that malignant phenotypes inhabit-
ing a tumor cooperate to foster their survival and 
growth was formulated in a comprehensive and 
convincing fashion more than a decade ago [93]. 
Initially based on game theory, the idea has been 
applied to events occurring at the primary tumor 
[94] and also extended to metastatic progression 
[95]. Indeed, clonal heterogeneity is widely 
observed in tumors [96], while pre-clinical and 
mathematical models have elegantly revealed 
how a minority of tumor-initiating or tumor- 
sustaining sub-populations can be instrumental in 
establishing inter-clonal interactions that can 
eventually benefit the entire spectrum of malig-
nant phenotypes [97]. When comparing a neopla-
sia to an ecosystem, the gamut of cellular 
interactions includes negative events such as 
competition as well as positive events such as 
commensalism, synergism and mutualism, each 
with its own consequences for the more-fit or 
less-fit sub-clones [98]. A strong impetus to the 
adoption of this line of thinking for advanced 
prostate cancer derived from two landmark stud-
ies providing persuasive evidence that metastatic 
tumors harbor heterogenous populations of can-
cer cells as a result of metastasis-to-metastasis 
spreading [99, 100]. These observations added 
additional layers of complexity to the metastatic 

process for a tumor that is often multifocal when 
residing in the prostate gland, with different 
clones displaying variable degrees of aggressive-
ness [101]. Indeed, a better delineation of the 
genetic composition of heterogenous prostate 
cancer populations will allow for a better under-
standing of the origin and evolution of primary 
tumors and their secondary lesions [102].

A parallel and compatible approach should be 
the recognition of the heterogeneous phenotypic 
composition of metastatic tumors in prostate can-
cer and the different functional interactions that 
can be established among tumor cells in the met-
astatic niche.

In this regard, a very compelling case can be 
made for the AR-mixed features of skeletal 
metastases in prostate cancer patients. While a 
major role for AR is undisputable, the foremost 
emphasis placed on this receptor—expressed 
either as a full-length protein or as its truncated 
versions—seems to have distracted from recog-
nizing the fact that fractions of prostate cancer 
cells express very little, or lack, AR when grow-
ing at metastatic sites [103–105]. Metastatic 
patients indeed exhibit phenotypic heterogeneity 
when tumor cells are tested for PSA immunore-
activity. This scenario has been postulated to 
result from either the co-existence of tumor cells 
that differed in PSA expression ab-initio or from 
PSA-expressing cells that subsequently acquired 
somatic mutations leading to PSA loss [106]. The 
lack of AR and PSA expression in prostate epi-
thelial cells has been long recognized as related 
to neuroendocrine (NE) cells, which are distrib-
uted throughout acini and ducts of the normal 
prostate gland, can be identified by morphologi-
cal and histochemical means [107] and have a 
different embryonal origin as compared to the 
other epithelial prostate cells [108, 109]. The per-
centage of NE cells in the normal prostate is very 
low. For instance, focal areas of NE differentia-
tion (NED) are detected in primary tumors rang-
ing from 31% to 100% of patients, whereas 
uniformly diffuse NED is observed in less than 
2% of cases [110, 111]. The latter tumors contain 
small and round cells that lack AR, disseminate 
predominantly to visceral organs and are rapidly 
fatal [112]. However, a more frequent scenario 
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results from androgen-deprivation therapies 
(ADT) inducing an enrichment in NE cells 
observed in primary tumors of patients receiving 
ADT instead of, or prior to, surgery or radiother-
apy [113, 114], as well as in metastatic lesions in 
advanced patients [115]. This NE trans- 
differentiation can be mimicked in human cell 
lines cultured in the absence of androgens [116], 
and is also observed in both castrated genetic- 
engineered mouse (GEM) models [117] and 
human xenografts [118, 119]. The study con-
ducted in GEM models is of particular interest, as 
it uses lineage tracking to show that focal and 
overt regions of NE cancer in the prostate gland 
arise from trans-differentiation of luminal adeno-
carcinoma cells. Despite this body of evidence, it 
is becoming increasingly clear that NE pheno-
types can only account for the fraction of prostate 
cancer cells lacking AR—or AR transcriptional 
activity [120]—in metastatic patients. Initial 
studies conducted by immunohistochemistry 

(IHC) analysis [121] were conclusively con-
firmed at the molecular level, using qRT-PCR 
interrogation of AR negative and AR positive 
tumor areas of bone metastatic specimens from 
different prostate cancer patients, harvested by 
Laser Capture Microdissection (LCM) guided by 
IHC staining [11] (Fig.  3). We found that AR 
negative prostate cancer cells failed to express 
NE markers, indicating the existence of malig-
nant phenotypes in which the lack of AR was not 
attributable to NE trans-differentiation. This find-
ing was concurrently confirmed in a separate 
study [122], which reported the relative increase 
of these AR-null/NE-null phenotypes, defined as 
double-negative prostate cancer (DNPC), in nec-
ropsy tissues obtained from 30 patients treated 
with the CYP17 inhibitor abiraterone and 
AR-antagonist enzalutamide, as compared to 56 
patients that had been treated in the era prior the 
FDA approval of these two drugs. Furthermore, 
using a number of animal models the investiga-

Fig. 3 Heterogeneous AR and IL-1β expression in human 
skeletal metastases. (a) Prostate cancer cells lacking 
nuclear AR staining (AR negative—red arrows) were com-
monly detected intermixed with AR positive cells. The 
fraction of ARNEG cancer detected in bone metastases from 
ten different mCRPC patients was found to be 33 ± 14% 
[11]. (b) Bone metastasis specimens were selected for 
LCM-mediated harvesting of tumor areas negative or posi-

tive for AR. qRT-PCR detected the prostate- specific 
marker expressed at comparable levels in prostate cancer 
cells independently of their AR status, thus validating the 
lack of AR expression by immunohistochemistry at the 
transcriptional level. Finally, IL-1β mRNA was detected 
exclusively in AR negative prostate cancer cells, indicating 
an inverse association of this cytokine with the AR. 
(Reproduced with permission from Ref. [11].)
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tors recapitulated the transition from tumors ini-
tially dependent on AR activity to tumors that 
could grow in an AR-independent fashion, with-
out necessarily having to acquire NE characteris-
tic to do so. The conclusion from these studies is 
that a continuum of differentiation stages most 
likely exists in the path from AR-dependent ade-
nocarcinoma to DNPC or NE prostate cancer, 
and patients may very well present with all these 
phenotypes simultaneously.

While these latest studies provide support to 
the recognition of the existence of AR negative 
tumor cells in advanced prostate cancer, their 
functional role in metastatic lesions, in particular 
at the skeletal level, is still undefined.

Interestingly, AR expression in prostate can-
cer cells is inversely related to the expression of 
interleukin-1beta (IL-1β), both in bone metasta-
ses from patients and human cell lines [11]. In 
animal models of metastasis, AR negative/IL-1β 
positive PC3-ML cells progress in a very aggres-
sive fashion generating large skeletal tumors, 
unless grafted in transgenic IL-1β receptor 
knockout mice. This phenomenon was due to 
IL-1β-induced over-expression of a set of genes 
in the tumor-associated bone stroma that could be 
implicated in generating a habitat favorable to 
skeletal progression to AR negative tumor cells 
[11]. Most importantly, AR positive tumor cells 
could benefit from these favorable conditions as 
well, since they colonized the bone marrow when 
intermixed with their AR negative counterparts, 
despite being unable to take hold and grow in the 
skeleton if grafted independently [11]. Indeed, 
IL-1β secreted by AR negative prostate cancer 
cells in the metastatic niche could also exert a 
direct role on AR positive cells, which express 
IL-1R [11] and respond to this cytokine by mod-
ulating a set of genes replicating basal gene 
expression patterns in AR negative cancer cells. 
This would suggest that tumor cells with a selec-
tive advantage for growing in the bone marrow 
and surviving AR-directed treatments could 
reprogram less robust cells to withstand unfavor-
able conditions [123].

Interestingly, FDA-approved therapeutics tar-
geting IL-1β signaling are currently employed 
for non-oncological indications. Therefore, their 

successful testing for bone-metastatic prostate 
cancer could offer the opportunity for repurpos-
ing these drugs to target AR negative tumor cells, 
in combination with current standard-of-care 
aimed at impairing AR transcriptional activity in 
tumor cells that express AR.

Evidence indicates that AR negative pheno-
types are likely to result from the selective pres-
sure exerted by ADT and AR antagonists, an 
event that explains why mCRPC is—and could 
remain—incurable if the AR is the only therapeu-
tic target pursued in these patients. In addition to 
IL-1β-induced recruitment of bone stroma dis-
cussed above, DNPC cells utilize a signaling pro-
gram that relies on fibroblast growth factor 
(FGF). The autocrine stimulation of FGF recep-
tor (FGFR) in these cells is responsible for the 
sustained activation of the MAPK signaling path-
way, which bypasses the requirement for AR sig-
naling and allows growth in androgen-deprived 
conditions [122].

 Concluding Remarks

Over the last decade, our understanding of the 
mechanisms and events underpinning the skeletal 
colonization of prostate cancer cells has signifi-
cantly improved. We can now fully appreciate 
that the bone metastatic niche is a far more com-
plex microenvironment than previously thought. 
Tumor cells seed the skeleton as highly heterog-
enous populations, spreading from the primary 
tumor first and subsequently from already estab-
lished metastatic tumors. Some malignant pheno-
types hold the ability to initiate colonization and 
might also support survival and growth of less 
aggressive phenotypes. Notably, autochthonous 
cells of the bone are also crucially involved in 
promoting either tumor colonization or dor-
mancy, activating molecular switches that are just 
beginning to be defined. Furthermore, normal 
and malignant cells do not behave like insulated 
contingents but rather interact and cooperate, fol-
lowing population dynamics that are as fascinat-
ing as they are menacing. Understanding the 
multiple interplays between tissue factors, 
molecular mediators and cellular populations 
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involved in metastasis is a daunting task, but it is 
also the best way to identify targets worth 
 pursuing for curative therapies, while dismissing 
those that could only lead, at best, to palliative 
measures.
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 Introduction

Otto Warburg first described the ability of cancer 
cells to exhibit glycolysis even in the presence of 
oxygen (aerobic glycolysis), a phenomenon com-
monly referred to as the Warburg effect [1, 2]. 
Since this pioneering work, the altered metabo-
lism of cancers relative to benign tissue has been 
more broadly recognized and is now considered 
one of the hallmarks of cancer [3]. Interestingly, 
while prostate cancers have distinct metabolic 
phenotypes from normal prostate, they also 
exhibit atypical metabolism compared to many 
other cancer types. Hence, many of the generali-
ties established for cancer metabolism are not 
pertinent for prostate cancer. But like many dis-
eases, the metabolism of prostatic tumors is con-
text- and stage-dependent.

The prostate is a reproductive gland, generat-
ing and releasing fluid that nourishes sperm. 

Sperm are nourished in large part by citrate that is 
produced and secreted from the luminal epithe-
lial cells of the prostate. Luminal epithelial cells 
are able to produce and secrete large amounts of 
citrate as the result of a truncated tricarboxylic 
acid (TCA) cycle (also referred to as the citric 
acid or Krebs cycle) that is caused by the extraor-
dinarily high levels of zinc that accumulate in 
these cells. To that end, the luminal epithelial 
cells of the prostate contain amongst the highest 
levels of zinc (~.8–1.5  mM) of any cell in the 
human body [4–9]. The high intracellular levels 
of zinc disrupt the TCA cycle by inhibiting the 
enzyme m-aconitase, which converts citrate to 
isocitrate [7]. This truncated TCA cycle converts 
prostatic luminal epithelial cells from citrate- 
consuming to citrate-producing cells [7, 10]. One 
of the first events to occur during the malignant 
transformation of prostate epithelial cells is a 
decrease in the expression of zinc transporters 
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(ZIPs) [11, 12]. This results in decreased intracel-
lular zinc accumulation, de-repression of aconi-
tase, and concomitant de-repression of the TCA 
cycle. As such, in contrast to what has been 
described for most cancers, the majority of pros-
tate cancers exhibit high levels of glucose oxida-
tion through increased TCA cycle flux (Fig. 1).

While the shift towards increased glucose oxi-
dation during transformation has been known for 
over 20 years, what has become clear is that pros-
tate cancers co-opt a number of other important 
metabolic processes, described below, to help sat-
isfy the increased energetic and biosynthetic 
demands of a rapidly growing tumor (Fig.  1). 
Further, these metabolic changes continue to 
change throughout disease progression. For exam-
ple, many advanced, lethal prostate cancers will 
eventually demonstrate increased glycolytic flux, 
similar to the classic Warburg effect (Fig.  1). 
Importantly, cancer cells must also adapt to sur-
vive the harsh tumor microenvironment that 
evolves in part due to the increased metabolic 
waste produced from the cancer itself. Moreover, 
the increased uptake of many nutrients contributes 
directly to the synthesis of new signaling mole-
cules that can function as oncogenic signals to 
reprogram cells and promote disease progression.

Our understanding of which nutrients are used 
by tumors, how and when they are metabolized, 
and the regulation of these metabolic processes, 
is required to translate these observations towards 

clinical utility. Importantly, the chemical nature 
of metabolism makes it possible to develop bio-
markers (ex. imaging) that can assess which 
pathways have been altered in patients and there-
fore identify men who could benefit from emerg-
ing, metabolically targeted therapies.

Here, we describe the metabolic alterations that 
occur during the initiation and progression of 
prostate cancer. Further, we will highlight how key 
signaling pathways (ex. AR, PI3K, MYC) as well 
as other factors such as changes in the tumor 
microenvironment regulate these processes. 
Finally, we will discuss the clinical significance of 
this field. Accordingly, we will summarize the new 
metabolic-targeted therapies that are being tested 
for the treatment of prostate cancer. Importantly, 
we will also outline the emerging approaches 
being used to monitor metabolism in patients and 
how these could guide future clinical trials.

 Metabolic Reprogramming 
in Prostate Cancer

 Glucose Metabolism

The specific metabolic phenotype of normal 
prostate epithelial cells includes the accumula-
tion of high zinc concentrations (~3–10-fold 
higher than in other tissues) that subsequently 
lead to a truncated TCA cycle and increased 
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citrate production (~30–50-fold higher than other 
tissues), decreased oxidative phosphorylation 
and low energy metabolism [13]. Such inefficient 
metabolism cannot meet the energy requirements 
for rapidly growing prostate cancer cells. To 
adjust, prostate cancer cells are reprogrammed to 
have an efficient, energy-generating metabolism 
during their initial transformation. A notable 
metabolic shift during this transformation is an 
increased level of citrate oxidation as the malig-
nant glands contain significantly lower concen-
trations of zinc compared to normal cells [14]. 
This shift allows cells to oxidize citrate and pro-
duce energy via a functional TCA cycle. This 
metabolic alteration can also protect prostate 
cancer cells from cell death [15]. In normal pros-
tate epithelial cells, zinc accumulation facilitates 
Bax-associated mitochondrial pore formation, 
which promotes cytochrome c release from mito-
chondria and subsequent caspase cascades as 
well as an inhibition of the anti-apoptotic protein 
NFkB [16, 17]. Conversely, prostate cancer cells 
are less susceptible to mitochondrial-induced 

apoptosis in the presence of low zinc concentra-
tions. As noted above, ZIPs are an important con-
tributor to intracellular zinc regulation. The 
expression of ZIPs is decreased significantly or 
often absent altogether in prostate cancer [12, 
18]. Interestingly, differences in ZIP expression 
may also explain in part some of the racial dis-
parities observed for prostate cancer. A study 
comparing African American and Caucasians 
suggested that ZIPs are expressed at a lower level 
in prostate tumors from African Americans, pre-
venting them from maintaining normal intracel-
lular zinc concentrations [19]. Although it is not 
entirely clear how ZIPs are downregulated during 
prostate cancer progression, one potential expla-
nation is epigenetic repression. In prostate cancer 
cells, higher methylation levels have been 
observed in the promoter region for the gene 
encoding activating enhancer binding protein 2 
alpha (AP-2 alpha). AP-2 alpha is an important 
transcriptional regulator of the ZIPs. Therefore, 
methylation-mediated decreases in AP-2 alpha 
levels may contribute to ZIP deregulation [20]. 

Fig. 1 Evolution of prostate cancer metabolism. Normal 
prostate epithelial cells exhibit a truncated TCA cycle that 
results in the increased production and secretion of citrate. 
During the initial transformation towards malignancy, 
intracellular concentrations of zinc drop causing a dere-
pression of aconitase (the enzyme that converts citrate to 
isocitrate) and subsequent increased flux through the TCA 
cycle. Concurrently, cancer cells start to exhibit aerobic 
glycolysis, elevated glutaminolysis and increased flux 
through the hexosamine biosynthetic and pentose phos-
phate pathways. Interestingly, another hallmark of prostate 

cancers is the concurrent increases in both de novo lipogen-
esis and fatty acid oxidation. When prostate cancers prog-
ress into the late stages of the disease, the classic Warburg 
effect becomes more pronounced while some pathways, 
such as the hexosamine biosynthetic pathway, may reverse. 
While the initial metabolic transformation of prostatic cells 
has been well described to result from alterations such as 
the decreases in intracellular zinc concentrations, many of 
the drivers of the metabolic changes that occur in advanced 
prostate cancer remain poorly understood. Shown here is 
only a brief snapshot of central carbon metabolism
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Given the known role of zinc in prostate metabo-
lism, there is interest in the use of zinc dietary 
supplements and the development of ZIP inhibi-
tors to treat prostate cancer [18].

Due to the metabolic shift towards citrate oxi-
dation, some metabolic intermediates and genes 
in the TCA cycle are also increased/hyperacti-
vated during early transformation. A recent inte-
grative proteomics study revealed that the TCA 
pathway proteins, citrate synthase, aconitate 
hydratase, 2-ketoglutarate dehydrogenase com-
plex, succinate-CoA ligase, fumarate hydratase 
and malate dehydrogenase, are upregulated in 
primary prostate cancer compared to benign 
prostatic hyperplasia [21]. Furthermore, the cor-
responding intermediate metabolites in the TCA 
cycle like malate, fumarate, succinate and 
2-hydroxyglutaric acid are significantly elevated 
in tumors, suggesting a dependence of primary 
prostate cancers on oxidative phosphorylation 
(OXPHOS). Interestingly, because of the high 
OXPHOS in primary prostate cancers, only mod-
est levels of glucose uptake and the Warburg 
effect are observed [22, 23]. Consequently, [18F]
fluorodeoxyglucose-positron emission tomogra-
phy (FDG-PET) is a poor detector of primary 
prostate cancer.

Unlike most primary prostate cancers, late- 
stage prostate cancers can often be detected in 
FDG-PET scans. Accordingly, increased glyco-
lytic metabolism has been correlated with disease 
progression and poor prognosis [24]. Though the 
exact mechanism of glucose metabolism regula-
tion in prostate cancer has not been fully eluci-
dated, emerging evidence suggests the regulation 
of multiple glycolytic enzymes in the advanced 
cancer stages.

Facilitative glucose transporters (GLUTs) 
control the first rate-limiting step of glucose 
metabolism by mediating glucose diffusion. To 
date, 14 members have been identified in the 
human GLUT family. Each is associated with dif-
ferent substrate affinities and tissue distributions. 
GLUT1 is overexpressed in several tumors 
including prostate cancer. High GLUT1 expres-
sion is elevated in prostate tissues compared to 
tumor-adjacent normal tissues, and its expression 
is correlated with a shorted time to recurrence 

after radical prostatectomy [25, 26]. Accordingly, 
higher expression of GLUT1 has been reported in 
androgen-independent prostate cancers [27]. 
Moreover, GLUT1 can be induced in a tissue- 
specific manner by androgens and glucose depri-
vation, which can help cancer cells survive in a 
low glucose environment [28]. Besides GLUT1, 
GLUT12 has also recently been shown to play a 
functional role in prostate cancer [29]. GLUT12 
is required for androgen-induced glucose uptake 
and cell growth in LNCaP and VCaP cells. 
Further, it plays a similar role in AR-negative 
PC-3 cells. Interestingly, GLUT12 subcellular 
trafficking is increased in multiple prostate can-
cer cell models, suggesting a functional regula-
tion beyond mRNA and protein expression. Of 
note, other GLUT members such as GLUT3, 7 
and 11 are also overexpressed in prostate cancer 
[30]. However, the functional roles of these trans-
porters are less clear.

Hexokinases (HKs) catalyze the first irrevers-
ible step in glycolysis by converting glucose to 
glucose-6-phosphate (G6P). Out of the four iso-
forms identified, HK2 is a major contributor to 
the Warburg effect and is required for tumor 
growth. HK2 is significantly elevated in prostate 
tumors relative to normal tissue and is signifi-
cantly correlated with Gleason score [24, 31–33]. 
However, dramatic variability in expression lev-
els occurs in individual castration-resistant pros-
tate cancer (CRPC) patient samples, further 
indicating the heterogeneity of prostate cancer 
[33]. Though our understanding of the driving 
forces behind HK2 expression during disease 
evolution is incomplete, new findings have begun 
to reveal potential mechanisms. First, PTEN and 
TP53 co-deletions/mutations have been corre-
lated with high levels of HK2 in prostate cancer 
cell lines, xenograft and genetic mouse models, 
and prostate cancer patient samples. On one 
hand, PTEN loss leads to mTOR signaling path-
way activation and 4EBP1 phosphorylation, trig-
gering cap-dependent translation of HK2 through 
facilitating the dissociation of 4EBP1 and 4IF4E 
[33]. On the other hand, HK2 expression can be 
further increased by decreased miR-143 expres-
sion, a miRNA whose biogenesis is promoted by 
p53 [34]. In support of these findings, increased 
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HK2 expression and activity, caused by androgen 
deprivation, is associated with increased p-AKT 
in Pten/Tp53 deficient mice [35]. AKT not only 
increases HK2 expression by mTORC1, but it 
also promotes the localization of HK2 to the 
mitochondria, thus increasing HK2 activity. 
Besides PTEN/TP53, HK2 expression is regu-
lated by EZH2 and PKA. EZH2 can upregulate 
HK2 and glycolysis in PC-3 cells through the 
inhibition of miR-181b [36]. Additionally, PKA- 
CREB signaling can promote HK2 expression 
and glucose utilization following androgen treat-
ment in LNCaP cells [37]. Importantly, systemic 
deletion of Hk2 in a genetic mouse model results 
in a marked repression of tumor growth without 
any glucose homeostasis dysfunction in normal 
cells [38], suggesting a selective HK2 inhibitor 
could be exploited clinically with tolerant 
toxicities.

Pyruvate dehydrogenase complex (PDC) cata-
lyzes the conversion of pyruvate to acetyl coen-
zyme A (acetyl-CoA), thereby regulating the 
carbon flux from glycolysis into the TCA cycle. 
PDC is a multi-enzyme complex composed of 
three enzymes: pyruvate dehydrogenase (E1), 
dihydrolipoamide acetyltransferase (E2), and 
lipoamide dehydrogenase (E3). PDHA1 (E1 
alpha subunit) is a major component of PDC. As 
such, PDHA1, which is regulated by phosphory-
lation, plays a critical role in controlling the 
appropriate mitochondrial activity for the require-
ment of cell metabolism and growth [39, 40]. 
PDHA1 can be phosphorylated at serine 293 by 
pyruvate dehydrogenase kinases (PDKs). PDKs 
inhibit PDC activity and therefore the TCA cycle. 
This shifts the metabolism of a cell away from 
OXPHOS and towards a Warburg effect. 
Conversely, dehydrogenase phosphatases (PDPs) 
can reverse such inhibition. Typically, PDKs are 
overexpressed in glycolytic cancers [41], where 
the upregulated expression of PDKs partly inacti-
vates PDC, and in turn re-routes pyruvate towards 
lactate and away from the mitochondrion for res-
piration. This metabolic alteration accelerates the 
Warburg effect and is frequently associated with 
increased tumorigenesis. In agreement with this, 
reduced expression of PDHA1 in prostate cancer 
is correlated with poor prognosis [42]. 

Accordingly, knockout of PDHA1 significantly 
decreases mitochondrial OXPHOS but increases 
glycolysis, which contributes to rapid tumor 
growth. Moreover, PDHA1 KO cells are able to 
expand a stem-like cell population, suggesting a 
potential role in chemotherapy resistance and 
migration. However, a different possibility is evi-
dent by the finding of amplification and overex-
pression of PDHA1 and its phosphatase PDP1 in 
prostate cancer [43], where inhibition of PDC 
activity precludes the development of prostate 
cancer in mouse and human xenograft tumor 
models. Moreover, compartmentalized PDCs 
appear to have different functions, since distinct 
pools contribute to lipid biosynthesis for prostate 
cancer progression. For example, nuclear PDC 
promotes lipogenesis by regulating histone 
acetylation- mediated lipogenic gene expression 
[44]. Alternatively, mitochondrial PDC converts 
pyruvate to citrate for lipid anabolism. Taken 
together, it is still unclear whether PDHA1 and 
its regulators are tumor promoters or suppressors. 
Given the changing citrate-related metabolism 
during prostate cancer progression, it is very pos-
sible that PDC has context-dependent functions 
in prostate cancer.

Pyruvate kinase (PK) catalyzes the commit-
ment step that transfers the phosphate group from 
phosphoenolpyruvate (PEP) to ADP and gener-
ates pyruvate and ATP. PK muscle isozymes M1 
and M2 are different splice variants encoded by 
the same gene, PKM. PKM2 is correlated closely 
with tumorigenesis. While PKM1 is expressed in 
differentiated tissues, PKM2 is highly expressed 
in proliferating cells including embryonic and 
cancer cells [45]. Consistently, PKM2 is corre-
lated with Gleason score and aggressive tumor 
types in prostate cancer [46, 47]. There are some 
potential explanations for such isoform differ-
ences. First, PKM2 is an allosterically regulated 
isoform. Tetrameric PKM2 actively promotes the 
conversion of PEP into ATP and pyruvate. 
Conversely, dimeric PKM2 has low catalytic 
activity and instead promotes the entry of glyco-
lytic intermediates into glycolytic branch path-
ways such as the pentose phosphate pathway, 
through which cells can generate several key 
building blocks for their growth and proliferation 
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[48]. This activity change is most evident in rap-
idly proliferating cells that appear to adhere to 
the Warburg effect. Second, PKM2 has non- 
metabolic functions that can modulate signaling 
and transcriptional activity to promote prostate 
cancer progression. For example, in CRPC, 
PKM2 may partner with KDM8 and co- 
translocate to the nucleus to function as coactiva-
tors of HIF-1α, thereby upregulating glycolytic 
genes (GLUT1, HK2, PKM2, LDHA, etc.) and 
downregulating TCA cycle-related PDHA1 and 
B1 genes [49]. Moreover, the reciprocal regula-
tion of PKM2 and HIF-1α could facilitate CRPC 
cell survival under hypoxic conditions and pro-
mote drug resistance [46, 50, 51]. Interestingly, 
PKM2 may also respond to extracellular signal-
ing during prostate cancer metastasis. To that 
end, cancer-associated fibroblasts can induce 
PKM2 post-translational modifications and 
nuclear translocation. In the nucleus, PKM2 
functions with HIF-1α and DEC1 to deregulate 
miR-205 expression and in turn promote an epi-
thelial mesenchymal transition [52]. Several 
PKM2 inhibitors and PKM2 tetramerization acti-
vators have been developed and demonstrated to 
exhibit efficacy, including overcoming drug 
resistance, in preclinical models [45, 48]. Among 
the few studies that have been performed in pros-
tate cancer, DASA-58, a PKM2 activator, did 
inhibit the lung metastasis of PC-3 cells in SCID 
mice [52], suggesting further studies are war-
ranted in prostate cancer.

Lactate dehydrogenase (LDH) catalyzes the 
reversible conversion of pyruvate and lactate. 
LDH is a tetramer composed of two subunits, 
LDHA and LDHB. LDHA has a high affinity to 
pyruvate and thereby favors the reaction from 
pyruvate to lactate. In most tumors, increased 
LDHA is a hallmark for overactivated glycolysis 
and advanced progression and is a potential tar-
get for prostate cancer therapy [53, 54]. LDHA 
knockdown in prostate cancer cells both inhibits 
cell growth and sensitizes cells to radiotherapy 
[53, 55]. Conversely, LDHB exhibits context- 
dependent roles [56]. LDHA and LDHB have 
opposite roles in prostate cancer [57]. Abnormal 
LDH, hyperphosphorylation and high expression 
of LDHA and low expression of LDHB corre-

lates with short overall survival and time to bio-
chemical recurrence of patients with prostate 
cancer. Also, aberrant LDH status is regulated by 
fibroblast growth factor receptor 1 (FGFR1) sig-
naling. Mechanistically, FGFR1 can phosphory-
late four tyrosine residues on LDHA to stabilize 
the protein, thereby enhancing glycolysis and 
reducing oxygen consumption. However, FGFR 
can also repress transcription of the LDHB gene 
by inhibiting expression of the TET1 (ten-eleven 
translocation methylcytosine dioxygenase 1) 
demethylase and subsequently increasing DNA 
methylation at the LDHB promoter. Such coordi-
nated regulation allows cancer cells to develop a 
robust glycolytic metabolism.

As noted above, late-stage prostate cancer 
cells often increase glycolysis. Thus, lactate 
builds up as a byproduct of excessive anaerobic 
metabolism. To avoid lactate-mediated toxicities 
and apoptosis, cancer cells express high levels of 
monocarboxylate transporters (MCTs) to ensure 
the rapid efflux of intracellular lactate. MCTs are 
membrane transport proteins that are responsible 
for the transmembrane shuttling of small carbox-
ylates like lactate, pyruvate and short-chain fatty 
acids [58]. While the expression of MCTs vary in 
prostate cancer patients, more MCT has gener-
ally been correlated with more aggressive disease 
and poor prognosis [14].

Of the 14 isoforms identified, MCT1, 2 and 4 
have been implicated in prostate cancer progres-
sion. MCT4 was first identified as a lactate 
exporter especially in highly glycolytic cells 
[59]. Elevated expression of MCT4 is strongly 
associated with high glycolytic rates in prostate 
cancer including CRPC and neuroendocrine 
prostate cancer [31, 55, 60]. However, a clinical 
pathology study argued against the relationship 
between increasing MCT4 with lactate efflux 
(also MCT2) in prostate cancer [61]. A signifi-
cant increase of MCT4 (and MCT2) expression 
was observed in the cytoplasm of prostate cancer 
cells rather than at the plasma membrane, indi-
cating that MCTs may be involved in organelle 
function instead of lactate shuttling in prostate 
cancer. Although further investigation is required 
to demonstrate why prostate cancer cells are 
reprogramed to express more MCT4, MCT4 does 
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appear to be a useful prognostic factor and poten-
tial target for prostate cancer. Regarding the lat-
ter, knockdown of MCT4 significantly reduced 
PC-3 cell proliferation [55]. Moreover, targeting 
MCT4 by antisense oligonucleotides inhibits gly-
colysis, lactate production and cell proliferation 
in advanced prostate cancer [60]. Furthermore, 
high MCT4 expression is involved in cancer–
stroma interactions thought to facilitate prostate 
cancer progression (discussed further below 
in  the Section “Influence of the Tumor 
Microenvironment”) [62].

In addition to MCT4, MCT2 promotes pros-
tate cancer progression [63, 64]. Elevated MCT2 
levels in prostate cancer have been linked to two 
differentially methylated regions at the SLC16A7 
locus (gene encoding MCT2). One locus, 
upstream of the promoter, is hypermethylated in 
patient samples and responsible for full length 
MCT2 expression. The other locus, within an 
internal promoter, is recurrently demethylated 
in patient samples and subsequently induces the 
expression of an alternative isoform of MCT2. 
This isoform contains a different set of 5′-UTR 
translation signals that are most likely related to 
the high MCT2 expression. In addition to 
expression, MCT2 has been demonstrated to 
translocate to peroxisomes during disease pro-
gression, where it binds to Pex19, thereby 
enhancing beta- oxidation for malignant trans-
formation. Together, these findings suggest that 
prostate cancer cells are able to adaptively 
increase MCT2 by epigenetic and compartmen-
talized regulation to meet their metabolic 
demands.

MCT1 is a controversial target for prostate 
cancer therapy. In some glycolytic cancers, an 
MCT1 inhibitor is being investigated in clinical 
trials based on its potent ability to reduce tumor 
growth in preclinical studies [58]. In prostate 
cancer, unfortunately, the benefit is still unde-
fined. Pharmacological inhibition of MCT1 by 
α-cyano-4-hydroxycinnamate (CHC), which has 
a tenfold selectivity for MCT1 compared to other 
MCTs, is associated with increased necrosis but 
does not affect xenograft tumor size [65]. 
However, another MCT1 inhibitor, AR-C155858, 
decreases cell proliferation and increases cell 

apoptosis in Pten-deficient mouse tumor tissues 
without substantial side effects on benign tissue 
[31]. Regardless, the relationship between MCT1 
and prostate cancer is complicated. Though a 
continued decrease of MCT1 has been found 
from benign prostatic tissue to metastatic pros-
tate cancer, the expression of MCT1, MCT4 and 
CD147 have been suggested to be markers of 
poor prognosis [61]. Interestingly, MCT1 expres-
sion is upregulated by hypoxia and glucose star-
vation [31, 62], two common features of the 
tumor microenvironment. However, it is unclear 
whether prostate cancer benefits from such 
MCT1 regulation.

The pentose phosphate pathway (PPP) is a 
glucose catabolic pathway that runs parallel to 
glycolysis. PPP appears to be important in pros-
tate tumor growth, which is largely due to the 
contribution of the PPP in the production of nico-
tinamide adenine dinucleotide phosphate 
(NADPH) and ribose 5-phosphate for scavenging 
of reactive oxygen species, reductive biosynthe-
sis and supplying of nucleotide precursors [66, 
67]. Transketolase-like protein 1 (TKTL1), an 
enzyme involved in the non-oxidative phase of 
the PPP, is altered throughout prostate cancer 
progression [68]. Of note, metastatic prostate 
cancer tissue has elevated TKTL1 expression rel-
ative to benign or localized cancer, suggesting a 
potential role of TKTL1 in prostate cancer metas-
tasis. Moreover, glucose-6-phosphate dehydro-
genase (G6PD), the rate-limiting enzyme of the 
PPP, is also a critical regulator for prostate can-
cer. G6PD is upregulated in prostate cancer and 
is required for AR-mediated ROS modulation 
and cell growth [69]. At this time, the functional 
role of the PPP in metastasis is unknown.

 Lipid Metabolism

Lipids are essential for many cell functions as 
they are used to form cell membranes and create 
membrane anchors, post-translationally modify 
proteins, promote various signaling pathways 
and are used for energy storage. Lipid metabolic 
pathways produce compounds such as fatty acids, 
steroids (including hormones and sterols like 
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cholesterol), phospholipids and others. An impor-
tant characteristic of prostate cancer cells is the 
dysregulation of lipid metabolic pathways. In 
normal cells, lipids are primarily acquired from 
extracellular sources, but can be synthesized in 
specific tissues such as liver and adipose. Fatty 
acids produced in these tissues can be stored or 
transported to other areas. In cancer cells, there is 
an increase in de novo lipogenesis, which is nec-
essary to accommodate the excessive cell growth 
and proliferation that occurs in cancer [70]. 
Prostate cancer cells undergo this characteristic 
shift from a sole reliance on extracellular fatty 
acid uptake to augmenting de novo lipogenesis. 
This shift is accompanied by the upregulation of 
multiple enzymes in the fatty acid synthesis path-
way and is regulated by AR signaling. 
Upregulation of AR signaling during prostate 
cancer progression is accompanied by an increase 
in lipogenic enzymes [71]. This is largely depen-
dent on the major lipogenesis transcription factor 
sterol regulatory element-binding protein 
(SREBP) [72]. Interestingly, a feedback mecha-
nism also exists where AR transcription is regu-
lated by SREBP [73]. Beyond AR, additional 
genomic alterations in prostate cancer such as 
PTEN and PML co-deletion can also hyperacti-
vate SREBP-mediated lipogenesis, which con-
tributes to prostate cancer progression [74]. Thus, 
SREBP may represent a downstream conduit of 
several oncogenic signaling networks in prostate 
cancer.

SREBPs are important transcription factors 
regulating fatty acid metabolism. In mammals, 
SREBP exists as SREBP-1a and SREPB-1c (two 
variants of a single gene), and SREBP-2 [75, 76]. 
SREBP associates with SREBP cleavage- 
activating protein (SCAP) in the endoplasmic 
reticulum (ER) membrane. In response to a 
decrease in intracellular sterols, the SREBP- 
SCAP complex translocates to the Golgi appara-
tus, where SREBP is cleaved and activated, 
allowing it to move to the nucleus. SREBP con-
trols the transcription of several genes involved 
in fatty acid and cholesterol synthesis, including 
ACLY, ACACA, SCD1, and FASN [77, 78]. 
SREBP is upregulated in various cancers and can 
be activated by androgens in prostate cancer, due 

to the effect of AR on SCAP transcription [79]. 
SREBP can, in turn, further activate AR expres-
sion by binding to a sterol regulatory element 
(SRE) in the AR gene [80].

Lipids play an important role in forming the 
structure of outer and inner cell membranes. 
They are used to form the phospholipid bilayer as 
well as cholesterol-rich membrane rafts within 
the plasma membrane, which are important for 
intracellular signaling and trafficking. Since can-
cer cells experience rapid proliferation as well as 
increased synthesis and uptake of materials, 
membrane expansion is necessary. In addition, 
the metabolic shift to de novo lipogenesis in can-
cer increases lipid saturation, which may prevent 
cell death from oxidative damage [81]. Lipid 
rafts are microdomains within the plasma mem-
brane that contain cholesterol, sphingolipids and 
transmembrane proteins [82]. Receptor tyrosine 
kinases in these lipid rafts can be activated by 
ligands to promote phosphorylation cascades, 
while the microdomain of the raft allows for the 
accumulation of intracellular scaffolding and 
adaptors and can protect against phosphatases 
[83, 84]. Cholesterol in lipid rafts regulates AKT 
signaling, a major driver of prostate cancer pro-
gression [85]. Finally, AR can interact with AKT 
at lipid rafts to promote oncogenic signaling [86]. 
However, the extragenomic roles of AR in pros-
tate cancer are still debated.

Intracellular fat is stored in lipid droplets, 
which are composed of a phospholipid mono-
layer containing polar sterols and various trans-
membrane proteins, and internally, non-polar 
sterol esters and triacylglycerols [87]. In cancer, 
lipid droplets are increased due to increased lipid 
accumulation. Lipid droplet biogenesis also 
occurs in response to cell stress, such as when 
cancer cells undergo metabolic or oxidative 
imbalance due to conditions like hypoxia or 
nutrient starvation [88–91]. In addition to their 
roles in resistance to stress and as a source for 
excess lipid storage, lipid droplets can interact 
with mitochondria to regulate β-oxidation, and 
play a role in maintenance of ER homeostasis. 
Androgens increase lipid droplets, which corre-
late with prostate cancer aggressiveness [92]. 
Additionally, an increase in lipid droplets is 
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related to the upregulation of the PI3K/AKT 
pathway in prostate cancer, often following 
PTEN loss, which causes the accumulation of 
intracellular cholesterol esterases [93].

PI3K/AKT signaling leads to the upregulation 
of fatty acid synthase (FASN), which is overex-
pressed in prostate cancer [94, 95]. FASN is also 
regulated by AR signaling and correlates with 
Gleason score and PSA levels [96, 97]. Inhibition 
of FASN with a small molecule inhibitor has 
been shown to suppress de novo fatty acid syn-
thesis and tumor growth, in part by targeting AR 
signaling [98]. FASN expression can also be 
increased in response to oxidative stress such as 
hypoxia. This effect is via activation of the AKT 
pathway and SREBP-1, which regulates tran-
scription of the FASN gene [99]. FASN expres-
sion is also regulated by the p300 acetyltransferase, 
which increases transcription of the FASN gene 
and contributes to lipid accumulation and pros-
tate cancer growth [100]. It remains to be seen 
whether the effects of p300 are mediated through 
any of the above-mentioned transcription 
factors.

Lipids play important roles in the post- 
translational modification of proteins. Acylation 
by the covalent addition of palmitate or myristate 
to proteins can facilitate oncogenic signaling 
[101]. In prostate cancer, myristoylation of Src 
kinase increases oncogenic signaling and pro-
motes tumor progression [101]. In addition, pal-
mitoylation of Src contributes to prostate cancer 
initiation [102]. Prenylation, the addition of iso-
prenoids such as farnesyl or geranylgeranyl to 
proteins, often causes membrane association 
[103]. Inhibition of geranylgeranylation can 
induce autophagy in prostate cancer cells and 
reduce prostate cancer metastasis in murine mod-
els [104, 105].

While products from the TCA cycle are used 
for OXPHOS in normal cells, cancer cells upreg-
ulate alternative metabolic pathways to increase 
NADPH, in part for fatty acid production. In this 
context, the citrate that is produced in the TCA 
cycle can be shuttled to the cytoplasm to be used 
for fatty acid synthesis. Cytosolic citrate produc-
tion can also result from increased glutamine 
uptake, another characteristic of prostate cancer 

cells [29, 106]. Glutamine can be converted to 
glutamate and then to α-ketoglutarate, which can 
be used as a carbon source for fatty acid synthesis 
by conversion to cytosolic citrate via reductive 
metabolism by the enzymes IDH1 and ACO1 
[107]. Alternately, α-ketoglutarate can replenish 
the carbon intermediates of the TCA cycle. This 
utilization of cytosolic glutamine for fatty acid 
synthesis and the TCA cycle is observed in can-
cer cells [108]. In addition, the oxidation of isoci-
trate to α-ketoglutarate can produce excess 
NADPH for fatty acid synthesis [109].

The process of fatty acid synthesis is mediated 
by a variety of enzymes that are involved in pros-
tate cancer progression. Citrate is converted to 
acetyl-CoA in the cytoplasm by ATP citrate lyase 
(ACLY) [110]. ACLY activation can result from 
PI3K/AKT upregulation, which is common in 
prostate cancer [111]. Acetyl-CoA carboxylase 
(ACC1) converts acetyl-CoA to malonyl-CoA 
[112], which then is processed by fatty acid syn-
thase (FASN), creating 16-carbon fatty acid pal-
mitate [113]. Enzymes such as stearoyl-CoA 
desaturase 1 (SCD1) or elongation enzymes can 
function to either insert a double bond in the fatty 
acid chain to generate a mono-unsaturated fatty 
acid, or to lengthen the carbon chain, respec-
tively. Desaturation of fatty acids is required for 
prostate cancer cell growth, an effect that can be 
blocked by inhibition of SCD1 [114]. These fatty 
acids are then used for energy production as well 
as various additional cellular functions including 
membrane biogenesis, protein post-translational 
modifications and regulation of oncogenic path-
ways. Cytosolic acetyl-CoA can alternately be 
used for the mevalonate pathway, in which it is 
converted to mevalonate by HMG-CoA reductase 
(HMGCR).

Mevalonate is a precursor for the synthesis of 
isoprenoids and cholesterol, which can be used to 
produce steroids such as androgen [115]. Statins 
act to reduce cholesterol levels by inhibiting 
HMGCR, thereby preventing the formation of 
mevalonate from acetyl-CoA.  Statins have been 
shown to prevent prostate cancer progression, 
biochemical recurrence, and mortality [116, 117]. 
As such, they are under clinical evaluation for the 
treatment of prostate cancer. Statins cause an 
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increase in the expression of low-density lipopro-
tein receptors (LDL-R) [118]. LDL-R is a plasma 
membrane protein that facilitates the intake of 
LDL into the cell via endocytosis, providing 
another source of cholesterol to the cell, thus reg-
ulating cholesterol homeostasis in prostate cancer 
cells [119]. The LDL-R pathway is regulated by 
various transcriptional and post- transcriptional 
factors. For example, the expression of LDL-R is 
activated by SREBP proteins, mainly SREBP-2, 
through interaction with the SRE, while SREBP-2 
activation is inhibited by high levels of intracel-
lular cholesterol [120]. SREBP-2 also regulates 
the transcription of HMGCR; together, this sug-
gests that SREBP-2 contributes to cholesterol 
accumulation. SREBP-2 also has a role in regulat-
ing androgen production, which can be synthe-
sized from cholesterol through this pathway. 
Interestingly, SREBP-2 can also be regulated by 
androgens, suggesting a feedback loop for andro-
gen synthesis.

SREBP-2 contributes to cholesterol accumula-
tion, which opposes the effect of the nuclear 
receptor liver X receptors (LXR), another impor-
tant factor in cholesterol homeostasis [121]. LXRs 
respond to excess cholesterol by modulating the 
transcription of various intermediates in the cho-
lesterol and fatty acid synthesis pathways. Two 
isoforms exist (LXRα and LXRβ), which differ in 
their tissue localization. Oxysterols, an oxidized 
derivative of cholesterol, can activate LXRs, 
which eliminate cholesterol by reducing LDL 
uptake [122], regulating ATP-binding cassette 
(ABC) transporter expression [123], and convert-
ing cholesterol to bile acid [123, 124]. ABC trans-
porters can mediate the release of cholesterol in 
cells with increased levels of cholesterol by the 
process of reverse cholesterol transport (RCT) 
that is mediated by LXRs [125]. LXR has a tumor 
suppressive role in prostate cancer [125, 126]. In 
addition, the synthesis of steroids from choles-
terol is regulated by the cytochrome P450 family 
of enzymes. CYP27A1 encodes a cytochrome 
P450 oxidase that converts cholesterol into 27HC 
and other oxysterols. This creates a system in 
which 27HC inhibits prostate cancer cell growth 
by depleting cellular stores of cholesterol [127], 
possibly through the activation of LXR.

Interestingly, while prostate cancer has classi-
cally been characterized by increased fatty acid 
synthesis and lipid uptake, it is now clear that 
these tumors also exhibit and require high levels 
of beta oxidation [128]. While fatty acid synthe-
sis provides lipids for various purposes and path-
ways in the cell, beta oxidation can provide 
energy from stored lipids, which can be used for 
cancer cell growth by providing ATP, as well as 
acetyl-CoA, which can be recycled into the TCA 
cycle and used as a second messenger or possibly 
rerouted for use in epigenetic regulation. The 
process of beta oxidation occurs mainly in the 
inner mitochondrial membrane, where fatty acids 
can be transported via carnitine transport. 
Carnitine palmitoyltransferase 1 (CPT1) is 
required for prostate cancer cell growth [129–
131]. Blockade of beta oxidation at additional 
steps impairs prostate cancer growth and metas-
tasis in vivo by inhibiting CaMKII activation 
[132]. Beta oxidation also occurs in peroxisomes, 
after which oxidized lipids can be transported to 
the mitochondria or can enter different cell path-
ways [133]. An increase in beta oxidation in pros-
tate cancer is supported by the upregulation of 
α-methylacyl-CoA racemase (AMACR), an 
enzyme involved in catalyzing the peroxisomal 
and mitochondrial beta oxidation of branched- 
chain fatty acids [134, 135]. D-bifunctional pro-
tein (DBP), which is involved in peroxisomal 
beta oxidation, is also upregulated in prostate 
cancer [136]. Taken together, prostate cancers 
exhibit dynamic lipid metabolism, indicating that 
both the synthesis and breakdown of fats may 
represent therapeutic vulnerabilities for the treat-
ment of the disease.

 Amino Acid Metabolism

While glutamine is not an essential amino acid, it 
plays an important role during cancer cell starva-
tion as a source of energy, carbon and nitrogen 
[137–139]. SLC1A5 (ASCT2) is the primary 
glutamine transporter in cancer [140]. Other 
transporters such as SLC1A4 (ASCT1) may also 
play a role in glutamine transport under condi-
tions of stress in the tumor microenvironment 
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[141]. However, it is unclear if this is due to 
direct or indirect transport. Both SLC1A4 and 
SLC1A5 are upregulated in prostate cancer by 
androgens [142, 141]. However, SLC1A4 and 
SLC1A5 are not direct targets of AR [141]. While 
MYC is a major regulator of glutamine metabo-
lism in many cancer types [139, 143, 144], MYC 
appears to regulate glutamine metabolism in 
prostate cancer in a context-dependent manner 
that is potentially influenced by the PTEN status 
of the cell [141]. Interestingly, glutamine uptake 
in prostate cancer cells is driven by several onco-
genic networks such as AR, MYC and mTOR 
signaling.

Due to the dependence of cancer cells on glu-
tamine, several attempts have been made to 
exploit this vulnerability. The drug CB-839 
(Calithera Biosciences), which targets mitochon-
drial glutaminase, is currently being tested in 
early phase clinical trials for the treatment of 
solid tumors in combination with chemothera-
peutic drugs [145]. The aggressive prostate can-
cer cell line PC-3 and the metastatic derivative 
PC-3M are sensitive to CB-839 due to their 
dependence on glutamine metabolism [106]. 
Although it is appealing to target the conversion 
of glutamine to glutamate, this approach has lim-
itations as it does not consider the contributions 
of glutamine metabolism independent of gluta-
minolysis. First, glutamine can activate MAPK 
signaling independently of RAS [146]. Second, it 
was reported that amino acids, including gluta-
mine, can activate CaMKK2 which in turn acti-
vates AMPK [147]. While AMPK was initially 
described as a tumor suppressor due to its 
upstream kinase LKB1 [148–150], a context- 
dependent, oncogenic role for AMPK has 
emerged in recent years [131, 151–153]. To take 
advantage of these additional aspects of gluta-
mine metabolism, the first selective inhibitor of 
SLC1A5/ASCT2, V-9302, was developed [154]. 
This inhibitor was tested across a panel of 29 
cancer cell models and in vivo, resulting in 
decreased growth, increased cell death and oxi-
dative stress [154]. However, it should be men-
tioned that glutamine is not the only amino acid 
transported by ASCT2 [154]. Hence, the effect of 
V-9302 might not be due to glutamine uptake 

alone. Further, even though ASCT2 is the major 
glutamine transporter [155], additional transport-
ers such as LAT1 and 2, as well as SNAT1-5 can 
also transport glutamine [154]. LAT1 and 3 are 
upregulated in prostate cancer, and while they are 
the main transporters for leucine, the transport of 
glutamine is also possible [142, 154]. Thus, inhi-
bition of other amino acid transporters besides 
ASCT2, such as LAT1, may also decrease tumor 
growth [142]. An advantage of the transporters is 
their cell surface localization, making them theo-
retically accessible for other types of potentially 
more selective targeting (ex. antibody-mediated 
delivery).

Another non-essential amino acid that has 
been targeted for cancer treatment is arginine. 
Many advanced cancers, including prostate can-
cer, demonstrate a loss of components of the urea 
cycle such as argininosuccinate synthetase (ASS) 
[156–159]. ASS is needed for the eventual con-
version of arginine from citrulline [160], which 
means that loss of ASS leads to a cellular depen-
dence on the uptake of extracellular arginine. 
This vulnerability has been targeted by introduc-
ing the enzyme arginine deiminase (ADI) conju-
gated to polyethylene glycol 20 (PEG20). The 
PEG20 moiety decreases immune responses and 
increases serum half-life of ADI-PEG20, leading 
to depletion of circulating arginine from the 
serum [161]. Treatment of ASS-deficient prostate 
cancer cells such as CWR22Rv1 in mouse xeno-
graft models, with ADI-PEG20 alone or in com-
bination with docetaxel leads to reduced tumor 
growth [157]. As expected, cells expressing low 
levels of ASS (PC-3) are responsive to ADI- 
PEG20, while those expressing high levels of 
ASS (LNCaP) are resistant to ADI-PEG20 [157]. 
While this approach shows promising results 
[157], it should be considered that cells can 
develop resistance to arginine deprivation via a 
compensatory induction of ASS expression 
[156]. Another approach to starve cancer of argi-
nine is the use of recombinant arginase, which 
converts arginine into ornithine [162]. While this 
approach is dependent on the levels of ornithine 
carbamoyl transferase (OCT) expression, several 
prostate cancer cell lines with low levels of OCT 
are responsive to arginase treatment [162]. 
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However, this approach should be carefully con-
sidered due to the importance of the polyamine 
synthesis pathway that uses ornithine as a sub-
strate. Several cancers display increased prolif-
eration when the polyamine synthesis pathway is 
upregulated [163]. In prostate cancer, the enzyme 
ornithine decarboxylase (ODC), which converts 
ornithine to putrescine, is a direct target of AR 
[164]. Further, when ODC is overexpressed, non- 
malignant prostate epithelial cells can be trans-
formed into prostate cancer cells [165]. Inhibition 
of the uptake of polyamines by N1-spermine-l- 
lysine amide, or ODC itself by 
α-difluoromethylornithine, is sufficient to inhibit 
the growth of prostate cancer in culture and in 
vivo [166]. However, as noted below in the 
Section “Biofluids and Tissue Metabolism 
Biomarkers”, the role of the polyamines in pros-
tate cancer may not mirror that observed for other 
cancer types. For example, the levels of poly-
amines, and especially spermine, are often 
decreased in primary prostate cancer relative to 
benign prostate [167–169]. Hence, whether the 
polyamines, or perhaps specific polyamines, 
have unique roles in prostate cancer and whether 
these roles vary further in different disease stages, 
remains poorly understood.

One-carbon metabolism connects two impor-
tant pathways: the folate and methionine cycles, 
which can then feed into the transsulfuration and 
polyamine synthesis pathways. As a result, one 
carbon metabolism regulates several cellular pro-
cesses such as epigenetics via methylation 
(methionine cycle), DNA synthesis and repair 
(folate cycle), and protection against reactive 
oxygen species via glutathione (transsulfuration 
pathway) [170]. This intricate network is fueled 
by the amino acids serine and glycine [171]. 
Several key enzymes in these pathways are regu-
lated by AR [171]. For example, the conversion 
of glycine to N-methylglycine (sarcosine) is 
facilitated by the glycine-N-methyl transferase 
(GNMT) and has been shown to be important for 
cell invasion [172]. Knockdown of GNMT in 
DU-145 cells results in lower amounts of sarco-
sine and a decrease in invasion [172]. In contrast, 
knockdown of the enzyme sarcosine dehydroge-
nase (SARDH), which is responsible for the con-

version of sarcosine to glycine, leads to high 
levels of sarcosine and elevated invasion [173]. 
GNMT and SARDH are both regulated by AR 
and the TMPRSS2-ERG fusion [172, 174].

Another important aspect of the one-carbon 
cycle is its role as a source for methyl groups to 
perform epigenetic modifications. Methylation of 
histones depends on S-adenosyl-methionine 
(SAM), a product of the methionine cycle [170]. 
DNA is often hypermethylated in prostate cancer, 
regulating genes involved in cell cycle, DNA 
repair and apoptosis [175–184]. Thus, the main 
DNA methyltransferase 1 (DNMT1) is upregu-
lated and activated in prostate cancer [185, 186]. 
Consequently, tumor formation can be altered 
with 5-azacitidine, an inhibitor of DNMT1 [187]. 
One-carbon metabolism is influenced by AR and 
fuels prostate epigenetic reprogramming by pro-
viding the substrate (SAM) to methyltransferases 
that are also upregulated by AR [170]. This is 
highly significant since epigenetic reprogram-
ming leads to drug resistance in prostate cancer. 
Patients in phase I and II clinical trials exhibited 
increased chemosensitivity to docetaxel in com-
bination with 5-azacitidine [188]. In addition to 
the important role of SAM in epigenetics as a 
substrate for methyltransferases, it can also be 
diverted into the polyamine synthesis pathway 
[170]. Given the importance of polyamines in the 
prostate and their association with cancer pro-
gression [163, 189], inhibition of methyltransfer-
ases may lead to an increase in polyamine 
synthesis. To that end, elevated levels of 
 polyamines are associated with prostate cancer 
progression [190, 191] as the reduction of poly-
amines in CRPC patients leads to prolonged sur-
vival [192]. Interestingly, when SAM is utilized 
by methyltransferases it creates S-adenosyl- 
homocysteine (SAH), which moves along the 
methionine cycle to intersect with the folate cycle 
to create methionine and regenerate SAM [170]. 
Along the methionine cycle SAM is converted to 
SAH and further to homocysteine by the enzyme 
S-adenosylhomocysteine hydrolase [171]. 
Homocysteine can then feed into the transsulfu-
ration pathway, resulting in the production of 
glutathione, thereby altering the cellular response 
to ROS [170]. Overall, the one-carbon cycle rep-
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resents a complex network of several pathways, 
and we are in the very early stages of understand-
ing the appropriate contexts for therapeutic 
targeting.

 Hexosamine Biosynthetic Pathway

The Hexosamine Biosynthetic Pathway (HBP) 
branches from the traditional glycolytic pathway 
to synthesize UDP-GlcNAc, an essential sub-
strate for N- and O-linked protein glycosylation 
and glycosaminoglycan, proteoglycan, and gly-
colipid production. While the HBP shunts only a 
small percentage of fructose 6-phosphate away 
from glycolysis, it is a surrogate of total cellular 
energy levels because it incorporates metabolites 
from several key metabolic pathways, including 
nucleotide (uracil), amino acid (glutamine), fatty 
acid (acetyl-CoA), and glucose (F6P) metabo-
lism [193]. Additionally, the UDP in UDP- 
GlcNAc is an energetic compound that can serve 
as a non-ATP readout of cellular energy availabil-
ity [193].

In prostate cancer, the HBP is upregulated in 
hormone-sensitive, localized tumor samples, as 
the mRNA and protein levels of the first and rate- 
limiting enzyme in the HBP, glutamine fructose- 
6- phosphate amidotransferase (GFAT/GFPT1), 
and the final enzyme in the HBP, UDP-N- 
Acetylglucosamine Pyrophosphorylase 1 (UAP1) 
are elevated in cancerous prostate tissues com-
pared to matched benign samples. GFAT and 
UAP1 levels are also increased in response to 
androgens in LNCaP and VCaP cells [194, 195]. 
High-performance liquid chromatography 
(HPLC)-based evaluation of the levels of sugar 
nucleotides in cells revealed UDP-GlcNAc levels 
are high in early-stage, AR-positive cell lines 
(LNCaP and VCaP), but low in non-transformed 
human prostate cell lines (RWPE-1 and PNT2) as 
well as AR-negative PC-3 cells. In addition, 
AR-positive cell lines express ~50% more 
enzymes involved in the HBP compared to 
AR-negative cell lines. This indicates that AR 
mediates the upregulation of HBP enzymes, and, 
therefore, the flux of metabolites through the HBP 
in early, localized prostate cancer.

N-linked glycosylation utilizes UDP-GlcNAc 
to add complex sugar conjugates to proteins in 
the ER and Golgi bound for the outer membrane, 
which influence the localization and stability of 
those proteins [196]. The decrease in the expres-
sion of AR target genes KLK3 and CAMKK2 
(cytosolic proteins that are not N-glycosylated) 
in the presence of the N-linked glycosylation 
inhibitor tunicamycin suggests that AR activity is 
dependent on positive cross talk with a mem-
brane bound protein that relies on N-linked gly-
cosylation for activity and/or stability. The main 
candidates for this crosstalk are RTKs, specifi-
cally insulin-like growth factor 1 receptor 
(IGF-1R). N-linked glycosylation increases RTK 
membrane retention time resulting in longer RTK 
signaling. In LNCaPs and VCaPs, glycosylation 
of IGF-1R increases AR-mediated transcription 
of IGF-1R indicating there is a positive feedback 
between the two that requires glycosylation- 
mediated IGF-1R membrane retention and subse-
quent IGF-1R-mediated AR activation.

O-linked β-N-acetylglucosamine transferase 
(OGT), the enzyme that utilizes UDP-GlcNAc to 
mediate O-GlycNAcylation (O-GlcNAc) of pro-
tein substrates, is also upregulated in clinical 
samples of localized prostate cancer and is asso-
ciated with poor prognosis [195, 197, 198]. 
O-GlcNAc modification of Ser/Thr residues on 
proteins can act similarly to phosphorylation by 
changing the activity of a given target protein. 
Inhibition of OGT, either pharmacologically or 
molecularly, leads to a decrease in the viability of 
LNCaP, VCaP and PC-3 cells. It also results in a 
decrease in tumor size in mouse xenografts of 
prostate cancer and other cancer types. This 
could be due to the destabilization of c-MYC 
caused when OGT is lost. When glycosylated by 
OGT, c-MYC remains stable, but when c-MYC 
remains un-glycosylated, it becomes vulnerable 
to ubiquitin-mediated proteasomal degradation.

Paradoxically, in CRPC, expression of the 
HBP enzyme glucosamine-phosphate 
N-acetyltransferase 1 (GNPNAT1) is significantly 
decreased compared to localized prostate cancer 
[199]. Loss of GNPNAT1 expression increases 
the aggressiveness and proliferation of 
CRPC.  This is mediated by the expression of 
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several oncogenic cell cycle genes through activa-
tion of the PI3K-AKT pathway in cells expressing 
full-length AR or by specific protein 1 (SP1)-
regulated expression of carbohydrate response 
element-binding protein (ChREBP) in cells con-
taining the AR-V7 variant. Accordingly, addition 
of UDP-GlcNAc to CRPC cells decreases prolif-
eration in cell culture and tumor growth in vivo. 
UDP-GlcNAc treatments also sensitize CRPC 
cells to enzalutamide. Taken together, activation 
of the HBP or addition of its end product UDP- 
GlcNAc, particularly in conjunction with a stan-
dard of care drug like enzalutamide, could have 
clinical efficacy in the treatment of CRPC.

 Metabolic Scavenging

Autophagy is a cellular recycling process that can 
provide metabolites under conditions of cellular 
stress such as starvation. It can also help mitigate 
ROS by clearing out dysfunctional organelles 
(e.g., mitochondria), and clear the cell of protein 
aggregates and damaged proteins that interfere 
with normal cell operations. Initially, autophagy 
was categorized as a tumor suppressive process 
due to its ability to shut down proliferation and 
induce cell death when hyper-activated. However, 
recent studies indicate autophagy is contextual, 
exhibiting both pro-cancer and anti-cancer func-
tions [200, 201]. In prostate cancer, autophagy 
has been shown to protect advanced prostate can-
cers against starvation and hypoxia while promot-
ing resistance to cancer therapies [202]. Moving 
forward, the intricate relationship between 
autophagy core components, its upstream regula-
tors, altered AR signaling, and conditions in the 
tumor microenvironment must be defined to 
determine the appropriate contexts for manipulat-
ing autophagy to treat prostate cancer.

A study of melanoma showed that knockout 
of the core autophagy gene Atg7 led to a decrease 
in tumor growth due to DNA damage and activa-
tion of senescence [203]. Another study of mela-
noma showed monoallelic loss of Atg5 led to 
tumor metastasis, whereas biallelic loss of Atg5 
led to increased sensitivity to BRAF inhibitors 
and decreased tumor burden [204]. These find-

ings suggest that there are dose-dependent effects 
of autophagy in cancer. Using genetic mouse 
models, deletion of Atg7 specifically in prostate 
epithelia was sufficient to impair cancer progres-
sion in intact and castrated Pb-Cre, Ptenf/f mice 
[205]. Interestingly, co-targeting of HK2 and 
ULK1-dependent autophagy suppressed the 
growth of PTEN- and TP53-deficient CRPC 
[185], indicating that autophagy inhibitors may 
have improved efficacy under induced conditions 
of metabolic stress.

It is becoming increasingly clear that autoph-
agy plays a critical role in resistance to treat-
ments of advanced prostate cancers [206, 207]. 
To that end, enzalutamide resistance in CRPC 
cells can be overcome by inhibition of autoph-
agy [208–210]. Docetaxel induces autophagy 
through promoting Beclin1-Vps34-Atg14 com-
plex formation in CRPC cells without affecting 
mTOR or p-mTOR expression [211]. Inhibition 
of autophagy boosts sensitivity to chemotherapy 
in CRPC cells, and interestingly, activation of 
STAT3 by IL-6 inhibits autophagy and improves 
chemotherapeutic efficacy [211–213]. 
Additionally, autophagy provides protection 
against the anti- cancer drug diindolylmethane 
(DIM) in LNCaP and C4-2B cell lines and PC-3 
xenograft mouse models [214, 215]. Treatment 
of DIM in combination with the ULK1 inhibitor 
MRT 67307, chloroquine (CQ), or siRNAs 
against the oncogene AEG-1 or AMPK signifi-
cantly reduces cell proliferation in culture and 
tumor growth in vivo. Further, when PC-3 cells 
are treated with the cyclooxygenase-2 (COX-2) 
inhibitor celecoxib, c-Jun N-terminal kinase 
(JNK) mediates the activation of autophagy to 
protect cells from celecoxib- induced apoptosis 
[216]. Finally, curcumin can activate autophagy 
and apoptosis in CRPC. Curcumin treatment in 
conjunction with inhibitors of autophagy 
increases apoptotic cell death and mitigates the 
protective effects of autophagy [217]. To date, 
however, significant anti-cancer efficacy of 
autophagy-targeted therapies has not been 
observed in prostate cancer patients. However, 
this could be due to the lack of potent and selec-
tive inhibitors of autophagy, a major limitation 
of the field.

C. Lin et al.



199

Recently, loss of the transcription factor 
repressor element-1 silencing transcription factor 
(REST) combined with induction of autophagy 
was found to promote the neuroendocrine differ-
entiation (NED) of prostate cancer. Monoamine 
oxidase A (MAOA), a mitochondrial enzyme, is 
downregulated by REST [218]. Downregulation 
of MAOA results in decreased autophagic flux 
(specifically mitophagy). Cells with downregu-
lated MAOA have fewer neuroendocrine charac-
teristics. Clinically, MAOA expression is 
correlated with prostate cancer relapse in patient 
samples. Thus, MAOA expression could induce 
NED in part through induction of autophagy/
mitophagy. Like MAOA, tumor necrosis factor 
α-inducible protein 8 (TNFAIP8) is highly 
expressed in AR-negative PC-3 cells and associ-
ated with prostate cancer cell survival [219]. 
Autophagic flux and biomarkers of neuroendo-
crine differentiation are increased following the 
overexpression of TNFAIP8  in PC-3 cells. 
Another new potential regulator of autophagy is 
dCTP pyrophosphatase 1 (DCTPP1) [220]. 
DCTPP1 is typically involved in hydrolyzing 
dCTP to dCMP. High DCTPP1 levels track with 
prostate cancer progression and Gleason score as 
well as the progression of other cancer types. A 
bioinformatics study linked DCTPP1 tumor- 
promoting actions to autophagy, but further 
research is needed to determine how DCTPP1 is 
mechanistically linked to autophagy.

While still controversial, most data support a 
tumor suppressive role of autophagy in the early 
stages of prostate cancer and a tumor-supportive 
role of autophagy in later stages [202]. Current 
evidence suggests that inhibiting autophagy, or 
its upstream regulators, in combination with anti-
androgens, taxanes, or other targeted therapies 
has clinical efficacy in advanced stages of pros-
tate cancer. Recent findings point toward a link 
between autophagy and NED.  How autophagy 
can induce this differentiation or if autophagy is 
just a bystander during NED is still unclear. As 
new ways to accurately measure autophagic flux 
in vivo become available, understanding what 
type of autophagy, when autophagy is activated, 
and where autophagy is activated will provide the 
needed insights into how autophagy is contribut-

ing to disease progression and therapy resistance. 
Further, discovery of new regulators of autoph-
agy and inhibitors with in vivo efficacy are 
needed to enable therapeutic approaches in the 
clinic.

During a process known as macropinocytosis, 
cells engulf nearby extracellular substances and 
transport them to lysosomes for degradation to 
yield metabolites that provide cells with addi-
tional nutrients. In the context of cancer, mac-
ropinocytosis can provide starved and stressed 
cells with additional nutrients much like autoph-
agy, even sharing some of the same components 
and regulatory pathways [221]. However, unlike 
autophagy, macropinocytosis can scavenge extra-
cellular nutrients, easing the burden on cells to 
recycle their own components, which will even-
tually become depleted. Given that cancer cells 
can utilize macropinocytosis to survive in 
nutrient- starved environments, targeting its 
upstream regulators and core machinery could 
have therapeutic value.

Macropinocytosis requires PI3K-mediated 
production of PIP3 for membrane enclosure and 
RAC1 activation to prompt cytoskeletal remodel-
ing and membrane ruffling necessary for engulf-
ment of extracellular materials [222]. The PI3K 
inhibitor PTEN is the most commonly deleted 
tumor suppressor in prostate cancer. Concurrently, 
the RAC1 activator AMPK is often highly acti-
vated in prostate cancer due to the increased 
expression of the AR target gene and AMPK acti-
vator CaMKK2 [223]. Taken together, 
 macropinocytosis can be highly activated in pros-
tate cancer. Recently, it was found that macropi-
nocytosis in PTEN-deficient prostate cancer 
differs from RAS-driven cancers as it did not 
account for all of the albumin uptake into the cell 
[222]. However, it was shown that necrotic debris 
was taken into the cell exclusively via macropi-
nocytotic engulfment. This discovery was accom-
plished using fluorescently labeled murine 
hematopoietic cell “corpses” introduced into the 
media of prostate cancer cells. Necrotic debris is 
often available in the tumor microenvironment 
due to starvation-induced death initiated by the 
tumor cell itself or by cancer therapies that kill 
some but not all tumor cells. Engulfed necrotic 

Prostate Cancer Energetics and Biosynthesis



200

tissue, containing organelles, proteins and other 
nutrients, is broken down into metabolites to sus-
tain growth, proliferation, and survival. Proteins 
from necrotic debris provide amino acids for bio-
mass. Besides increased biomass, the replenished 
amino acid pool activates mTOR signaling. 
Further, lipids are also derived from the necrotic 
tissue and supplement lipid biosynthesis and sub-
sequent lipid metabolism that is critical to many 
prostate cancers. Hence, macropinocytosis is an 
emerging biological process in cancer that may 
warrant drug development efforts. To that end, 
the requirement for lysosomal activity in both 
autophagy and macropinocytosis may account 
for some of the efficacy of the reported autoph-
agy inhibitors that function via disrupting lyso-
somal functions.

 Regulation of Metabolic 
Reprogramming

 Signal Transduction

The regulation of cancer metabolism by signal 
transduction pathways has garnered considerable 
attention over the past two decades. It is clear that 
aberrant signaling, from both intracellular and 
extracellular stimuli, converge to alter the central 
metabolism of a cancer cell to support the high 
demands for energy production and building 
blocks. In the context of prostate cancer, AR acti-
vation is tightly coupled with global metabolic 
alterations. Also, MYC amplification, PTEN loss 
and aberrant activation of PI3K/AKT/mTOR sig-
naling, all common events in advanced prostate 
cancer, have profound effects on metabolic adap-
tation. Below, we summarize the association of 
several key signaling regulators with metabolic 
reprogramming in prostate cancer.

As the major driver of prostate cancer, the 
influence of AR on diverse metabolic pathways 
has significant implications for prostate cancer 
progression. Transcriptional upregulation of 
enzymatic genes is one of the important ways 
that AR works in metabolic rewiring. A common 
mechanism is AR directly binding to the promot-
ers of these genes and increasing their transcrip-

tion. The expression of these critical enzymes 
promotes a metabolic shift that facilitates cell 
growth, survival and migration [153, 224–226]. 
A detailed description of known, direct AR meta-
bolic target genes has been described previously 
[225]. Additionally, some important metabolic 
regulators are downstream targets of AR.  For 
example, AR activates a CaMKK2-AMPK- 
mediated cascade. CAMKK2 is a direct transcrip-
tional target of AR and is overexpressed and 
highly active in prostate cancer [151–153, 227]. 
CaMKK2, the predominant upstream kinase of 
AMPK in the prostate, adapts cells to various 
energetic stresses. AMPK-mediated metabolic 
changes have been correlated with increasing 
intracellular ATP levels, glycolysis, glucose 
uptake and PGC-1α-mediated mitochondrial bio-
genesis [29, 131, 153, 227]. HIF-1α also coordi-
nates with AR to mediate metabolic adaptation to 
hypoxia by maintaining redox balance and cell 
survival. In a low androgen environment, HIF-1α 
directly upregulates AR expression in the pres-
ence of hypoxia [228]. Meanwhile, AR can stabi-
lize and activate HIF-1α through an autocrine 
loop of PI3K/AKT in a hypoxia-independent 
manner [229]. This crosstalk provides a rationale 
for the joint inhibition of AR and HIF-1α to treat 
prostate cancer by blocking metabolic adaption 
to varied androgen or oxygen levels. Of note, AR 
splice variants can also regulate prostate cancer 
cell metabolism. For example, AR-V7 can pro-
mote cell growth, migration, and glycolysis 
[173]. Like AR, in CRPC cells, AR-V7 can drive 
de novo lipogenesis [71]. However, AR-V7 
exhibits some unique metabolic regulatory 
behavior. A metabolic profile showed that in 
AR-V7-stimulated cells, there were differences 
in the levels of TCA cycle intermediates [173]. 
Notably, AR-V7 promotes higher levels of citrate 
oxidation, similar to what was observed in CRPC 
patient samples [173]. Further, AR-V7 increases 
glutaminolysis and reductive carboxylation.

MYC is another common oncogene that drives 
prostate cancer tumorigenesis. Amplification and 
mutations of MYC are seen frequently in 
advanced prostate cancer and associated with 
poor prognosis in a subset of cases [230]. Similar 
to AR, MYC contributes to metabolic reprogram-
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ming partially through the activation and expres-
sion of metabolic enzymes. Mitochondrial 
glutaminase, GLS1, is a MYC downstream effec-
tor for glutaminolysis in PC-3 cells via miR- 
23a/b [143]. Additionally, glutamine uptake is 
regulated by MYC in a PTEN-dependent manner 
[141]. Many MYC-mediated effects are exerted 
through complex interactions. MYC-E2F1 has a 
greater regulation of nucleotide metabolism 
while MYC-HIF-1α is more involved in glucose 
metabolism [231]. Moreover, MYC may also 
play a role in lipid metabolism. Oncogene- 
mediated metabolic signatures in prostate cancer 
revealed that dysregulated lipid metabolism is 
induced by MYC overexpression [232].

PTEN loss and subsequent hyperactivation of 
PI3K/AKT/mTOR signaling are also common 
events in advanced prostate cancer. As a master 
regulator of metabolism, the PI3K/AKT/mTOR 
pathway controls nutrient uptake and utilization 
as well as metabolic scavenging. PI3K/AKT acti-
vation has been strongly linked to aerobic glyco-
lytic metabolism [232]. Further, mTORC1 
promotes glycolysis by increasing HK2 transla-
tion and upregulating the expression of HIF-1α 
[233, 234]. The mTORC2 complex further aug-
ments glycolysis through AKT-dependent HK2 
activation [233]. In addition, activation of AKT 
via PTEN-deficiency increases glucose metabo-
lism by increasing HK2 phosphorylation and 
expression which in turn increases intracellular 
ROS-mediated cell growth [235]. Moreover, 
AKT/mTORC1 has been suggested to influence 
fatty acid synthesis through the activation of 
SREBP and upregulation of FASN [95, 236]. 
Inhibition of AKT in PTEN-deficient cells modu-
lates the activation of ACLY. This repression lim-
its the conversion of citrate to acetyl-CoA which 
ultimately reduces histone acetylation and epi-
genetic regulation [234, 237]. PTEN loss also 
leads to cholesterol ester accumulation which has 
been linked with more aggressive diseases [93, 
238]. Therapeutically, inhibition of mitochon-
drial complex I appears to be an effective strategy 
to decrease PTEN loss-induced cell growth [239]. 
This can be attributed to the fact that PTEN-null 
cells are more dependent on consuming ATP 

through mitochondrial complex V. Additionally, 
mTOR signaling modulates amino acid metabo-
lism in prostate cancer through its regulation of 
glutamine uptake, glutamine utilization, and 
polyamine biosynthesis [141, 240, 241]. 
Importantly, PI3K/AKT/mTOR signaling can 
function in part as a nutrient sensor by respond-
ing to changes in cellular energy status. For 
instance, leucine deprivation inhibits prolifera-
tion and induces apoptosis in CRPC via blocking 
mTORC1 signaling [242].

Of note, signaling pathways rarely work in 
isolation. Instead, they are greatly influenced by 
one another. AR regulates MYC expression in a 
context-dependent manner [141]. Blocking either 
AR or the PI3K/AKT/mTOR signaling pathway 
can mutually stimulate the other pathway to sup-
port cancer cell proliferation, particularly in the 
context of CRPC [243–245]. Moreover, AR acti-
vation induces mTOR nuclear localization and 
reprograms its genomic binding. In this scenario, 
mTOR acts as a transcriptional integrator to facil-
itate androgen-dependent metabolic rewiring 
[246]. In addition, AMPK activation is essential 
for PTEN loss-increased macropinocytosis [222]. 
Also, mTOR signaling promotes prostate cancer 
stem cell survival, an effect that is modulated by 
HIF-1α [247]. Considering the abundance of 
multiple feedback mechanisms, future therapeu-
tic regimens may benefit from combinatorial 
treatment strategies, especially for overcoming 
drug resistance [244, 245, 248].

 Non-coding RNAs

MicroRNAs (miRNAs) are small, endogenous 
non-coding RNAs of 18–25 nucleotides in length, 
which act as gene regulators. Different from tran-
scription factors, miRNAs regulate gene expres-
sion by binding directly to the 3′-untranslated 
region (3′UTR) of mRNAs and inducing mRNA 
degradation and/or inhibiting translation. 
Therefore, miRNAs have been associated with a 
number of biological processes including prolif-
eration, apoptosis and metabolism. Emerging 
evidence has revealed that altered metabolism in 
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cancers, including prostate cancer, is regulated 
by miRNAs. They can either directly target the 
transporters, kinases and enzymes in established 
metabolic pathways or indirectly manipulate 
important signaling pathways that regulate can-
cer metabolic shifts. Here, we focus on the direct 
regulation and will briefly summarize miRNAs 
and their related metabolic targets in prostate 
cancer (Table 1).

In contrast to the largely global increase of 
miRNAs in prostate cancer [249], miRNAs 
directly regulating prostate cancer glucose 
metabolism are mostly downregulated. Such 
inhibition facilitates the stability and expression 
of metabolism-related mRNAs. Decreased 
expression of miR-132, observed in prostate can-
cer, can promote a metabolic shift towards gly-
colysis by increasing the expression of GLUT1, 
HK2 and PKM2 [250]. Inhibiting miR-132 is 
sufficient to stimulate glucose uptake, increase 
lactate secretion and boost cell proliferation. 
Similarly, miR-181b, 142, 421, 205 and 143 are 
also associated with the regulation of glycolysis 
(Table 1).

MiRNAs also regulate the TCA cycle and 
OXPHOS. Malate dehydrogenase 2 (MDH2), a 
TCA cycle enzyme, has been associated with 
miR-22 and miR-205 [21]. RNA-seq and pro-
teomics data from benign prostate tissue, 
hormone- naïve primary prostate cancer, and 
CRPC samples showed that the protein expres-
sion of MDH2, which persistently increased dur-
ing prostate cancer progression, was not 
correlated with its mRNA level. Strikingly, miR- 
22 and miR-205 bound directly to the MDH2 
mRNA and suppressed its translation. MiR-205 
also contributed to docetaxel resistance in pros-
tate cancer by promoting a metabolic shift from 
glycolysis to OXPHOS. OXPHOS engagement 
may be a hallmark of docetaxel resistance in 
PC-3 cells. OXPHOS-related genes are upregu-
lated in docetaxel-resistant PC-3 cells compared 
to parental PC-3 cells, while glycolytic genes are 
downregulated. Accordingly, restoration of miR- 
205 increased expression of HK2 and GLUT1 
mRNA and promoted sensitivity to docetaxel. 
However, it remains unknown how miR-205 
upregulates HK2 and GLUT1.

MiRNAs can target the PPP to provide build-
ing blocks for nucleotide biosynthesis as well as 
NADPH for anabolic metabolism and ROS 
homeostasis. miR-1 and its identical paralog 
miR-206 are associated with prostate cancer met-
abolic alterations through targeting three key PPP 
genes (G6PD, PGD, and TKT) and one carbohy-
drate/lipid metabolism regulation gene (glycerol- 
3- phosphate dehydrogenase, GPD2) [251]. 
Nuclear factor erythroid-2-related factor 2 
(NRF2) promotes tumor growth by attenuating 
miR-1 and miR-206 expression, activating the 
PPP pathway, which in turn accelerates cell 
proliferation.

SREBP-1, -2, ACLY and PPARA are targets of 
miRNAs [252]. For instance, ACLY is a direct tar-
get of miR-22 [253]. MiR-22 binds to the seed 
sequence GGCAGCU in the 3′UTR of ACLY 
mRNA, thereby decreasing ACLY protein expres-
sion and inhibiting de novo lipid synthesis. As a 
result, miR-22 treatment is able to inhibit PC-3 
cell growth and metastasis in cell and xenograft 
models. Moreover, SREBP-1 and -2, master tran-
scription factors for lipogenesis and cholestero-
genesis, are controlled by miR-185 and 
miR-342  in prostate cancer [254]. Through 
repressing SREBP-1 and -2, these two miRNAs 
block the expression of FASN and HMGCR, two 
genes important for fatty acid and cholesterol 
synthesis. Compared to the non-cancerous pros-
tate epithelial cell line RWPE-1, LNCaP and 
C4-2B cells have lower expression of both miR- 
185 and 342. Restoration of miR-185 and 342 
decreases the amounts of fatty acid and choles-
terol in these prostate cancer cells, and inhibits 
tumorigenesis, cell growth, migration and 
invasion.

MiR-23a and miR-23b are two miRNAs iden-
tified to regulate glutamine catabolism in prostate 
cancer. MiR-23a and miR-23b directly target 
mitochondrial glutaminase to influence cell sur-
vival [143]. Mechanistically, MYC transcription-
ally impedes the expression of miR-23a and 
miR-23b, which increases the expression of glu-
taminase. This promotes the conversion of gluta-
mine to glutamate. Glutamate serves as a 
substrate for ATP production or glutathione syn-
thesis, both of which could impact cell prolifera-

C. Lin et al.



203

Ta
bl

e 
1 

m
iR

N
A

s 
re

gu
la

tin
g 

pr
os

ta
te

 c
an

ce
r 

m
et

ab
ol

is
m

m
iR

N
A

s
R

eg
ul

at
io

n
Ta

rg
et

 
ge

ne
s

D
ir

ec
t

m
iR

N
A

 f
un

ct
io

n 
in

 m
et

ab
ol

is
m

T
is

su
es

/c
el

l l
in

es
R

ef
er

en
ce

 
(P

M
ID

)
m

iR
-1

32
D

ow
n

G
L

U
T

1
Y

es
In

hi
bi

t g
lu

co
se

 u
pt

ak
e,

 la
ct

at
e 

se
cr

et
io

n 
an

d 
gl

yc
ol

ys
is

PC
-3

, D
U

-1
45

, L
N

C
aP

, p
ro

st
at

e 
ca

nc
er

 ti
ss

ue
27

39
83

13
P

K
M

2
H

K
2

U
nk

no
w

n

m
iR

-1
81

b
D

ow
n

H
K

2
Y

es
In

hi
bi

t g
ly

co
ly

si
s

PC
-3

28
18

49
35

m
iR

-1
43

D
ow

n
H

K
2

Y
es

G
lu

co
se

 m
et

ab
ol

is
m

G
SE

21
03

2 
da

ta
se

t, 
PC

-3
26

26
97

64
m

iR
-4

21
D

ow
n

P
F

K
F

B
2

Y
es

In
hi

bi
t g

ly
co

ly
si

s
L

N
C

aP
, 2

2R
v1

, P
C

-3
, L

N
C

aP
, 

pr
os

ta
te

 c
an

ce
r 

tis
su

e
26

26
97

64

m
iR

-2
05

D
ow

n
H

K
2

G
L

U
T

1
U

nk
no

w
n

Pr
om

ot
e 

m
et

ab
ol

ic
 s

hi
ft

 f
ro

m
 g

ly
co

ly
si

s 
to

 O
X

PH
O

S,
 

D
oc

et
ax

el
 r

es
is

ta
nc

e
D

oc
et

ax
el

-r
es

is
ta

nt
 P

C
-3

 a
nd

 
D

U
-1

45
27

54
22

65

M
D

H
2

Y
es

In
hi

bi
t M

D
H

2 
ex

pr
es

si
on

D
if

fe
re

nt
 s

ta
ge

s 
of

 p
ro

st
at

e 
ca

nc
er

 
tis

su
e

29
56

35
10

m
iR

18
5 

m
iR

-3
42

D
ow

n
SR

E
B

P
1

SR
E

B
P

2
Y

es
In

hi
bi

t t
he

 e
xp

re
ss

io
n 

of
 F

A
SN

 a
nd

 H
M

G
C

T,
 in

hi
bi

t 
lip

og
en

es
is

 a
nd

 c
ho

le
st

er
og

en
es

is
L

N
C

aP
, C

4-
2B

23
95

10
60

m
iR

23
a/

b
D

ow
n

G
L

S1
Y

es
In

cr
ea

se
 g

lu
ta

m
in

e 
ca

ta
bo

lis
m

PC
-3

19
21

90
26

m
iR

22
b-

3p
U

p
P

R
O

D
H

In
hi

bi
t p

ro
lin

e 
ca

ta
bo

lis
m

PC
-3

22
61

54
05

m
iR

-2
2

D
ow

n
A

C
LY

Y
es

In
hi

bi
t d

e 
no

vo
 li

pi
d 

sy
nt

he
si

s
PC

-3
27

31
77

65
D

ow
n

M
D

H
2

Y
es

In
hi

bi
t M

D
H

2 
ex

pr
es

si
on

Pr
im

ar
y 

pr
os

ta
te

 c
an

ce
r, 

C
R

PC
, 

PC
-3

29
56

35
10

m
iR

-1
7/

92
 

cl
us

te
r

U
p

P
PA

R
A

U
nk

no
w

n
In

cr
ea

se
 li

po
ge

ne
si

s
L

N
C

aP
23

05
94

73

m
iR

-1
m

iR
-2

06
D

ow
n

G
6P

D
T

K
T

P
G

D
G

P
D

2

U
nk

no
w

n
In

hi
bi

t g
ly

co
ly

si
s

D
U

-1
45

23
92

11
24

m
iR

-2
9c

D
ow

n
SL

C
2A

3
Y

es
In

hi
bi

t g
lu

co
se

 m
et

ab
ol

is
m

Pr
os

ta
te

 c
an

ce
r 

tis
su

e
29

71
55

14

Prostate Cancer Energetics and Biosynthesis



204

tion. However, MYC upregulates miR-23b-3p 
and consequently proline dehydrogenase expres-
sion [255]. Since proline dehydrogenase can 
induce apoptosis, the decreased level of proline 
dehydrogenase protects cells against oxidative 
stress and increases cell survival. Clearly, addi-
tional work needs to be done to fully understand 
the regulation of this set of miRNAs by MYC.

 Influence of the Tumor 
Microenvironment

While intrinsic mutations and signaling aberra-
tions undoubtedly drive metabolic reprogram-
ming in prostate cancer cells, it is now appreciated 
that the cancer microenvironment, including 
fibroblasts, adipocytes, immune cells as well as 
endothelial cells, can greatly influence metabo-
lism and disease progression [256]. Cancer initia-
tion, progression and metastasis all require 
adaptation to the harsh host microenvironments 
that can include a lack of nutrients, high oxida-
tive pressure and hypoxia. Meanwhile, by inter-
action or signal secretion, cancer cells are able to 
remodel the extracellular matrix (ECM), repur-
pose the surrounding non-malignant cells and 
eventually leverage their neighbors to support 
their rapid proliferation. Therefore, the crosstalk 
between cancer cells and surrounding cells helps 
determine the fate of cancer and thus may  
provide an attractive target for cancer therapy. 
Here, we will focus on the metabolic interaction 
between prostate cancer and its 
microenvironment.

Hypoxia is an important factor that influences 
cancer progression, metastasis and drug resis-
tance. Hypoxic areas in prostate cancer are linked 
to higher clinical disease stages [257]. Hypoxia 
promotes epigenetic and genetic adaptation and 
therefore induces corresponding biological 
changes, including metabolic reprograming, that 
support rapid cancer cell growth. The key regula-
tor of this process is the HIF-1 complex, an 
oxygen- regulated transcription factor. 
Overexpression of HIF-1 has been detected in 
both primary and metastatic prostate cancer. 
HIF-1 can trigger a number of metabolic altera-

tions including the induction of glycolysis to 
maintain ATP levels and provide biosynthetic 
building blocks. We have discussed the regula-
tory role of HIF-1 on glycolytic genes including 
HK2, PDK1, PKM2, LDHA and MCT4 above. 
These events ensure a glucose supply that is suf-
ficient for anaerobic respiration, promotes lactate 
excretion to prevent the inhibition of glycolysis, 
and maintains the redox balance for proliferation 
and invasion. HIF-1-mediated  glycolysis  has 
been associated with resistance to androgen 
deprivation therapy (ADT) [258]. ADT decreases 
PPP in prostate cancer, while hypoxia and HIF-1 
maintain glucose uptake and lactate production. 
Further, ADT increases the expression of glucose- 
6- phosphate isomerase (GPI) specifically under 
hypoxic conditions. These data suggest that tar-
geting GPI or glycolysis is a viable strategy to 
overcome ADT resistance in hypoxic prostate 
tumors. In hypoxic conditions, glutamine also 
becomes a more significant carbon source for 
lipid synthesis. To that end, HIF-1-mediated 
PDK1 activation represses the production of 
citrate, which in turn strongly increases the 
α-ketoglutarate to citrate ratio and switches glu-
tamine conversion from oxidative to reductive 
[107]. It is still not fully understood how hypoxia 
affects fatty acid metabolism in prostate cancer, 
but hypoxia induced-CPT1C expression and fatty 
acid oxidation may be one mechanism that helps 
explain how prostate cancer cells combat meta-
bolic stress [259]. However, there are many other 
regulators of the hypoxic response that need to be 
considered including, but not limited to, p53, 
MYC and mTOR.  To date, knowledge of their 
relative contributions to the hypoxic response in 
prostate cancer is incomplete.

Oxidative stress can also induce metabolic 
reprogramming and contribute to the progres-
sion of prostate cancer. Reactive oxygen species 
(ROS) commonly cause damage to normal cells, 
and facilitate tumor growth and malignant pro-
gression by inducing DNA damage and genetic 
alteration. Additionally, ROS promote repro-
gramming of cancer cell metabolism to adapt to 
the stressful tumor environment. Compared to 
normal prostate cells, prostate cancer cells har-
bor high levels of ROS. Several signaling path-
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ways contribute to the observed increased 
ROS.  First, androgens can promote ROS pro-
duction by enhancing NADPH oxidase (NOX) 
expression, a major generator for extramito-
chondrial ROS, as well as the six transmem-
brane protein of prostate 2 (STAMP2) [260, 
261]. Such ROS generation is essential for pros-
tate cancer cell growth and invasion. Second, 
the loss of antioxidant proteins resulting from 
Nrf2 deregulation and inactivation of the gluta-
thione S-transferase family members promotes 
increased ROS [262, 263]. The upregulation of 
thioredoxin-1 (TRX1) is one mechanism that 
protects CRPCs from oxidative stress following 
ADT [264]. Consequently, elevated ROS may 
lead to the accumulation of mtDNA mutations, 
which in turn changes cellular metabolism 
[263]. However, more direct evidence is needed 
to confirm this intriguing hypothesis. In con-
trast, high ROS makes prostate cancer cells 
more vulnerable to cell death. As such, further 
increasing ROS in prostate cancer has been 
tested as a treatment strategy [264, 265]. 
Interestingly, the inactivation of T cells in pros-
tate cancer is partially due to the increased ROS 
that accumulates in T cells. In the tumor micro-
environment, T cell activation is inhibited by 
nutrient deprivation and microenvironment 
acidification. Moreover, 1-pyrroline-5-carbox-
ylate released by prostate cancer cells represses 
T cell proliferation and function by increasing 
ROS production and decreasing ATP production 
in T cells [256, 266].

Cancer associated fibroblasts (CAFs), which 
are derived from resident fibroblasts or other 
precursor cells, are the most abundant non-can-
cer cells in tumors and maintain a perpetually 
activated phenotype [267]. CAFs promote pro-
liferation, invasion, and metastasis of prostate 
cancer, along with development of chemother-
apy resistance. The reciprocal activation 
between cancer cells and CAFs occurs in pros-
tate cancer, resulting in cancer “stemness” and 
EMT [268]. PKM2 is one of the key regulators 
of this crosstalk. The close contact of prostate 
cancer cells to CAFs triggers PKM2 transloca-
tion to the nucleus where it forms a trimeric 
complex with HIF-1α and DEC1 to stimulate 

EMT and an OXPHOS phenotype. In addition, 
cancer cells exert reciprocal effects on CAFs to 
influence their metabolism. The exposure of 
CAFs to cancer cells induces a metabolic shift 
in the CAFs mimicking the “Warburg effect” 
with higher glucose consumption and lactate 
production and export [269–271]. The expres-
sion of GLUT1 and MCT4 contributes to this 
metabolic reprogramming [62, 270]. 
Interestingly, lactate from the CAFs is an energy 
source to fuel cancer cell OXPHOS.  Prostate 
cancer cells decrease glucose uptake via changes 
in GLUT1 expression but increase lactate influx 
via MCT1 when co-cultured with CAFs [62, 
270]. Accordingly, MCT expression differences 
between prostate cancer cells and CAFs has 
been associated with poor clinical prognosis 
[272]. However, an IHC staining study in 96 
node- negative prostate cancer specimens, while 
supporting the role of CAFs in promoting pros-
tate cancers, suggested an opposite metabolic 
symbiotic relationship between prostate cancer 
and CAFs [273]. The cancer cells preferred to 
produce lactate and undergo anaerobic metabo-
lism with high LDH5 (LDHA) expression while 
CAFs favored aerobic metabolism by LDH1 
(LDHB) expression. Whether there is reversible 
metabolic switching that occurs between pros-
tate cancer cells and CAFs is not known. The 
expression of carbonic anhydrase IX (CAIX) in 
CAFs is another important mediator for cancer 
progression. Cancer cells can stimulate the 
expression of CAIX in CAFs [272, 274, 275]. 
Since CAIX catalyzes the reversible reaction 
from carbon dioxide to bicarbonate and protons, 
it is involved in regulating the pH of the tumor 
microenvironment. An acidic microenvironment 
has been correlated with cancer invasion, dis-
semination and drug resistance [271]. 
Bicarbonate can serve as a one-carbon interme-
diate for growth needs [275]. Therefore, cancer 
induced–CAIX expression in CAFs could facili-
tate the establishment of an environment sup-
portive of proliferation and metastasis. Finally, 
CAFs can protect prostate cancer cells against 
chemotherapy-induced cell death by increasing 
intracellular glutathione (GSH) levels [276]. 
CAF co-culture or conditioned medium can 
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increase GSH levels ~30% in LNCaP cells. This 
prevented cells from doxorubicin- induced oxi-
dative stress and ultimately apoptosis.

Similar to CAFs, adipocytes can influence 
cancer cell metabolism. While adipocytes are 
sparse in the prostate gland, the peri-prostatic 
adipose tissue (PPAT) and adipocytes in bone 
marrow are thought to provide a reciprocal 
interaction between adipocytes and prostate 
cancer cells that promotes disease progression 
[18, 277, 278]. In this regard, the prognostic 
value of PPAT quantity has been evaluated in 
several clinical studies and associated with 
prostate cancer aggressiveness [277]. 
Adipocytes may help fuel prostate cancer cells 
with glycerol and fatty acids via lipolysis. 
Using Fourier-transform infrared spectroscopy, 
marrow adipocytes were shown to provide lip-
ids to CRPC metastases [279]. This work is 
supported by the finding that extracellular lip-
ids provide a much greater fraction of carbons 
to intracellular lipid pools than previously 
appreciated [280]. This cell interaction may 
contribute directly to the growth, morphology 
and cytokine expression of prostate cancer 
metastases [281]. Interestingly, HIF-1α may 
play an important role in metabolic shifts after 
such lipid translocation. Paracrine lipids induce 
HIF-1α- mediated glycolysis in an oxygen-inde-
pendent manner [282]. Co-culture or condi-
tioned media induces a significant upregulation 
of glycolytic- associated genes including PDK1, 
ENO2, HK2, GLUT1, and LDHA in prostate 
cancer, which, in turn, promotes lactate and 
ATP production. The p62 scaffolding protein is 
also an important regulator of adipocyte/pros-
tate cancer cell crosstalk [278]. Loss of p62 in 
adipocytes not only inhibits its own energy 
expenditure, but increases osteopontin secre-
tion, which results in a lipid-rich environment 
that can be utilized by tumors. This metabolic 
reprogramming promotes tumorigenesis and 
invasiveness in the TRAMP mouse model. 
Interestingly, prostate cancer cells are capable 
of elevating the adipose triglyceride lipase in 
adipocytes, resulting in the activation of lipoly-
sis and the subsequent supply of substrates to 
support cancer cell metabolism.

 Exploiting Metabolic Alterations 
for Prostate Cancer Therapy

 Diagnostic Imaging of Prostate 
Cancer

Prostate-specific antigen (PSA) level, Gleason 
score, and clinical stage are routinely used met-
rics to optimize prostate cancer patient treat-
ments. Also, expression profiling applied to 
prostate cancer classification (ProlarisScore, 
OncotypeDx), provide valuable static molecular 
signatures, but do not fully account for the com-
plexity of cancer progression. Since the biologi-
cal behavior of prostate cancer varies widely, and 
markers for early disease progression are not 
clearly established, no consensus currently exists 
for the active surveillance of early onset disease. 
Selection criteria that control eligibility for early 
monitoring and the biometric changes that con-
stitute cancer progression are lacking. 
Nonetheless, active surveillance has emerged as a 
viable management option for selected patients. 
However, given the physical and psychological 
burdens associated with active surveillance 
including the need for repeat biopsies [283], the 
development of non-invasive, in vivo molecular 
imaging for risk stratification and surveillance 
remains an unmet clinical need.

Molecular imaging is broadly defined as those 
techniques that visualize, characterize and mea-
sure the biological processes at the molecular and 
cellular levels in living systems. In recent years, 
there has been a growing interest among clini-
cians and basic researchers in imaging cancer 
metabolism as a viable diagnostic tool in oncol-
ogy. This resurgent interest includes the need to 
understand the molecular and cellular changes 
that occur in metabolism, how the tumor micro-
environment directly affects metabolism and how 
metabolic vulnerabilities can affect treatment 
response. Metabolic changes are emerging as 
hallmarks of cancer that can be exploited as 
imaging biomarkers and employed to determine 
cancer grade and severity [284]. Oncogenic 
mutations play a pivotal role in altering the 
metabolism in cancer. Real-time metabolic imag-
ing provides an opportunity to visualize the per-
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turbation of metabolism during cancer initiation 
and progression, as well as during treatment.

 Hyperpolarized Imaging in Prostate 
Cancer

Hyperpolarized 13C Magnetic Resonance (HP- 
MR) is emerging as a non-toxic, non-radioactive 
method for interrogating tissue metabolism 
[285]. Hyperpolarization allows for over 10,000- 
fold signal enhancement relative to conventional 
magnetic resonance imaging (MRI) or spectros-
copy (MRS). After hyperpolarization, the signal 
enhancement of metabolites of the hyperpolar-
ized molecules can be retained for several min-
utes. Techniques are being developed to extend 
this relaxation time so that more detailed meta-
bolic studies can be considered. Dynamic HP-MR 
has been utilized for non-invasive assessment of 
the downstream metabolic product of glycolysis.

The Warburg effect is a hallmark of tumor 
growth, and detecting it provides useful infor-
mation for the detection and characterization of 
cancer. Clinically, FDG-PET uptake is often 
used as a surrogate marker of the Warburg 
effect. In this regard, FDG-PET is useful for the 
diagnosis of a number of cancers in the clinic. 
However, slow- growing prostate tumors do not 
show an appreciable difference in FDG uptake 
compared to normal or abnormal prostate tissue; 
therefore, FDG-PET has poor diagnostic value 
in local staging of prostate cancer. Furthermore, 
location of the malignancy in a high background 
region (bladder) can hinder tumor detection. As 
such, an alternative metabolic imaging tech-
nique is needed that can be utilized where FDG-
PET fails [286]. In addition, FDG-PET reveals 
only glucose uptake and phosphorylation; 
downstream metabolic processing of glucose 
cannot be detected. However, differences 
between indolent versus aggressive tumors are 
found in downstream glucose metabolism. 
Using hyperpolarization, small molecules 
important in key metabolic pathways can be 
imaged, as can their metabolites. One example 
is pyruvate and its breakdown product lactate, 
which are central to ATP production. Methods 

of interrogating in vivo metabolic changes in 
real time would enable a more detailed under-
standing of tumor metabolism. Thus, hyperpo-
larized metabolic imaging has the potential of 
being a complementary diagnostic tool to 
FDG-PET.

The mostly widely used method for hyperpo-
larized metabolic imaging is dynamic nuclear 
polarization (DNP). DNP is a solid-state polar-
ization method where the imaging compound is 
mixed with a matrix and irradiated with micro-
waves at low temperature (near absolute zero 
Kelvin) and in a high magnetic field. While per-
forming imaging or spectroscopy at increasingly 
higher field strength increases the relative frac-
tion of polarized nuclei to several parts per mil-
lion (ppm), the hyperpolarization process 
amplifies the signal/noise 10,000–100,000-fold, 
thus increasing the polarized fraction to 80–90%. 
After the compound is hyperpolarized, it is dis-
solved in media, and the imaging compound is 
released and prepared for injection. The SPINLab 
polarizer (GE Healthcare) has been approved for 
clinical use and has been used in a Phase I trial 
for the diagnosis of prostate cancer.

To date, the most studied hyperpolarized 13C 
compound is pyruvate. The utility of DNP polar-
ized pyruvate in metabolic imaging has been 
explored extensively [106, 287–295]. 
Hyperpolarized pyruvate can be used to follow 
the metabolism of pyruvate to alanine, lactate and 
bicarbonate. The rate of hyperpolarized lactate 
production has been used as a marker for cancer 
in multiple animal studies. In addition to pyru-
vate, the utility of several metabolic imaging 
compounds in cancer diagnosis and other modal-
ities of hyperpolarization are under 
investigation.

Although it is anticipated that hyperpolarized 
metabolic imaging could improve early diagnosis 
and determine the efficacy of therapies in many 
areas of oncology, to date most clinical efforts in 
this area have concentrated on prostate cancer, in 
part due to the above-described unique metabo-
lism of the disease. There are two widely used 
methods for diagnosing prostate cancer: serum 
PSA levels and biopsy to determine the Gleason 
score. Both methods have limited sensitivity in 
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determining the level of aggressiveness of the can-
cer. The PSA score can range significantly due to 
age or changes in prostate volume due to benign 
prostatic hyperplasia and inflammation. Further, 
PSA can be undetectable or low even in the malig-
nant form of prostate cancer, and it cannot localize 
the disease if present. Determining the Gleason 
score from a biopsy is the preferred method of 
defining the aggressiveness of prostate cancer. 
Gleason score can be used to predict how that par-
ticular cancer will behave; however, due to the het-
erogeneous nature of prostate tumors, the diagnosis 
of the biopsied tissue might not reflect the overall 
aggressiveness of the disease. Sampling error can 
lead to high-grade cancer lesions being missed. 
Hyperpolarized pyruvate in mice has been shown 
to be able to accurately detect prostate cancer in 
mouse models. Moreover, the ratio of pyruvate to 
its metabolite lactate potentially distinguishes 
high-grade from low-grade disease and provides 
spatial information on the aggressive lesions.

 Preclinical Hyperpolarized Metabolic 
Imaging in Prostate Cancer

The conversion of hyperpolarized [1-13C] pyru-
vate to lactate has been used as a valuable tool to 
detect prostate cancer from surrounding healthy 
tissue as well as to differentiate between prostate 
cancer types and progression of the  disease. 
Interestingly, a comparison of hyperpolarized 
pyruvate imaging between mice implanted with 
the CRPC cell line PC-3 and mice implanted with 
its more highly metastatic counterpart PC-3M 
revealed significantly lower lactate production in 
the PC-3M mice suggesting a greater role for 
OXPHOS in highly aggressive cancer cells [106]. 
Nuclear Magnetic Resonance (NMR) analysis of 
ex vivo tumor samples revealed significantly 
higher steady-state concentrations of lactate and 
taurine in the PC-3 tumors while aspartate, gluta-
mate, glutamine, and succinate were significantly 
lower in PC-3 compared to PC-3M. Further anal-
ysis of cell culture media revealed significantly 
higher lactate production, but lower glutamine 
consumption in PC-3 cells compared to 
PC-3M. Thus, PC-3 cells appear more glycolytic, 

while PC-3M cells heavily utilize glutamine as a 
source for the TCA cycle. Further, AR-positive 
PDX tumors produced significantly more lactate 
following hyperpolarized [1-13C] pyruvate injec-
tions compared to AR-negative PDXs [290]. 
Follow-up NMR analysis of ex vivo tumor sam-
ples confirmed the significantly higher concen-
trations of lactate and succinate in AR-positive 
tumors compared to AR-negative tumors. In a 
separate study, the uptake of [1-13C]pyruvate and 
its conversion into alanine and lactate were cor-
related with tumors of varying histological grade 
in the TRAMP mouse model of spontaneous 
prostate cancer [293]. Importantly, lactate pro-
duction was able to stratify regions of interest 
into normal prostate, low-grade tumor, and high- 
grade tumor with high specificity and was veri-
fied via histopathology of excised tissue. While 
not as extensive, changes in alanine production 
followed the same trend as lactate across tumor 
grades. A follow-up study demonstrated similar 
findings using hyperpolarized lactate production 
to separate tumors into early and advanced dis-
ease groups [296]. In addition, a hyperpolarized 
dual agent of [1-13C]pyruvate and 13C urea was 
used to measure metabolic flux and blood perfu-
sion in low- and high-grade prostate tumors of 
TRAMP mice [297]. Pyruvate and lactate signals 
were modeled to generate the rate constant 
between pyruvate and lactate (kPL). The urea sig-
nal was modeled to generate the area under 
dynamic curve (AUC), which evaluates the distri-
bution of the tracer in tissue, and the volume 
transfer constant (Ktrans), which represents tissue 
permeability and perfusion. High-grade tumors 
were characterized by an AUC-kPL mismatch 
possessing significantly lower urea AUC but 
 significantly higher kPL compared to low-grade 
tumors. High-grade tumors also possessed sig-
nificantly higher Ktrans than low-grade tumors. 
The contrast between high Ktrans and low AUC 
suggests that high-grade tumors are very perme-
able with high intake and clearance rates. These 
metabolic and perfusion findings were supple-
mented with histopathologic analysis which 
revealed significantly higher expression of 
HIF-1α, LDHA/LDHB ratio, VEGF, MCT1, and 
MCT4 in the high-grade tumors.
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The ability to test the efficacy of a multitude 
of different therapies is a major strength of hyper-
polarized pyruvate imaging. Tumor properties of 
TRAMP mice were imaged at several time-points 
following high-intensity focused ultrasound 
(HIFU) ablation [298]. Metabolism was mea-
sured with hyperpolarized [1-13C] pyruvate, per-
fusion with hyperpolarized 13C urea and 
gadolinium dynamic contrast-enhanced (DCE) 
MRI, and cellularity with diffusion-weighted 
magnetic resonance imaging (DWI). In the fully 
ablated zone, the ratio of lactate/pyruvate, the 
mean 13C urea signal, and gadolinium DCE 
parameters Ktrans and AUC were all significantly 
reduced from baseline values by 3–4  h and 
remained so when measured at 1 day and 5 days 
post-treatment. In the partially ablated zones in 
the margin of the focused ultrasound beam, these 
values were initially reduced from baseline by 
3–4  h post-treatment but had recovered by the 
1-day and 5-day time-points. Hyperpolarized lac-
tate production was significantly decreased by 
threefold in LNCaP prostate cancer cells treated 
with the AKT inhibitor MK2206 [299]. Platelet 
derived growth factor receptor (PDGFR) was 
inhibited with imatinib in mice implanted with 
the human PCa cell line PC-3MM2 [300]. 
Hyperpolarized lactate production in the tumor 
dropped after 2  days following treatment along 
with a drop of LDH activity and c-Myc protein 
levels. Notably, tumor volume did not change in 
this time although there was a reduction observed 
after a longer period of time. NAMPT, an enzyme 
needed to produce NAD, was targeted with the 
drug GNE-617 in PC-3 prostate cancer cells and 
interrogated with hyperpolarized [1-13C]pyruvate 
and [18F]FDG-PET [301]. Lactate production 
decreased by 6 h while FDG standardized uptake 
value (SUV) was reduced later by 24  h. Two 
human prostate cancer cell lines, DU145 and 
PC-3, were implanted in mice, and metabolic 
assays were performed before and after the 
administration of the LDH inhibitor FX-11 [302]. 
Following the injection of hyperpolarized [1-13C]
pyruvate, lactate production was higher in the 
mice harboring DU145 xenografts compared to 
mice harboring PC-3 xenografts. Interestingly, 
both in vivo and ex vivo analysis of steady-state 

metabolism revealed no differences in pyruvate 
and lactate concentrations between the cell line 
xenografts. FX-11 was administered to xenograft- 
bearing mice, and following hyperpolarized 
[1-13C]pyruvate injections, lactate production 
was reduced in the mice harboring DU145 xeno-
grafts, but not the mice harboring PC-3 xeno-
grafts. This was accompanied by reduced tumor 
growth rate in the mice harboring DU145 xeno-
grafts but not in the mice harboring PC-3 xeno-
grafts. Thus, imaging with hyperpolarized [1-13C]
pyruvate is able to predict and evaluate treatment 
response to an LDH inhibitor. In another study, 
the MEK inhibitor U0126 was administered to 
prostate cancer PC-3 and breast cancer MCF-7 
cell lines and followed with hyperpolarized 
[1-13C]pyruvate perfusion [303]. While pyruvate- 
to- lactate flux decreased in the MCF-7 cells, it 
increased in PC-3 cells following treatment. The 
contrast in these findings was attributed to the 
combination of LDH, the enzyme that catalyzes 
the conversion between pyruvate and lactate, and 
MCT1, the membrane protein which transports 
monocarboxylates such as pyruvate across the 
cell membrane. Intracellular lactate concentra-
tion and LDH activity were increased following 
treatment in both cell lines, but MCT1 levels 
decreased in MCF-7 cells while remaining 
unchanged in PC-3. Thus, it is important to 
understand the mechanism behind these molecu-
lar therapies to accurately interpret readouts of 
hyperpolarized MRI assays.

In addition to pyruvate, prostate cancer mod-
els have been studied with many alternative 
hyperpolarized 13C agents. The role of glutami-
nolysis in prostate cancer was interrogated by 
monitoring the production of glutamate 
 following the perfusion of hyperpolarized 
[5-13C]glutamine in PC-3 and DU-145 cell lines 
[304]. DU-145 cells appeared to upregulate glu-
taminolysis, as four times as much glutamate 
production was observed in these cells compared 
to the PC-3 cell line. The natural anticancer 
drugs resveratrol and sulforaphane, which can 
act on glutamine- dependent cellular regulators 
such as PI3K, were administered. Both treat-
ments reduced the cell count of each cell line by 
approximately 50% which correlated with a 
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reduction of hyperpolarized glutamate produc-
tion. Alternatively, the redox status of prostate 
tumors in TRAMP mice was probed with the 
injection of hyperpolarized [1-13C]dehydro-
ascorbate (DHA) and monitoring its reduction to 
vitamin C [305]. This reaction was increased by 
2.5-fold in the tumor compared to surrounding 
healthy prostate tissue, and correlated with an 
increase in glutathione concentration. 
Additionally, there was a threefold increase of 
[18F]-FDG SUV in the tumor compared to sur-
rounding healthy prostate tissue imaged with 
PET.  In a proof-of-concept study, [2-13C]fruc-
tose was polarized and injected into TRAMP 
mice [306]. Its metabolic product 
β-fructofuranose-6- phosphate was observed in 
the tumor with sufficient signal-to-noise ratio to 
be accurately quantified. D-[1,2,3,4,5,6,6-13C6]
glucose-d7 solution was polarized and perfused 
into MCF7 breast cancer and PC-3 prostate can-
cer cells to measure downstream metabolic 
products in the glycolytic and pentose phosphate 
pathways [307]. The pentose phosphate products 
6- phophogluconate and 
6- phosphogluconolactone were observed as well 
as the glycolytic products dihydroxyacetone 
phosphate, pyruvate, lactate, and bicarbonate. 
These resonances were fit to a kinetic model, and 
the free cytosolic [NAD+]/[NADH] ratio was 
calculated, which was found to be approximately 
threefold higher in PC-3 cells compared to MCF-
7. Further, simultaneous hyperpolarization and 
imaging of multiple 13C-enriched compounds 
was demonstrated in TRAMP mice [308]. A 
solution containing co- polarized [1-13C]pyruvate 
and 13C-sodium bicarbonate was injected into 
mice, after which pyruvate, lactate, bicarbonate, 
and carbon dioxide peaks could all be detected. 
Through incorporation into the Henderson–
Hasselbalch equation, the bicarbonate and car-
bon dioxide signals could be used to form 
voxel-based pH maps in the tumor. Moreover, it 
was shown that it is possible to simultaneously 
polarize [1-13C]pyruvate, 13C sodium bicarbon-
ate, [1,1-13C]fumaric acid and [1-13C]urea. 
Injection of a solution containing these hyperpo-
larized compounds into TRAMP mice resulted 

in spectra where pyruvate, lactate, bicarbonate, 
carbon dioxide, fumarate, and urea could all be 
resolved. Thus, through advanced data process-
ing and modeling, simultaneous assays of pyru-
vate-to-lactate flux, pH, necrosis, and perfusion 
could be performed, all of which are relevant to 
prostate cancer detection, staging, and therapeu-
tic response.

 Clinical Hyperpolarized Metabolic 
Imaging in Prostate Cancer

The first clinical study using HP-MR evaluated 
the safety and feasibility of hyperpolarized 
[1-13C]pyruvate as an agent for noninvasively 
characterizing alterations in tumor metabolism 
for patients with prostate cancer [294]. The 
study population consisted of patients with 
biopsy- proven prostate cancer, with 31 subjects 
injected with hyperpolarized [1-13C]pyruvate. 
No dose- limiting toxicities were observed, and 
the highest dose (0.43 ml/kg of 230 mM agent) 
gave the best signal-to-noise ratio for hyperpo-
larized [1-13C]pyruvate. The results were prom-
ising because they confirmed the safety of the 
agent and also showed elevated [1-13C]lactate/
[1-13C]pyruvate in regions of biopsy-proven 
cancer. A follow-up study with prostate cancer 
patients employed hyperpolarized 
[1-13C]-pyruvate MRI to detect an early meta-
bolic response to androgen deprivation therapy 
(ADT) [295]. After 6 weeks of ADT, the patient 
tumors showed reduced lactate production fol-
lowing the injection of hyperpolarized pyru-
vate. Although there was negligible change in 
tumor size on T2-weighted MRI and only a 
modest change on apparent diffusion coeffi-
cient (ADC) imaging, this study demonstrated 
the ability of hyperpolarized 13C MRI to detect 
early metabolic responses. Translation of this 
 technology into humans encouraged additional 
clinical trials in prostate cancer. To date, seven 
clinical hyperpolarization trials with the 
SPINlab polarizer have been performed, and 
more than 20 such polarizers have been installed 
around the world.
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 Challenges of Clinical Translation 
of Hyperpolarized Metabolic Imaging

One challenge of clinical translation of HP-MR 
is dynamic HP-MRI data acquisition. The high 
signal-to-noise ratio provided by this imaging 
technique makes high-resolution acquisitions 
feasible. However, rapid metabolism and short 
longitudinal relaxation times (T1) of the HP-MR 
imaging agents can limit the matrix size, and thus 
the spatial resolution and coverage possible, with 
conventional MRI.  The MR acquisition tech-
niques used for initial animal studies and the first 
human trial were limited in spatial coverage (typ-
ically <8 cm) and dynamic temporal information. 
New acquisition and analysis techniques are 
needed for volumetric, dynamic HP MR data 
with improved spatial coverage and temporal 
resolution.

A second challenge is post-image data pro-
cessing and quantification. Dynamic MRS data 
can be resolved in three spatial dimensions, the 
spectral dimension, and time with adequate cov-
erage and speed to enable reliable quantification 
of metabolic parameters. Spatial data reduction 
strategies, including parallel and constrained 
imaging methods, are crucial for reducing the 
number of excitations that are necessary to recon-
struct data that are changing dynamically. It will 
be important moving forward to develop acquisi-
tion strategies that minimize uncertainty while 
maximizing the efficiency of spatial, temporal, 
and spectral encoding.

A third challenge is the reproducibility and 
kinetic modeling that comes from analyzing the 
real-time kinetic data of metabolic conversions, 
interpreting the underlying biochemical meaning 
of these parameters, and understanding the link-
age of measured hyperpolarized metabolite 
fluxes to underlying fluxes. Clinical studies for 
HP imaging, like FDG-PET studies, should 
include tests of repeatability and precision to 
measure the qualitative and quantitative variabil-
ity of HP imaging results using test/retest meth-
ods. There are a few kinetic modeling techniques 
(both unidirectional and bidirectional) that pro-
vide insights about underlying biology. But more 
fine-tuning is needed with these kinetic modeling 

approaches before the data can be presented to 
radiologists in a meaningful, reliable manner.

Despite these challenges, clinical oncology 
practice relies increasingly on anatomic imaging 
at different stages of patient care. HP-MR has the 
potential to provide a new dimension and under-
standing of the underlying tumor biology, thus 
allowing a more personalized, patient-centric 
approach. Despite its proven feasibility in 
humans and its significant potential in clinical 
oncology, HP metabolic imaging will still have to 
prove itself against established and emerging 
clinical techniques such as PET and demonstrate 
its added value in clinical practice.

 PET Imaging in Prostate Cancer

PET imaging with the glucose analogue 
2- fluorodeoxyglucose (FDG) verified Warburg’s 
hypothesis of altered glucose metabolism in can-
cer cells. As described above, [18F]FDG-PET is 
not particularly effective in imaging patients with 
prostate cancer [309]. Alternatively, other PET- 
based molecular agents including 11C-choline, 
11C-acetate, 18F-fluciclovine, and [18F]-PSMA 
have been successfully employed for prostate 
cancer imaging (Table 2). Prostate cancer patients 
exhibit elevated total choline, primarily due to an 
increase in phosphocholine and glycerophospho-
choline. As a PET tracer, 11C-choline is readily 
incorporated into cells through phosphorylcho-
line synthesis and is integrated largely into mem-
brane phospholipids [310, 311]. 11C-acetate is 
primarily viewed as an indirect biomarker of 
fatty acid synthesis, which is also upregulated in 
prostate cancer. Imaging of prostate cancer with 

Table 2 PET-imaging agents currently employed in the 
diagnostic imaging of prostate cancer

PET-imaging agents for prostate 
cancer

Reference 
(PMID)

18F-FDG 12209157
11C-choline 9627331

11007527
11C-acetate 15235071
18F-fluciclovine 28267449
18F-PSMA 27789722
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11C-acetate thus provides information about bio-
synthesis [312]. [18F]-fluciclovine and 
[18F]-prostate specific membrane antigen (PSMA) 
are also currently being used in PET imaging of 
prostate cancer [313, 314]. Fluciclovine, which is 
a synthetic analog of the amino acid l-leucine 
that is preferentially taken up by prostate cancer 
cells, can predict disease relapse following 
ADT. PSMA is a transmembrane protein that is 
overexpressed in many prostate cancers. PSMA- 
PET appears to be a promising new agent, espe-
cially for the detection of metastatic prostate 
cancer. Table 2 highlights some of the PET-based 
molecular imaging agents employed for diagnos-
tic imaging of prostate cancer.

 Biofluid and Tissue Metabolite 
Biomarkers

Although LDH is an intracellular enzyme 
involved in metabolism, it can also be released 
into the bloodstream when tissues are injured or 
during progression of diseases like cancer. 
Therefore, serum LDH, often detected with an 
enzyme-linked immunosorbent assay (ELISA), 
is an established prognostic indicator for progres-
sion and overall survival probability in many 
malignancies including prostate cancer [315]. 
While  LDH levels cannot monitor the early 
stages of prostate cancer [22], elevated LDH lev-
els strongly associate with poor outcome in 
patients with metastatic CRPC. A clinical study 
collected data from 1101 CRPC patients from 
1991 to 2001 and established a prognostic model 
that consisted of LDH, PSA, alkaline phospha-
tase, Gleason score, Eastern Cooperative 
Oncology Group performance status, hemoglo-
bin, and the presence of visceral disease to pre-
dict patient survival. These parameters were 
found to predict patient survival and stratified 
mCRPC patients [316]. Another study investi-
gated 165 patients from 1998 to 2003 and noticed 
abnormally high serum LDH levels in patients 
with bone metastasis. Notably, a combination of 
biomarkers that includes LDH is now being 
tested as a surrogate for survival. One example is 
a phase III trial of abiraterone acetate plus pred-

nisone versus prednisone alone in patients with 
metastatic CRPC previously treated with 
docetaxel. Circulating tumor cell counts com-
bined with LDH levels were found to satisfy the 
statistical surrogacy requirements [317]. 
However, in a clinical study of radium-223 safety 
and efficacy with CRPC patients, total alkaline 
phosphatase and LDH were indicated to be cor-
related with overall survival but did not meet the 
surrogacy requirements [318]. Hence, while 
undoubtedly useful as a clinical biomarker, the 
value of LDH as a bona fide surrogate marker is 
still unresolved.

NMR spectroscopy is a routinely employed 
analytical technique in metabolomics. NMR has 
been used extensively in biomarker discovery to 
detect, grade, and intervene in the therapy of 
prostate cancer. Researchers generally use blood 
serum and tissue biopsies for NMR-based metab-
olomics to better understand prostate cancer 
metabolism. In NMR-based metabolomics stud-
ies, detection of proton (1H) nuclei is used with 
the next detected nuclei in descending order 
being 13C, 31P, and 23Na. Studies involve extract-
ing metabolites from liquid biopsies such as 
blood serum, fluids and urine or intact tissues in 
rotors for high resolution-magic angle spinning 
(HR-MAS) NMR spectroscopy. The metabolite 
extraction, data acquisition and analysis are 
explained in detail in many NMR-based metabo-
lomics reviews, which we recommend for further 
reading [319–322].

In vivo magnetic resonance spectroscopy 
(MRS) and ex vivo HR-MAS have shown altered 
total choline, creatine, polyamines, myo-inositol, 
and citrate as biomarkers to detect prostate can-
cer [167, 323, 324]. In addition, lactate and ala-
nine are elevated in prostate tumors compared to 
normal tissues [325]. Conversely, citrate and 
polyamines decrease in concentration within 
 primary prostate cancers compared to healthy 
prostate. To that end, citrate and spermine can be 
used to distinguish indolent from malignant pros-
tate cancer [167–169]. This is consistent with the 
proposal that spermine is an endogenous inhibi-
tor of primary prostate cancer. In another NMR-
based metabolomics study, analyses of 102 serum 
samples, consisting of 40 low-grade prostate can-
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cers, 30 high-grade prostate cancers and 32 
healthy control samples, demonstrated that the 
combination of biomarkers sarcosine, pyruvate, 
alanine, and glycine detects and differentiates 
low-grade prostate cancer, high-grade prostate 
cancer, and healthy controls [326]. Using 
HR-MAS spectroscopy, ethanolamine was also 
reported to be decreased in prostate cancer com-
pared to benign tissues [327]. An in vitro 31P 
NMR study has shown that phosphocholine, 
glycerophosphocholine, phosphoethanolamine 
and glycerophosphoethanolamine were signifi-
cantly altered in prostate cancer tissues compared 
to benign prostatic hyperplasia [328].

Mass spectrometry is an effective tool to ana-
lyze the molecular composition of clinical pros-
tate cancer biofluids and biospecimens [329–331]. 
Liquid chromatography/mass spectrometry (LC/
MS) is frequently used for targeted metabolo-
mics studies because of high sample throughput, 
assay sensitivity and ability to measure multiple 
molecules in a complex biologic matrix. A com-
mon approach for LC/MS analysis is multiple 
reaction monitoring (MRM) using a triple quad-
rupole mass spectrometer [332, 333]. An LC/MS 
MRM platform can identify and quantify prostate 
cancer metabolites unambiguously in metabolic 
pathways such as glycolysis, respiration, the 
TCA cycle, steroid and lipid metabolism, amino 
acid and nucleotide metabolism [159, 334]. To 
determine individual metabolites, there are vari-
ous open-source and commercial software pack-
ages, such as Mass Profiler (Agilent), available 
for raw LC/MS data analysis. Alternatively, an 
internal reference library including m/z ratios, 
retention time and parent/product spectra is used 
from authentic chemical standards and isotopi-
cally labeled standards to characterize specific 
metabolites. Sample normalization is achieved 
by adding internal standards, thereby limiting 
sample variation due to batch effects [335]. As 
described above, there are a number of unique 
metabolic alterations in prostate cancer that can 
be readily detected using MS-based approaches. 
Thus, small molecule biomarkers determined by 
LC/MS show promise in differentiating aggres-
sive prostate cancer phenotypes and may help 
guide future treatment strategies.

 Drug Development

Prostate tumors are metabolically distinct among 
solid tumors owing to their enhanced reliance on 
mitochondrial oxidative phosphorylation [9] and 
a marked  lipogenic character [336]. While cur-
rent approaches for the management of meta-
static disease are focused primarily on the 
inhibition of AR, new insights into prostate tumor 
metabolism are emerging by identifying meta-
bolic dependencies that may be leveraged for 
therapeutic benefit. Moreover, AR signaling itself 
has dramatic effects on cellular metabolism 
[153], suggesting that AR-driven metabolic pro-
cesses may be viable targets for treating 
AR-positive CRPC. While clinical translation of 
metabolic inhibitors is an active area of interest, 
to date, no drug specifically targeting metabolic 
endpoints has received FDA approval for the 
treatment of prostate cancer. This section will 
review briefly the emerging strategies to perturb 
prostate tumor metabolism pharmacologically 
with a focus on oxidative phosphorylation, lipo-
genesis, and glutaminolysis (Table 3).

Metformin has been a frontline agent for the 
management of type 2 diabetes for decades. A 
variety of epidemiological studies indicated that 
metformin use is associated with decreased cancer 
incidence in diabetic patients, sparking interest in 
metformin as an anticancer agent [337, 338]. 
However, subsequent retrospective studies found 
no link between metformin use and decreased can-
cer risk [339–350]. In fact, some studies found that 
increased metformin use correlated with more 
aggressive prostate cancer [339, 344]. As of 
January 2019, on ClinicalTrials.gov, there are nine 
actively recruiting clinical trials for the use of met-
formin in prostate cancer. Importantly, the first 
prospective clinical trials directly testing the effect 
of metformin on prostate cancer have recently 
been completed and shown to have limited effi-
cacy [351, 352]. Although disappointing, these 
results may be due to an incomplete understanding 
of how best to select a patient population that 
would benefit from such an approach. Metformin 
acts pleiotropically, though the major molecular 
target is thought to be complex I of the electron 
transport chain [353]. At this time, it is unclear 
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whether the potential anti-cancer effects of metfor-
min are due to direct tumor effects or tumor-indi-
rect/host effects. Recent data suggests metformin 
can exert direct anti-cancer effects in ovarian can-
cer through inhibition of cell-intrinsic mitochon-
drial metabolism [354]. Whether this will also be 
the case in prostate cancer is currently unknown. 

But, given the dependency of prostate cancer on 
mitochondrial OXPHOS, a similar mechanism of 
anti-cancer effects is possible [355]. Certainly, 
prospective, randomized controlled clinical trials 
will be necessary to evaluate these associations 
and define the clinical utility of metformin in pros-
tate cancer.

Table 3 Emerging treatments for prostate cancer that target metabolism

Compound Target Preclinical model Effect
Reference 
(PMID)

Oxidative phosphorylation
Metformin ETC Complex 

I, Pleiotropic
Multiple preclinical 
studies, retrospective 
analyses, and multiple 
ongoing clinical trials

Inhibits tumor proliferation in multiple 
tumor types, potential survival benefit in 
large retrospective prostate tumor cohort, 
ongoing clinical trials.

29940252
30150001
28444639
29075616
27746051

IACS- 
010759

ETC Complex I Brain cancer and acute 
myeloid leukemia

Inhibits proliferation, depletes 
macromolecule pools, and induces 
apoptosis. In vitro and in vivo data, 
ongoing clinical trial.

29892070

MSDC- 
0160

Mitochondrial 
Pyruvate 
Carrier

Hormone-responsive 
and castrate-resistant 
AR-positive prostate 
cancer

Decreases mitochondrial oxygen 
consumption, depletes TCA intermediates, 
inhibits lipogenesis, activates integrated 
stress response, suppresses cell 
proliferation and tumor growth. In vitro 
and in vivo data.

31198906

Lipogenesis
IPI-9119 FASN Hormone responsive 

and castrate resistant 
AR positive prostate 
cancer

Antagonizes growth through metabolic 
reprogramming and results in reduced 
protein expression and transcriptional 
activity of full-length AR and splice 
variant AR-V7. In vitro and in vivo data.

30578319

ND-646 Acetyl-CoA 
Carboxylase

Non-small-cell lung 
cancer

Suppresses fatty acid synthesis, inhibits 
tumor growth in KRAS p53 and KRAS 
Lkb1 autochthonous mouse models.

27643638

MT 63–78 AMPK Hormone responsive 
and castrate resistant 
prostate cancer. AR 
positive and AR 
negative.

Inhibits cell proliferation, induces mitotic 
arrest and apoptosis. Constitutively 
activates AMPK and suppresses 
lipogenesis. In vitro and in vivo data.

24497570

Fatostatin SREBP-SCAP Metastatic and 
non-metastatic 
autochthonous models 
of mouse prostate 
cancer

Inhibits lipogenesis, blocks tumor growth 
and metastatic spread.

29335545

Glutaminolysis
CB839 Glutaminase triple-negative breast 

cancer, lung cancer
Antiproliferative activity and decreased 
glutamine consumption in triple negative 
breast cancer models. In vitro and in vivo 
data. Radiosensitization in lung tumor 
models. In vitro and in vivo data

24523301
30557074

V-9302 SLC1A5/
ASCT2

Multiple cell line 
models, colon cancer 
xenografts

Attenuates proliferation, increases 
apoptosis and oxidative stress. In vitro and 
in vivo data.

29334372
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OXPHOS is an emerging target in cancer 
therapy [356] and the metabolic properties of 
prostate cancer suggest agents inhibiting oxida-
tive phosphorylation may be a particularly effec-
tive strategy for the treatment of this disease. 
Though OXPHOS is required for cellular prolif-
eration, the molecular mechanisms underpinning 
this requirement remained unclear until recently. 
One major role of respiration in proliferating 
cells is to provide electron acceptors for aspar-
tate biosynthesis, which in turn enables nucleo-
tide biosynthesis [357, 358]. Likewise, 
respiration is intimately coupled with TCA func-
tion, and TCA cycling supplies a variety of ana-
bolic pathways via cataplerosis [359]. OXPHOS 
can be inhibited directly by targeting compo-
nents of the electron transport chain, or indi-
rectly by preventing generation of the reducing 
equivalents required to power the electron trans-
port chain. For example, IACS-010759 is a com-
plex I inhibitor that dramatically inhibits 
OXPHOS and, by extension, tumor growth in a 
variety of pre-clinical models of brain cancer 
and acute myeloid leukemia [360]. Ongoing 
efforts to examine the efficacy of IACS-
010759 in prostate cancer are underway. Indirect 
inhibition of OXPHOS with MSDC- 0160, which 
inhibits the mitochondrial pyruvate carrier, 
restricts oxidative phosphorylation by depleting 
metabolic intermediates in the TCA cycle and 
dramatically decreasing reducing equivalents. 
The net effect of MSDC-0160 administration is 
growth restriction in pre- clinical models of hor-
mone-responsive and castrate- resistant prostate 
adenocarcinoma [361]. Moreover, the mitochon-
drial pyruvate carrier is directly regulated by 
AR, suggesting that mitochondrial pyruvate 
import is a required metabolic process for 
AR-mediated proliferation in the hormone- 
responsive and castrate-resistant settings. 
Regardless of the way in which it is achieved, 
inhibition of mitochondrial oxidative phosphor-
ylation in prostate cancer is expected to hold 
therapeutic promise, and therefore, clinical trials 
to gauge efficacy are warranted.

Another prominent metabolic feature of 
prostate cancer is the de novo synthesis and 
accumulation of lipids. Therapeutic inhibition 

of lipogenesis in prostate cancer is feasible 
because multiple points along the lipogenic 
pathway are targets for drug design. For exam-
ple, direct inhibition of fatty acid synthase in 
prostate cancer with a novel small molecule, 
IPI-9119, repressed xenograft growth and elic-
ited endoplasmic reticulum stress, which 
resulted in the downregulation of AR protein 
expression. Similarly, direct inhibition of ace-
tyl-CoA carboxylase, a rate- limiting lipogenic 
enzyme, with the allosteric inhibitor ND-646 
resulted in the repression of tumor growth in 
preclinical models of non-small- cell lung can-
cer. The lipogenic pathway can also be sup-
pressed by preventing the master transcriptional 
regulator of lipogenesis, SREBP, from interact-
ing with its activating protein, SCAP, using 
Fatostatin. Fatostatin blocks prostate tumor 
growth and metastasis in Pten-deficient autoch-
thonous mouse models of prostate cancer [74]. 
Lipogenesis may also be repressed by constitu-
tively activating AMPK (which in turn applies 
an inhibitory phosphorylation to acetyl-CoA 
carboxylase) or by depleting the cellular citrate 
pool (which serves as the primary lipogenic 
substrate). AMPK activation has been achieved 
with the direct AMPK activator MT 63–78, 
while citrate depletion has been demonstrated 
using MSDC- 0160. In both cases, cellular lipid 
pools were depleted and prostate tumor growth 
suppressed. Inhibition of lipogenesis may be 
achieved at multiple points along the pathway, 
suggesting anti- tumor efficacy in the preclinical 
setting with the expectation of clinical trials on 
the horizon.

Studies have demonstrated therapeutic effi-
cacy of inhibiting glutamine uptake in prostate 
cancer models [141, 362]. Additional studies 
using current generation glutaminase inhibitors 
(e.g. CB-839) or glutamine uptake inhibitors 
(e.g. V-9302) are warranted to gauge the transla-
tional potential of glutamine restriction in pros-
tate cancer. Curiously, some AR-positive cell 
line models do not require glutamine for growth 
in culture, while AR-negative cells such as PC-3 
and DU-145 are heavily reliant on this amino 
acid. These data suggest fundamental metabolic 
differences between AR-positive and 
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AR-negative prostate cancer. However, gluta-
mine can be used to maintain the TCA cycle dur-
ing impaired mitochondrial pyruvate transport 
[363]. In accordance, inhibition of the mitochon-
drial pyruvate carrier sensitizes AR-positive 
prostate tumor models to glutamine restriction 
[361]. Additional work in this area is expected to 
clarify the requirement for glutamine in prostate 
tumors in vivo.

Metformin is currently being used in several 
clinical trials as an adjuvant to current thera-
pies. In addition, multiple drugs that inhibit 
OXPHOS have been demonstrated to be effica-
cious in the preclinical setting. Early phase 
clinical trials are testing IACS-010759 for the 
treatment of leukemia and solid tumors includ-
ing prostate cancer. Lipogenesis remains a 
promising therapeutic target, and multiple new 
agents targeting various points along this path-
way demonstrate encouraging preclinical 
results. Although glutamine reliance in prostate 
cancer is heterogeneous, current observations 
indicate it may be most prominent in aggressive 
models of the disease, suggesting that agents 
which restrict glutamine metabolism may be 
useful for the management of treatment emer-
gent, aggressive variant prostate cancer. 
Prostate tumor metabolism is complex, 
dynamic, and not yet fully understood. 
Nevertheless, multiple new drugs targeting crit-
ical pathways including OXPHOS, lipogenesis, 
and glutaminolysis have been described and are 
nearing or entering clinical trials.

 Conclusions and Future Directions

The field of cancer metabolism has seen a resur-
gence in recent years. This is in part due to a real-
ization that many of the alterations observed in 
oncogenic and tumor suppressive pathways 
impact tumorigenesis through shifting the metab-
olism of tumor cells. These changes allow a can-
cer to use a greater array of nutrients to feed 
anabolic tumor processes and withstand the harsh 
tumor microenvironment. Importantly, the unique 
metabolism of a cancer relative to benign tissue 
offers new opportunities for therapeutic interven-

tion. The most direct benefit to patient care will 
likely come from the establishment of new clini-
cal biomarkers and development of novel treat-
ment modalities. Tumors that become overly 
dependent on select metabolic pathways should 
be more susceptible to disruption of these path-
ways. Further, the differential use of nutrients 
and production of new metabolites should also 
yield new biomarkers that can distinguish patient 
populations based on their underlying biology. At 
a minimum, these biomarkers should provide 
correlative data points that are prognostic. 
However, biomarkers that provide an accurate 
readout of known pathways could also be used as 
pharmacodynamic markers of new treatments 
that target these same pathways. For example, 
monitoring hypoxia using 18F-FAZA-PET imag-
ing may hold promise as a non-invasive approach 
to assess the response to novel OXPHOS inhibi-
tors that are currently under clinical investigation 
[360]. Importantly, if biomarkers can be devel-
oped and validated to detect the causal metabolic 
changes that drive the disease, this would create a 
powerful new precision medicine approach that 
could guide the selection of patients that would 
benefit the most from new metabolic-targeted 
therapies.

Several major challenges lie ahead for the 
field of prostate cancer metabolism. First, link-
ing correlative changes in metabolism to causal 
driver events remains a major obstacle. 
Metabolite levels assessed in large patient 
cohorts have detected changes that correlate 
with prostate cancer [364–367]. However, find-
ing causal events within these studies has been 
elusive. It should be noted that many large clini-
cal studies rely heavily on the measurement of 
metabolites from serum, which will be heavily 
influenced by other systemic differences between 
patients. Alternatively, the direct analysis of 
metabolites from patient tumor samples is more 
technically challenging.

A second major challenge is our lack of ability 
to separate cell type-specific metabolism from a 
heterogeneous tumor cell population. This inabil-
ity to account for the metabolic crosstalk between 
different cell types within a tumor (ex. a metabo-
lite secreted from a tumor-associated macro-
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phage is taken up and used by the cancer cell) 
limits our understanding of the metabolic rela-
tionship a cancer cell can have with the tumor 
microenvironment. To overcome this, researchers 
could focus on transcriptomics to assess altera-
tions in the expression of metabolic genes. This 
would allow the application of laser capture dis-
section and single cell sequencing to overcome 
issues regarding heterogeneity. A major draw-
back of this approach is that it would miss meta-
bolic changes that occur as the result of 
posttranscriptional alterations. Clearly, the devel-
opment of new approaches that can define the dif-
ferent metabolic phenotypes in a heterogeneous 
sample would be a major breakthrough.

A third challenge in the field is the difficultly 
in delineating the etiology of an observed 
change in metabolism. One of the first ques-
tions that often arise following the determina-
tion of a significant change in metabolite levels 
is whether the change resulted from alterations 
in the synthesis or breakdown of the metabolite. 
To date, much of the metabolomics data 
reported for prostate cancer has been limited to 
steady state metabolomics. This is because such 
studies can be performed on flash frozen tissues 
without the prior need for additional labeling. 
While amenable to the study of archived sam-
ples, a limitation of this approach is that it pro-
vides only a snapshot in time of the metabolite 
levels. To overcome this limitation, the use of 
labeled isotopes, either radioactive or stable 
(the latter becoming increasingly common in 
metabolomics), can provide additional infor-
mation on the flux of a particular metabolite, 
and more specifically the labeled atoms on the 
metabolite, through a specific metabolic path-
way. As a result, techniques such as stable iso-
tope tracing measured using NMR or MS can 
provide additional context to any changes 
observed using steady state metabolomics. 
Therefore, these two approaches can comple-
ment one another to generate a deeper under-
standing of cancer metabolism.

A fourth challenge, which is related to the pre-
vious point, is that isotope tracing studies require, 
by definition, a prior labeling step. Although this 
is relatively straightforward for cell culture 

experiments, it is significantly more difficult to 
do in vivo. This is due to the constant exchange of 
nutrients and waste products throughout the 
body. Despite the technical challenges that in 
vivo isotope tracing pose, the potential differ-
ences in tumor metabolism in vivo compared to 
cell culture [368, 369] indicate that these types of 
analyses will still be critical to complete our 
understanding of prostate cancer metabolism in 
the important context of the tumor microenviron-
ment. To overcome these issues, new methods 
have been developed to perform stable isotope 
tracing in preclinical models of cancer [370]. 
These methods use constant infusions of a labeled 
nutrient of interest (ex. 13C-labeled glucose) over 
time until steady state concentrations are achieved 
in both the blood and tumor. Then tumors/tissues 
are rapidly harvested/frozen for subsequent NMR 
or MS analysis. Importantly, because these trac-
ers are not radioactive, they are amenable for use 
in patients where they have begun to yield impor-
tant insights and importantly, challenge previous 
dogma [369, 371, 372].

Finally, while the general metabolic changes 
that occur during the initiation of prostate cancer 
have been well described, our understanding of 
the shifts that occur in the later, lethal stages of 
the disease is limited. Importantly, new subtypes 
of prostate cancer have emerged (ex. 
neuroendocrine- like prostate cancer) as the 
unwanted by-product/mechanism of resistance of 
new and improved AR-targeted drugs such as 
enzalutamide [373]. Our understanding of the 
underlying biology of these emerging subtypes, 
including their metabolic dependencies, is still in 
its infancy (Fig. 2). Given that these cancers are 
among the deadliest forms of the disease and that 
they are becoming more common, efforts are 
ongoing to define their molecular drivers. The 
significant genomic, transcriptomic and even 
morphological differences between many of 
these aggressive cancers and their potential 
 adenocarcinoma origins suggest that they have 
unique metabolic requirements. Thus, these new 
forms of prostate cancer may be excellent targets 
for the development of novel metabolic-based 
biomarkers and/or therapies to identify and treat 
this advanced stage of the disease.
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 Introduction

Androgen deprivation therapy (ADT) remains 
the primary treatment for metastatic prostate can-
cer (PCa) since the seminal recognition of the 
disease as androgen-dependent by Huggins and 
Hodges in 1941. However, castration does not 
eliminate androgens from the prostate tumor 
microenvironment. Castration resistant prostate 
cancer (CRPC) is characterized by elevated 
tumor androgen levels that are well within the 
range capable of activating the androgen receptor 
(AR) and AR-mediated gene expression, as well 
as by alterations in the expression levels of ste-
roid metabolizing enzymes that may potentiate 
de novo androgen biosynthesis and utilization of 
circulating adrenal androgen precursors. Indeed, 
residual intratumoral androgens are implicated in 

nearly every mechanism by which AR-mediated 
signaling promotes castration-resistant disease, 
and the importance of residual ligands in disease 
progression is supported by the clinical efficacy 
of new drugs targeting the AR axis such as abi-
raterone and enzalutamide. These observations 
suggest that tissue-based alterations in steroid 
metabolism contribute to the development of 
CRPC and underscore these steroidogenic path-
ways as critical targets of therapy.

The best-studied pathways are those contrib-
uting to the uptake and intratumoral (intracrine) 
conversion of circulating canonical adrenal 
androgen precursors such as dehydroepiandros-
terone (DHEA) and its sulfate (DHEA-S) to the 
potent androgen 5α-dihydrotestosterone (DHT) 
which is a recognized driver of CRPC through 
activation of the wild type AR. However, the less 
characterized adrenal steroid, 11β-hydroxy-
androstenedione (11OHA4) may play a previ-
ously unrecognized role in promoting AR 
activation. In particular, 11OHA4 is efficiently 
converted within PCa cells to 11- ketotestosterone 
(11KT), which is a potent and efficacious activa-
tor of the wild type AR. Thus, in the low andro-
gen environment of CRPC, alternative sources of 
androgens may supplement AR activation nor-
mally mediated by the canonical 5α-reduced ago-
nist, DHT.

Herein, we review the accumulated body of 
evidence which supports intracrine androgen bio-
synthesis as an important mechanism underlying 
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PCa progression, starting with the presence and 
significance of residual prostate tumor androgens 
in the progression of CRPC. We review the clas-
sical and non-classical pathways of androgen 
metabolism, and how dysregulated expression of 
steroidogenic enzymes is likely to potentiate 
tumor androgen production in the progression to 
CRPC, including a role for the enzymes mediat-
ing pre-receptor control of DHT metabolism in 
modulating intra-tumoral androgen levels, and 
recent findings on the role of oncogenic splicing 
of steroidogenic enzymes in tumor androgen 
metabolism. We review the in vitro and in vivo 
data in human tumors, xenografts, and cell line 
models, which demonstrates the capacity of pros-
tate tumors to utilize cholesterol and adrenal 
androgens in the production of testosterone (T) 
and DHT, and briefly review the potential role of 
exogenous influences on this process.

We next discuss an emerging literature on 
non-canonical aspects of androgens and steroido-
genic enzymes in PCa. We review the data regard-
ing the role of 11-oxygenated androgens of 
adrenal origin in activating wild-type AR and 
serving as an under-recognized reservoir of active 
androgens. We discuss the enzymatic pathways 
and novel downstream metabolites of 11OHA4 
that mediate these effects, and review evidence 
that these non-canonical androgens are better 
substrates for conversion to their active forms by 
aldo-keto reductase 1C3 (AKR1C3, also known 
as 17β-hydroxysteroid dehydrogenase type 5/
HSD17B5) and less susceptible to glucuronida-
tion and inactivation than the canonical andro-
gens. We also discuss an emerging literature on 
the potential noncanonical activity of androgen 
metabolizing enzymes in mediating AR activity 
and driving PCa, thereby playing an unrecog-
nized role in CRPC progression separate from 
any role in androgen metabolism.

Finally, we discuss data regarding mecha-
nisms of response and resistance to potent ligand 
synthesis inhibitors entering clinical practice, 
and conclude by discussing the implications of 
these findings for understanding resistance and 
optimizing response to new agents targeting the 
AR-axis for PCa therapy.

 Residual Prostate Tumor Androgens 
in the Progression of CRPC

The efficacy of ADT is routinely based on achiev-
ing castrate levels of serum T, defined as <20 ng/
dl (0.69 nM). However, tissue androgen levels in 
the setting of benign prostatic hyperplasia (BPH), 
primary prostate tumors, locally recurrent PCa, 
or metastatic CRPC have consistently demon-
strated that castration does not eliminate andro-
gens from the prostate tumor microenvironment.

Geller et al. examined prostatic DHT levels by 
radioimmunoassay (RIA) and demonstrated that 
castration by orchiectomy (or Megace plus DES) 
reduced prostatic DHT levels by 75–80% to 
1 ng/g in some but not all patients. Epithelial and 
stromal cell protein biosynthesis was strongly 
correlated with tissue DHT levels, and prostatic 
DHT levels were further reduced when castration 
was combined with adrenal androgen blockade 
by ketoconazole [1–6], suggesting the goal of 
therapy should be to decrease prostatic DHT to as 
low as possible, a concept similarly framed in 
early studies by Labrie [7].

Incomplete suppression of prostate tissue 
androgens by castration has been subsequently 
confirmed in numerous studies of short and long 
term castration therapy [8]. Treatment of BPH 
patients for 3  months with an LHRH agonist 
decreased intraprostatic T levels by 75%, to about 
0.1 ng/g, and DHT levels by 90%, to 0.48 ng/g 
[9]. In men with PCa, 6 months of neoadjuvant 
ADT with castration and flutamide reduced pros-
tatic DHT levels by 75% to about 1.35 ng/g [10]. 
Notably, tumor differentiation based on Gleason 
grading correlated with changes in tissue DHT, 
with an 85% decrease measured in Gleason 6 
cancers, but only a 60% decrement in Gleason 
7–10 tumors [11]. This indicates that tumor type- 
specific changes in androgen metabolism may 
impact responses to systemic T suppression.

Residual androgens have also been demon-
strated in both locally recurrent and metastatic 
castration resistant tumors. T levels in  locally 
recurrent tumors from castrate patients were 
equivalent to those of BPH patients, where DHT 
levels were reduced 80%, to about 0.4 ng/g [12]. 
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Compared to primary prostate tumors from 
untreated patients (T 0.25 ng/g, DHT 2.75 ng/g) 
androgen levels in metastatic CRPC tumors 
obtained via rapid autopsy showed threefold 
higher T levels and an inverted ratio of T to DHT 
(T 0.74  ng/g; DHT 0.25  ng/g) [13]. Adrenal 
androgen precursors have also been detected at 
significant levels in prostate tissue of castrate 
men. Prostatic levels of DHEA, DHEA-S, and 
androstenedione (A4) were decreased by about 
50% in castrate patients and far exceeded values 
of T and DHT in recurrent tumors [12]. No 
decrease in prostatic levels of 5-androstenediol 
(A5-diol) were found after castration [14], which 
is of particular significance as this androgen has 
been shown to bind wild type AR without being 
inhibited by flutamide or bicalutamide [15].

Two studies of men with localized PCa dem-
onstrated that the addition of adrenal androgen 
biosynthesis inhibitors to castration therapy can 
lower prostate androgens below that achieved 
with standard androgen blockade, suggesting a 
role for circulating adrenal androgens in post- 
castration tissue androgen levels. The addition of 
dutasteride and ketoconazole to combined andro-
gen blockade (CAB) for 3 months prior to prosta-
tectomy lowered prostate DHT from 0.92  ng/g 
(in the CAB arm) to 0.03  ng/g [16]. In a sec-
ond  study, the potent cytochrome P450 
17α-hydroxylase/17,20-lyase (CYP17A1) inhib-
itor, abiraterone, was added to LHRH agonist 
therapy for 3 or 6 months prior to prostatectomy. 
Abiraterone decreased prostate tissue DHT from 
1.3 ng/g (in men treated with LHRH agonist ther-
apy alone) to 0.18 ng/g and also decreased pros-
tate levels of A4 and DHEA [17].

These findings clearly demonstrate that 
achieving castrate levels of circulating T does not 
eliminate androgens from the prostate tumor 
microenvironment. The ability of DHT in the 
range observed in castrate tumors (~1 nm, 0.5–
1.0 ng/g) to activate the AR, stimulate expression 
of AR-regulated genes, and promote androgen 
mediated tumor growth has been convincingly 
demonstrated in both in vitro and in vivo studies 
[12, 18–21], and is evidenced by the nearly uni-
versal rise in serum prostate specific antigen 
(PSA) that accompanies CRPC progression.

Residual tissue androgens are implicated in 
the majority of mechanisms whereby persistent 
AR-mediated signaling drives castration resistant 
disease. These mechanisms include AR overex-
pression, AR mutations that broaden ligand spec-
ificity and/or confer sensitivity to adrenal 
androgens, alterations in AR coactivators and/or 
corepressors that modulate AR stability and 
ligand sensitivity, and activation of the AR or 
downstream regulatory molecules by “cross talk” 
with other signaling pathways. Restoration of AR 
expression and signaling in a xenograft model 
was both necessary and sufficient to drive pro-
gression from androgen-dependent to castration 
resistant growth, allowing tumor cell prolifera-
tion in 80% lower androgen concentrations [22]. 
Importantly, ligand binding was required for 
castration- resistant growth, and modest increases 
in AR expression were sufficient to support sig-
naling in a low androgen environment.

The clinical relevance of intratumoral andro-
gens in promoting CRPC tumor growth is con-
firmed by the clinical responses to agents targeting 
residual androgen pathway activity. These include 
historical responses described in response to adre-
nalectomy and/or hypophysectomy [23, 24]; the 
limited but consistent ~5% overall survival bene-
fit seen in meta-analyses of CAB [25–27]; the 
observation that nearly 30% of recurrent prostate 
tumors demonstrate at least transient clinical 
responses to secondary or tertiary hormonal 
manipulation [28]; and most recently, the striking 
clinical response observed with novel inhibitors 
of androgen biosynthesis, such as abiraterone, 
and potent AR inhibitors such as enzalutamide 
[29, 30]. Perhaps most importantly, emerging 
studies suggest that response and resistance to 
abiraterone is associated with upregulated andro-
gen biosynthesis in tumors, clearly demonstrating 
the importance of intratumoral androgen metabo-
lism in CRPC tumor survival [31–33].

 Pathways of Androgen Biosynthesis

The source of residual androgens within prostate 
tumors of castrate men has not been fully eluci-
dated, but is generally attributed to the uptake 
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and conversion of circulating adrenal androgen 
precursors [14, 34], and potentially de novo bio-
synthesis of androgens from progesterone or cho-
lesterol [35]. Here we review the various 
pathways of de novo androgen biosynthesis in 
adrenal and peripheral tissues including testis 
and prostate (Fig. 1, reviewed in [36]), the enzy-
matic pathways mediating prostate androgen 
metabolism, and the ‘backdoor’ and ‘5α-dione’ 
pathways of androgen biosynthesis. A general 
outline of the canonical and non-canonical ste-
roidogenic pathways is provided in Fig. 2.

 Androgen Biosynthesis 
in the Adrenal Gland and Peripheral 
Tissues

Steroid hormone biosynthesis begins with trans-
fer of a 27-carbon (C-27) cholesterol molecule 
from the outer mitochondrial membrane to the 
inner membrane by steroidogenic acute regula-
tory protein (StAR), followed by its conversion 
to the C-21 steroid, pregnenolone catalyzed by 
cytochrome P450 side-change cleavage 
(CYP11A1). Subsequent metabolism to proges-

Fig. 1 Steroid hormone biosynthesis pathways in the 
adrenal gland and testis. (a) Steroid biosynthesis in the 
adrenal cortex occurs in three zones, each with a specific 
complement of enzymes. The zona glomerulosa contains 
the enzymes necessary to produce aldosterone. The zona 
fasciculata and reticularis additionally express CYP17A1. 
The 17α-hydroxylase activity of CYP17A1 is active in the 
zona fasiculata resulting in the production of cortisol. Due 
to tissue-specific expression of the cytochrome b5 cofac-
tor, the 17,20-lyase activity of CYP17A1 is only present 
in the zona reticularis and drives efficient production of 
DHEA which is then sulfated to DHEA-S. 17α-hydroxy-
progesterone is a poor substrate for CYP17A1 17,20-
lyase activity (dotted arrow) and thus androstenedione is 
formed at lower levels from this substrate than 
17α-hydroxypregnenolone. (b) Testicular androgen bio-

synthesis follows a similar pathway to DHEA formation 
as that in the zona reticularis, but due to the absence of 
SULT2A1, and the presence of HSD3B2 and HSD17B3, 
DHEA is efficiently converted to testosterone. The pri-
mary product of each zone is denoted within the darker 
squares (aldosterone, cortisol, DHEA-S in the adrenal 
gland, and testosterone from the testis). The adrenal 
derived 11-oxygenated androgen precursors are depicted 
in the hatched boxes (11β-hydroxyandrostenedione, 
11OHA4; 11- ketoandrostenedione, 11KA4). (Modified 
from International Journal of Biological Science Volume 
22, Issue 10, Elahe A. Mostaghel. Beyond T and DHT – 
Novel Steroid Derivatives Capable of Wild Type Androgen 
Receptor Activation. Pages No. 602–613, Copyright 
(2014), with permission from Ivyspring International 
Publisher)
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terone, mineralocorticoids, glucocorticoids (all 
C-21 steroids), androgens (C-19) or estrogens 
(C-18) is dictated in a tissue-specific manner, 
driven by the expression of specific enzymes and 
catalytic cofactors.

CYP17A1, expressed in the adrenal gland, 
testis and ovary, is a single enzyme with one 
active site, which catalyzes sequential but inde-
pendent 17α-hydroxylase and 17,20-lyase reac-
tions, both of which are required for converting 
C-21 progestogens to C-19 androgen precursors 
along the delta-5 pathway from pregnenolone or 
the delta-4 pathway from progesterone. The 
17α-hydroxylase activity of CYP17A1 for preg-

nenolone and progesterone is similar, but its 
17,20-lyase activity for delta-5 and delta-4 sub-
strates requires the activity of the cytochrome b5 
cofactor, and is approximately 50 times more 
efficient for converting the delta-5 substrate 
17α-hydroxypregnenolone to DHEA than the 
delta-4 substrate 17α-hydroxyprogesterone to A4 
[36]. Androgen biosynthesis in the human there-
fore favors the delta-5 pathway to DHEA. 
3β-Hydroxysteroid dehydrogenase/delta5-4 
isomerase (HSD3B) enzymes catalyze the con-
version of delta-5 to delta-4 steroids. Whereas 
HSD3B2 is the primary isoform expressed in 
adrenal, testis and ovary (all sites of de novo 

Fig. 2 Classical and non-classical pathways of androgen 
biosynthesis. Cholesterol is converted pregnenolone and 
by the action of StAR and CYP11A1. In the classical 
pathway (light gray arrows) pregnenolone and progester-
one are converted to the adrenal androgens DHEA and 
androstenedione (A4) by the sequential 17α-hydroxylase 
and 17,20-lyase activity of CYP17A1. Due to the sub-
strate preference the 17,20-lyase activity of CYP17A1 
(which requires the cytochrome b5 cofactor) favors pro-
duction of DHEA.  DHEA (from intrinsic or circulating 
sources depending on the tissue) is subsequently acted on 
by HSD3B and HSD17B3 or AKR1C3 to form testoster-
one, which is converted to DHT via SRD5A. In the back-
door pathway (hatched arrows) the progesterone 
intermediates are acted on first by the activity of SRD5A 
and the reductive activity of AKR1C2 prior to the 17,20- 

lyase activity of CYP17A1. Androsterone is then acted on 
by HSD17B3 or AKR1C3 and must undergo an oxidative 
step mediated by RL-HSD (or others) to generate DHT. In 
a third pathway, termed the 5α-Androstanedione pathway 
(dark gray arrows) DHEA and A4 are produced as in the 
classical pathway. However, instead of conversion of A4 
to testosterone followed by the activity of SRD5A to pro-
duce DHT, the enzymatic sequence is reversed such that 
A4 is converted first by SRD5A to 5α-Androstanedione 
and then by HSD17B3 or AKR1C3 to DHT. (Modified 
from Best Practice & Research Clinical Endocrinology & 
Metabolism, Volume 22, Issue 2, Elahe A. Mostaghel and 
Peter S. Nelson. Intracrine androgen metabolism in pros-
tate cancer progression: mechanisms of castration resis-
tance and therapeutic implications. Pages No. 243-258, 
Copyright (2008), with permission from Elsevier)
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 steroidogenesis), HSD3B1 (tenfold more effi-
cient) is the isoform expressed in peripheral tis-
sues such as prostate, breast, skin, placenta and 
brain [36].

In adrenal steroidogenesis (Fig. 1a, reviewed 
in [37]), the zona glomerulosa lacks CYP17A1 
expression and produces aldosterone via the 
sequential activity of HSD3B2, cytochrome 
21-hydroxylase (CYP21A2), and cytochrome 
P450 11β-hydroxylase (CYP11B) on pregneno-
lone. Both the zona fasciculata and zona reticu-
laris express CYP17A1, but the zona fasciculata 
does not express cytochrome b5 and therefore 
channels precursors to production of glucocorti-
coids. The differential expression of cytochrome 
b5 in the zona reticularis augments the 17,20- 
lyase activity of CYP17A1 tenfold, leading to 
robust production of DHEA, followed by conver-
sion to DHEA-S via the sulfotransferase activity 
of SULT2A1. The zona reticularis is also charac-
terized by low expression of HSD3B2, favoring 
conversion of pregnenolone to DHEA and 
DHEA-S, although small amounts are converted 
to A4 [38].

Less recognized is that the human zona reticu-
laris also expresses AKR1C3, which mediates the 
final step in T biosynthesis from A4. Notably, in 
a small study of eight women, adrenal vein T lev-
els increased sixfold (18.5–116 ng/dl) before and 
after ACTH stimulation [39]. In a much earlier 
study, selective adrenal vein catheterization in 
men also demonstrated adrenal to peripheral 
venous T gradients, although a compensatory 
increase in adrenal production of T was not 
observed in castrate vs. intact men [40].

The adrenal gland also produces less recog-
nized non-canonical androgens. 11OHA4 is an 
abundant product of the human adrenal derived 
from the CYP11B mediated 11β-hydroxylation 
of A4. CYP11B1 and 2 have also been shown to 
11β-hydroxylate T, yielding 11β-hydroxy-
testosterone (11OHT), though the levels pro-
duced by the adrenal are low due to the limited 
availability of adrenal derived T [41, 42]. Low 
levels of 11-ketoandrostenedione (11KA4) and 
11KT are also produced from 11OHA4 and 
11OHT, respectively due to the low levels of 
11β-hydroxysteroid dehydrogenase type 2 

(HSD11B2) expressed in the adrenal, with 
11KA4 also serving as a substrate for AKR1C3 
[41]. Adrenal vein sampling before and after 
ACTH stimulation showed a 5.2-fold increase in 
11OHA4 (157 ± 96.2 nM to 811 ± 260 nM), a 
3.2-fold increase in 11KA4 (0.99 ± 0.33 nM to 
3.18 ± 0.63 nM), a 5.5-fold increase in 11OHT 
(0.48 ± 0.17 nM to 2.62 ± 0.74 nM) and a 1.3- 
fold increase in 11KT (0.39  ±  0.09  nM to 
0.49 ± 0.11 nM). Adrenal output does not, how-
ever, account for the circulating levels of 11KA4 
and 11KT, which are instead likely achieved by 
peripheral conversion of abundant adrenal 
derived 11OHA4 to 11KA4 by peripheral tissue 
expressing HSD11B2, with 11KA4 subsequently 
serving as a substrate for the peripheral AKR1C3 
mediated conversion to 11KT [43].

Leydig cells of the testis (Fig. 1b) express met-
abolic machinery that is similar to the adrenal 
gland, including StAR and CYP11A1, and also 
display preference of CYP17A1 for delta-5 sub-
strates. This allows Leydig cells to produce DHEA 
from cholesterol, but with several key differences 
compared to the adrenal gland, including absence 
of SULT2A1, preventing conversion of DHEA to 
DHEA-S, and abundant expression of HSD3B2, 
which mediates the delta-5 to delta-4 conversion 
required to generate T. The final steps in T biosyn-
thesis are catalyzed by 17β-hydroxysteroid dehy-
drogenase type 3 (HSD17B3) and/or AKR1C3. 
HSD17B3 is expressed primarily in testicular 
Leydig cells, while AKR1C3 mediates production 
of T in peripheral tissues. The activity of HSD3B2 
and HSD17B3 thus drives the stepwise conversion 
of DHEA to T, via either A4 or A5-diol.

 Androgen Biosynthesis 
in the Prostate and Pre-receptor 
Control of DHT Metabolism

The uptake of circulating androgen precursors 
and the local biosynthesis of active steroids in 
peripheral target tissues such as prostate, breast 
and skin has been termed intracrinology [44], a 
process that is complemented by the paracrine 
diffusion and conversion of steroid substrates 
among neighboring cell types with different 
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enzyme capacities. In the prostate, circulating T 
from the Leydig cells is converted to DHT by ste-
roid 5α-reductase type 2 (SRD5A2) present in 
both basal and luminal epithelial cells. Circulating 
DHEA-S must be de-sulfated by the activity of 
steroid sulfatase (STS) which has been detected 
in normal and cancer prostate tissue [45–47], and 
can then be converted to A4, T and DHT via the 
activity of HSD3B1, AKR1C3 and SRD5A2 
present in basal epithelial cells [48, 49]. 
Circulating T or T produced in the basal cells dif-
fuses to the AR positive luminal cells where it is 
then converted to DHT by SRD5A2 [44].

Prostate tissue also demonstrates epithelial 
cell expression of phase I (reducing) and phase II 
(conjugating) DHT catabolizing enzymes that act 
in concert to regulate access of DHT to the AR. 
Aldo-keto reductase 1C1 (AKR1C1) is the pri-
mary enzyme responsible for the irreversible 
reduction of DHT to the weak metabolite, 
5α-androstane-3α,17β-diol (3α-androstanediol or 
3α-diol, a low affinity AR ligand), whereas aldo- 
keto reductase 1C2 (AKR1C2) catalyzes the 
reversible conversion of DHT to 5α-androstane- 
3β,17β-diol (3β-diol, a pro-apoptotic ligand of 
estrogen receptor beta, ERβ) [50]. The reductase 
activity of AKR1C2, coupled with the reverse 
oxidative activity of specific 3α-HSD enzymes is 
a critical molecular switch regulating access of 
DHT to the AR [50–53].

Candidate enzymes mediating the reversible 
conversion of 3α-diol to DHT include RL-HSD 
(HSD17B6), HSD17B10, RODH4, RDH5, and 
DHRS9. Transcripts of RL-HSD and HSD17B10 
are highly expressed in the prostate, however sev-
eral studies suggest RL-HSD is more active in 
converting 3α-diol to DHT in prostate cells [54, 
55]. Basal epithelial cell expression of RL-HSD 
is present at the protein level, while transcript 
profiling of cultured epithelial and stromal cells 
detects stromal expression as well [54, 56]. 
RL-HSD also acts as an epimerase to convert 
3β-diol to 3α-diol, although at much higher sub-
strate concentrations [57]. RL-HSD also cata-
lyzes conversion of physiologic levels of DHT to 
3β-diol, suggesting RL-HSD is involved in main-
taining the intraprostatic balance of DHT, 3α-diol 
and 3β-diol [56].

The glucuronidating enzymes (UDP- 
glucuronosyltransferases) UGT2B15 and 
UTG2B17 located in prostate luminal and basal 
epithelial cells, respectively, irreversibly termi-
nate the androgen signal by glucuronidation of 
3α-diol (as well as T, DHT and other metabo-
lites), and are major determinants of the andro-
gen signal in PCa cell lines [58–60]. UDP-glucose 
6-dehydrogenase (UGDH) is required to generate 
the substrate for glucuronide conjugation (UDP- 
glucuronate), and over-expression of UGDH 
increases the generation of glucuronidated andro-
gens [61]. Thus, the relative activity of 
AKR1C2  in converting DHT to 3β-diol, and of 
RL-HSD and UGT2B17  in competing for con-
version of 3β-diol back to DHT or to 3βdiol-G, 
respectively, will collectively determine the 
amount of active steroid available for AR ligand 
occupancy.

 Classical, Backdoor and 5α-Dione 
Pathways of Androgen Metabolism

In the classical pathway of androgen biosynthesis 
discussed above (Fig. 2, light gray arrows), preg-
nenolone is generated from cholesterol and is 
then converted to DHEA by sequential 
17α-hydroxylase and 17,20-lyase reactions cata-
lyzed by CYP17A1. DHEA is converted by 
HSD3B1/2 to A4, which is then acted on by 
HSD17B3 or peripherally expressed AKR1C3 to 
generate T. In target tissues the subsequent con-
version of T to DHT is carried out by SRD5A2, 
thereby amplifying the androgen signal as DHT 
is the more potent androgen. However, in ste-
roidogenic tissues in which both CYP17A1 and 
SRD5A are co-expressed, an alternate route to 
DHT, called the ‘backdoor’ pathway (Fig.  2, 
hatched arrows) is possible wherein adrenal 
derived C-21 steroids undergo 5α-reduction by 
SRD5A prior to being acted upon by the 17,20- 
lyase activity of CYP17A1 [62]. In fact, 
17α-hydroxyprogesterone is a better substrate for 
SRD5A (especially SRD5A1) than either A4 or T 
[63]. Since 17OH-dihydroprogesterone (the 
5α-reduced product of 17α-hydroxyprogesterone) 
is a poor substrate for the 17,20-lyase activity of 
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CYP17A1, biosynthesis proceeds via the 
3α-reduction of 17OH-dihydroprogesterone by 
ARK1C2, which yields 17OH-allopregnanolone, 
an excellent substrate for CYP17A1 lyase activ-
ity that is minimally dependent on cytochrome b5 
[64]. Androsterone generated by the 17,20-lyase 
activity of CYP17A1 is then acted upon by 
HSD17B3 or AKR1C3 to generate 3α-diol, fol-
lowed by a reverse oxidative step (not required in 
the classical pathway) to generate DHT [36]. 
Candidate enzymes mediating the reversible con-
version of 3α-diol to DHT are the enzymes 
RL-HSD (HSD17B6), HSD17B10, RODH4, 
RDH5, and DHRS9, involved in the pre-receptor 
metabolism of DHT discussed above [36, 54, 
55]. This pathway, e.g. 5α-reduction of C-21 ste-
roids prior to the action of CYP17A1 17,20- 
lyase, occurs in the testis of the immature mouse 
and the tammar wallaby. This pathway is also 
hypothesized to occur in ovarian hyperandrogen-
ism and polycystic ovarian syndrome, as the 
human ovary expresses both CYP17A1 and 
SRD5A [62].

Interestingly, production of DHT in mouse 
testis via this mechanism is specifically mediated 
by type 1 and not the type 2 isoform of SRD5A 
[65]. This observation is of relevance to prostatic 
androgen metabolism in that a clear shift from 
SRD5A2 to SRD5A1 expression occurs in the 
transition from benign to neoplastic prostate tis-
sue (discussed below). Moreover, human 
CYP17A1 displays markedly more robust 17,20- 
lyase activity for the 5α-reduced progesterone 
intermediate 17OH-allopregnanolone than for 
the classical substrates 17α-hydroxypregnenolone 
or 17α-hydroxyprogesterone, such that the com-
bination of increased SRD5A1 activity in con-
junction with expression of CYP17A1  in PCa 
tissue may favor de novo biosynthesis via the 
backdoor pathway over the classical pathway 
[66].

In a third, and currently most accepted route to 
DHT in CRPC, termed the 5α-androstanedione 
(5α-dione) pathway (Fig.  2, dark gray arrows) 
DHEA and A4 are produced as in the classical 
pathway. However, A4 is converted first by 
SRD5A to 5α-dione and then by AKR1C3 (or 
HSD17B3) to DHT, rather than conversion of A4 

to T by AKR1C3 followed by the activity of 
SRD5A to produce DHT. Consistent with prior 
findings that SRD5A activity in PCa cells has a 
preference for A4 rather than T [67–69], the 
group of Sharifi demonstrated that (1) the 
5α-reduction of A4 to 5α-dione is a required step 
for DHT biosynthesis in PCa cells (rather than 
direct 5α-reduction of T to DHT); (2) this conver-
sion is specifically mediated by SRD5A1; and (3) 
that in PCa cells T and A4 are actually negligible 
substrates for SRD5A2 [66] (possibly related to 
the altered redox environment of tumor cells as 
SRD5A1 and 2 have different pH optima). 
Storbeck et al. have shown that A4 is also a poor 
substrate for conversion to T by AKR1C3 and 
that it is the combination of SRD5A1 favouring 
A4 over T; also, A4 is a very poor substrate for 
AKR1C3, which directs the flux via 5α-dione 
[43]. The subtotal loss of SRD5A2, upregulation 
of SRD5A1 and increased expression of AKR1C3 
observed in the transition from benign prostate to 
CRPC may thus reflect selection of tumors cells 
capable of efficiently synthesizing DHT via this 
pathway [34, 45, 49, 70–72].

Importantly, while the non-classical pathways 
to DHT bypass conventional intermediates of A4 
and T, it is worth emphasizing that the backdoor 
and 5α-dione pathways still include the same 
enzymatic conversions that produce DHT via the 
conventional pathway; all that differs is the order 
in which the enzymes mediate the reactions.

 Altered Expression of Steroidogenic 
Enzymes in Progression to CRPC

Primary PCa and CRPC tumors are characterized 
by a number of changes in steroidogenic gene 
expression that are consistent with either promot-
ing conversion of adrenal androgen precursors to 
DHT, inhibiting conversion of DHT to inactive 
metabolites, or in case of CRPC tumors, mediat-
ing de novo biosynthesis of androgens from cho-
lesterol and/or progestogen precursors. Here we 
review the alterations observed in prostate tumors 
during the progression to CRPC and discuss 
implications of these changes for determining 
intra-tumor androgen levels.
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 Altered Expression of Steroidogenic 
Genes in Primary Prostate Cancer

Perhaps the most consistently observed alteration 
in prostate tumors is a subtotal loss of tumoral 
SRD5A2, the principle steroid 5α-reductase iso-
form expressed in benign prostate tissue [45], 
and a relative shift in primary and recurrent pros-
tate tumors to expression of SRD5A1 [34, 71, 72] 
(although some studies have shown Gleason 
grade-related increases in both SRD5A1 and 
SRD5A2 [73]). As discussed above, in the 
5α-dione pathway, the 5α-reduction of A4 to 
5α-dione is a required step for DHT biosynthesis 
in PCa cells and is specifically mediated by 
SRD5A1, suggesting that the upregulation of 
SRD5A1 observed in the transition to CRPC 
reflects selection of tumor cells capable of effi-
ciently synthesizing DHT via this pathway. 
Interestingly, a recent report demonstrated that 
progression to CRPC was correlated with a 
higher pre-treatment ratio of T to DHT in pros-
tate biopsies taken before the start of ADT 
(T:DHT ratio 0.19 [0.98–4.92  pg/mg] vs. 0.05 
[0.45–16.89  pg/mg] in patients who did not 
develop CRPC) [74]. It is tempting to speculate 
that this elevated ratio of T to DHT reflects tumor 
cells with pre-treatment loss of SRD5A2 activity, 
followed by induction of SRD5A1-mediated 
DHT production via 5α-dione under the selective 
pressure of ADT. Altered expression of a third 
SRD5A isozyme, SRD5A3, has also been 
reported, with increased expression observed in 
primary and castration recurrent prostate tumors 
[75]. The importance and/or activity of this 
enzyme in PCa progression awaits further evalu-
ation [76].

Differential changes in the expression of 
reductive and oxidative enzyme pairs, which 
favors the conversion of inactive precursors to 
active androgens (e.g. A4 to T, or 5α-dione to 
DHT), has been observed in primary prostate 
tumors, including increased tumor expression of 
the reductive enzymes HSD17B3 [77] and 
AKR1C3 [34, 49, 70], and decreased expression 
of the oxidative enzyme catalyzing the reverse 
reaction, HSD17B2 [77, 78], suggesting a shift in 
tumoral androgen metabolism to the formation of 

T and DHT.  Silencing of HSD17B2 occurs via 
DNA methylation, as well as generation of two 
alternatively spliced, catalytic-deficient isoforms 
that bind wild type HSD17B2 and promote its 
degradation [79]. Increased prostate tumor 
expression of HSD17B4 has also been observed, 
but a role in androgen metabolism was only 
recently revealed. This enzyme (also known as 
D-bifunctional protein or DBP) has a unique per-
oxisomal targeting sequence and acts primarily 
in peroxisomal β-chain oxidation of fatty acids 
[80]. However, HSD17B4 has five splice iso-
forms, of which isoform 2 is capable of metabo-
lizing T and DHT.  Despite an increase in 
expression of the other isoforms in PCa, expres-
sion of isoform 2 is specifically lost in CRPC, 
consistent with a shift in tumoral androgen 
metabolism to the formation of T and DHT. This 
finding highlights the role of tumor-based 
changes that prevent androgen inactivation in 
maintaining CRPC tumor androgen levels [81].

Primary PCa also demonstrates a selective 
loss of both AKR1C2 and AKR1C1 versus paired 
benign tissues, accompanied by a reduced capac-
ity to metabolize DHT to 3α-diol, resulting in 
increased tumoral DHT levels [53]. Increased 
expression of HSD17B10, one of the oxidative 
enzymes capable of mediating the back conver-
sion of 3α-diol to DHT, has also been observed in 
malignant vs. benign prostate epithelial cells, 
similarly consistent with an increased capacity to 
generate DHT in tumor tissue [82]. In contrast, 
epithelial expression of RL-HSD (which can 
mediate either conversion of 3β-diol to DHT or 
of DHT to 3α-diol) is lost in primary PCa, which 
is hypothesized to reflect loss of the 3β-diol/ERβ 
mediated growth inhibition pathway during 
malignant transformation [56].

Another mechanism that may modulate pros-
tate tissue androgen levels is sulfation. While 
SULT2A1 is the primary phase II enzyme respon-
sible for sulfonation in the adrenal gland, 
SULT2B1b is highly expressed in the prostate 
and may limit the pool of unconjugated DHEA 
available for conversion to A4 [83]. Notably, 
SULT2B1 shows selective loss of expression in 
tumor vs. benign prostate epithelial cells [84]. 
This is consistent with a report demonstrating 
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increased DHEA-stimulated LNCaP prolifera-
tion in cells with knockdown of SULT2B1 [85].

Notably, the expression of enzymes involved 
in de novo steroidogenesis, including MLN64 
(homolog of StAR), CYP11A1, CYP17A1, 
HSD3B1 and HSD3B2 has also been demon-
strated in primary prostate tumor tissues [86–89]. 
While a role for de novo steroidogenesis (e.g. 
from cholesterol) per se in primary prostate 
tumors is less likely, these observations suggest 
that the selection pressure of androgen depriva-
tion therapy leads to upregulated expression of 
these enzymes and reconstitution of tumor andro-
gen levels in CRPC.

 Altered Expression of Steroidogenic 
Genes in Castration Resistant 
Prostate Tumors

CRPC tumors demonstrate altered expression of 
numerous genes in the steroid biosynthetic path-
way, including genes involved in cholesterol 
metabolism, de novo steroidogenesis, as well as 
utilization of adrenal androgen precursors, sug-
gesting that castration resistant tumors have the 
ability to utilize cholesterol, progesterone and/or 
adrenal precursors for conversion to T and DHT 
[13, 34]. Changes related to cholesterol metabo-
lism include increased expression of squalene 
epoxidase (SQLE), the rate-limiting enzyme in 
cholesterol synthesis, as well other genes in this 
pathway such as HMG-CoA synthase, squalene 
synthetase and lanosterol synthase [35]. In a 
study comparing CRPC with primary tumors, the 
relative expression of numerous transcripts 
involved in de novo androgen biosynthesis and 
adrenal androgen precursor utilization were 
altered, including increased expression of 
HSD3B2 (1.8), AKR1C3 (5.3), SRD5A1 (2.1), 
SRD5A2 (0.54), AKR1C2 (3.4), AKR1C1 (3.1) 
and UGT2B15 (3.5). Another study of CRPC 
metastases in which elevated levels of tumor T 
and DHT were also measured (T 0.74 ng/g, DHT 
0.25 ng/g), showed elevated expression of StAR, 
CYP17A1, HSD3B1/2, HSD17B3, AKR1C3, 
SRD5A1/2, UGT2B15/17, CYP19A1 and 
decreased SRD5A2 [13, 86, 88, 90].

Other studies have not found increased expres-
sion of CYP17A1 specifically in CRPC tumors 
but have demonstrated findings suggestive of 
intracrine utilization of adrenal androgens, 
including increased expression of HSD17B3 and 
AKR1C3 [34, 91, 92]. Interestingly, CYP17A1 
has squalene epoxidase activity in assays using 
recombinant CYP17A1 and in a mouse Leydig 
tumor cell line [93], suggesting that it has a dual 
role in CRPC steroid metabolism. Also of note, 
AKR1C3 has recently been identified as an AR 
coactivator and thus may play dual roles in pro-
moting ligand biosynthesis and AR activation 
[94].

A naturally-occurring single nucleotide poly-
morphism (SNP) in HSD3B1 (1245C; N367T, 
population frequency 22%) has been identified as 
a gain of function somatic mutation in CRPC 
tumors [95]. Three of 25 CRPC tumors from 
patients that were homozygous for the major 
allele had acquired a somatic N367T gain of 
function mutation in the tumor. Moreover, 3 of 11 
CRPC tumors with heterozygous germline DNA 
showed loss of heterozygosity of the major allele. 
Expression of the N367T form of HSD3B1 
resulted in increased protein levels of HSD3B1, 
rendered the protein resistant to ubiquitination 
and degradation, and led to increased intratu-
moral DHT production. Compared to the poor 
conversion of DHEA to A4  in LAPC4 cells, 
which do not have this mutation, the N367T form 
of HSD3B1 was shown to account for the effi-
cient flux of DHEA to A4  in LNCaP cells and 
was also detected in the VCaP cell line.

 Alternative Splicing of Androgen 
Metabolizing Enzymes in Prostate 
Cancer

As discussed, both primary PCa and CRPC are 
characterized by differential changes in the 
expression of reductive and oxidative enzyme 
pairs favoring the conversion of inactive precur-
sors (e.g. A4 and 5α-dione) to active androgens 
(e.g. T and DHT, respectively). Data also demon-
strate a role for alternative splicing of androgen 
metabolizing enzymes in modulating tissue 
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androgen levels, including functional silencing of 
HSD17B2 and HSD17B4, which are responsible 
for the reverse metabolism of the active andro-
gens, T and DHT, to their inactive precursors, A4 
and 5α-dione, respectively [79]. HSD17B2 pro-
tein levels can be reduced by generation of two 
alternatively spliced, catalytic-deficient isoforms 
that bind wild type HSD17B2 and promote its 
degradation. HSD17B4 has five alternatively 
spliced iso-forms, of which isoform 2 metabo-
lizes T and DHT and is specifically lost in CRPC 
[81]. While the factors involved in alternative 
splicing of HSD17B4 were not investigated, one 
study found that overexpression of SRSF1 (also 
known as ASF1/SF2) or SRSF5 (also known as 
SRp40) resulted in generation of the truncated 
HSD17B2 isoforms.

Notably, SRSF1 and SRSF5 are involved in 
the oncogenic splicing of multiple genes, includ-
ing BCL-X, CCND1, KLF6, VEGF, and perhaps 
of most interest, AR, which are implicated in 
driving PCa progression [96, 97]. Splice variants 
of the AR which lack the C terminal ligand bind-
ing domain (LBD) but retain the DNA binding 
and N terminal domains required for AR dimer-
ization, DNA binding and transcriptional regula-
tion have been described [96, 98]. Among these, 
the ligand independent, constitutionally active 
AR variant 7 (AR-V7) is the most common vari-
ant in CRPC and has been shown to be an adverse 
prognostic and predictive marker [99]. The splic-
ing factors U2AF55 and SRSF1 act as pioneer 
factors, specifically recruiting the spliceosome to 
the 3′ splice site of AR-V7, thus increasing the 
expression of AR-V7 mRNA [96]. Thus, the 
novel observation that SRSF1 and SRSF5 are 
involved in the alternative splicing of HSD17B2 
adds steroidogenic enzymes to the known suite of 
drivers regulated by these splicing factors.

 Functional Evidence of Intracrine 
Steroidogenesis in Prostate Cancer

The ability of prostate tissue and prostate tumors 
to mediate the intracrine conversion of adrenally 
derived androgen precursors or cholesterol to the 
downstream androgens T and DHT has been 

evaluated in normal rat and human prostate, in 
primary prostate tumors, in CRPC tumors, and in 
vitro and in vivo models of CRPC.  Here we 
review the evidence in each of these settings that 
demonstrate the activity of steroidogenic path-
ways in the continuum from normal prostate to 
CRPC.

 Evaluation of Steroidogenesis 
in Normal Prostate and Prostate 
Cancer Tissue

A number of early studies attempted to directly 
examine the steroidogenic ability of rat and 
human prostate tissue by evaluating the conver-
sion of exogenous radiolabeled-adrenal androgen 
precursors to T or DHT.  Bruchovsky adminis-
tered radioactively labeled androgens including 
T, DHT, and the adrenal androgen precursors 
DHEA and A4 to castrated male rats and evalu-
ated prostatic metabolites 60 min after injection 
[100]. Following administration of DHEA, 
approximately 1% and 8% of the recovered 
radioactivity was found in T and DHT respec-
tively. With A4 it was 2% and 12%, respectively. 
In comparison, 37% of exogenous labeled T was 
converted into DHT. Labrie et  al. demonstrated 
that administering DHEA or A4 to castrate adult 
rats at levels found in the serum of adult men led 
to increased prostatic DHT levels and increases 
in ventral prostate weight [101]. In the Dunning 
R3327 prostate carcinoma model, administration 
of adrenal androgen precursors to castrate male 
rats increased tumor DHT levels and stimulated 
tumor growth to the level of intact controls [102].

In studies of human prostate tissue, one study 
evaluated prostate androgen metabolism by 
infusing eugonadal men with 3H-T, 3H-A4 or 
3H-DHEA-sulfate (DHEA-S) 30 min prior to per-
forming radical prostatectomy for BPH [103]. 
The major metabolite present in prostate tissue 
after 3H-T infusion was DHT (about 65% conver-
sion). Infusion of 3H-A4 resulted in approxi-
mately 7–10% radioactivity associated with 
either T or DHT. 3H-DHEA-S was primarily con-
verted to DHEA (70–90%), with 1–3% conver-
sion to T, DHT and A4. Consistent with these 
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observations, a more recent study using mass 
spectrometry to identify metabolites formed from 
incubation of human prostate homogenate ex 
vivo with DHEA demonstrated production of 
A5-diol, T, DHT and androsterone [104]. 
Together, these studies in rat and human prostate 
tissues suggest that while the most efficient sub-
strate for DHT production in non-tumor prostate 
tissue is T, a limited amount of DHT is also 
formed from exogenous DHEA or A4, consistent 
with intracrine steroid metabolism.

Metabolism of 14C progesterone was investi-
gated in primary PCa tissues, but no significant 
metabolic conversion beyond the formation of 
immediate progesterone derivatives was observed 
[105]. This finding is not necessarily unexpected, 
as studies have now clearly demonstrated that it is 
CRPC tumors in which steroidogenic genes capa-
ble of de novo biosynthesis are upregulated. One 
study evaluated the presence of adrenal androgen 
precursors and steroid metabolizing activity 
(including SRD5A, HSD3B, and HSD17B) ex 
vivo in hormone naive tumors and lymph node 
metastases. Although malignant tissue had a sub-
total loss of SRD5A activity, primary tumors and 
metastases were found to have the capacity to 
metabolize adrenal androgen precursors to DHT 
[45]. Another study demonstrated the conversion 
of DHEA-S to DHEA within PCa tissue extracts 
from both eugonadal and castrate men [106]. A 
third study subsequently confirmed the presence 
of the steroid sulfatase required for conversion of 
DHEA-S to DHEA within prostate epithelial tis-
sue [107], which was later confirmed by others 
[46, 47]. Consistent with the discovery that the 
primary route to DHT in PCa cells is from A4 to 
5α-dione rather than from A4 to T, Sharifi’s group 
demonstrated robust conversion of A4 to 5α-dione 
and low/no metabolism of A4 to T in biopsy tissue 
from two patients with CRPC [66]. However, in 
contrast to their findings in CRPC tissue where T 
is a poor substrate for conversion to DHT by 
SRD5A, this group subsequently reported that in 
primary PCa both A4 and T underwent 5-α reduc-
tion, leading them to suggest that the transition to 
CRPC coincides with a metabolic switch toward 
A4 as the favored substrate [108].

 Experimental Models of De Novo 
Steroidogenesis in CRPC

Studies using in vitro and in vivo models of 
CRPC support the concept of intratumoral andro-
gen biosynthesis, including both adrenal andro-
gen precursor utilization and de novo androgen 
biosynthesis [109]. Notably, circulating levels of 
exogenously administered cholesterol were asso-
ciated with tumor size (R = 0.3957, p = 0.0049) 
and intratumoral T levels (R = 0.41, p = 0.0023) 
in subcutaneous LNCaP tumors grown in hor-
monally intact mice, and were directly correlated 
with tumoral expression of CYP17A1 
(R = 0.4073, p = 0.025). Since the hypercholes-
terolemia did not raise circulating androgen lev-
els, these data suggest the administered 
cholesterol led to increased intratumoral andro-
gens via de novo steroidogenesis. Consistent with 
these observations, increased serum cholesterol 
was associated with elevated intraprostatic levels 
of DHEA, T, and A4 in a PTEN-null transgenic 
mouse model of PCa, and inhibition of serum 
cholesterol levels slowed tumor growth and was 
associated with a decrease in intraprostatic 
androgens [110].

Numerous studies using CRPC xenografts in 
castrate mice have demonstrated measurement 
of substantial intratumor androgen levels [13, 
31, 32, 111–115]. As it has been commonly 
believed that rodent adrenal glands do not bio-
synthesize significant amounts of adrenal andro-
gen precursors, these findings were considered 
suggestive of de novo steroidogenesis from cho-
lesterol or progesterone precursors. However, 
more recent studies have demonstrated the pres-
ence of circulating adrenal androgen precursors 
in mice, and that adrenalectomy reduced both 
serum and tumor androgen levels and slowed 
growth of CRPC xenograft tumors [116, 117]. 
Notably, a subset of tumors recurred after adre-
nalectomy with increased steroid levels and/or 
induction of AR, truncated ligand-independent 
AR variants, and glucocorticoid receptor (GR), 
suggesting de novo steroidogenesis remains 
among the resistance mechanisms employed by 
CRPC tumors [116].
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A number of groups have addressed this ques-
tion more directly by carrying out in vitro studies 
with radiolabeled cholesterol precursors to dem-
onstrate intratumoral conversion to downstream 
metabolites. The androgen-independent LNCaP 
derivative (C81) showed higher expression of 
StAR, CYP11A1 and CYP17A1 compared to its 
androgen-dependent counterpart (C33) and was 
shown to directly convert radioactive cholesterol 
into T [118]. Increases in expression of genes 
responsible for accumulation of free cholesterol 
and cholesterol biosynthesis including LDLR, 
SRB1, ABCA1, STAR, ACAT, HMG-CoA and 
CYP11A1 were demonstrated in a xenograft 
LNCaP model [112, 113, 119], as well as increases 
in transcripts encoding CYP17A1, AKR1C1, 
AKR1C2, AKR1C3, HSD17B2, and SRD5A1. 
Conversion of 14C-acetic acid to DHT was 
observed in these xenografts, and tumors were 
shown to metabolize 3H-progesterone to six differ-
ent intermediates upstream of DHT, suggesting 
occurrence of steroidogenesis via both classic and 
“backdoor” pathways [120]. In a study of six pros-
tate cell lines (LnCaP, 22Rv1, DU145, RWPE1, 
PC3 and ALVA4), expression of CYP11A1, 
CYP17A1, HSD3B2, HSD17B3 was detected in 
all, with conversion of 14C-labled cholesterol to T 
and DHT demonstrated in each cell line, albeit 
with different efficiencies [86]. It should be noted 
that other studies have not detected expression of 
CYP17A1 nor demonstrated clear evidence for de 
novo steroidogenesis in PCa cell lines [121–123]. 
Interestingly, one study in the LNCaP sub-line 
C4-2 as well as VCaP cells showed CYP17A1-
independent metabolism of pregnenolone to its 
5α-pregnane metabolite, allopregnanolone (medi-
ated in three steps by HSD3B, SRD5A and 
AKR1C in the backdoor pathway), which has 
been associated with proliferation, mitogenesis 
and metastasis in other malignant cell types such 
as ovarian, testis, breast and leukemia [124].

 Drivers of Intratumoral Androgen 
Biosynthesis

A number of exogenous and endogenous factors 
including cytokines, growth factors, nuclear tran-
scription factors, and paracrine cellular interac-

tion have been found to promote steroid 
production in PCa cell lines and tissues. IL-6 is 
implicated in cross-talk and regulation of AR 
activity and PCa growth but may also play a role 
in modulating androgen biosynthesis. Treatment 
of LNCaP cells with IL-6 induced the expression 
of steroidogenic enzymes including CYP11A1, 
HSD3B2, AKR1C3 and HSD17B3, and increased 
levels of T twofold in lysates of cells grown in 
serum free media [125].

In a study designed to evaluate the effects of 
insulin on steroidogenesis, exposure of LNCaP 
cells to insulin caused an increase in transcript 
levels of cholesterol and steroid synthesizing 
genes, including SREBP1, StAR, CYP11A1, 
CYP17A1, HSD3B2, HSD17B3, and SRD5A1, 
which were confirmed at the protein level for a 
number of genes including CYP11A1 and 
CYP17A1. In parallel, insulin increased intracel-
lular levels of pregnenolone, 
17α-hydroxyprogesterone, DHEA and T, and 
incubation of insulin-treated LNCaP and VCaP 
cells with 14C-acetate resulted in detection of 
radiolabeled pregnan-3,20-dione, A4, T and 
androsterone [114]. In similar studies evaluating 
the effect of IGF2 on steroidogenesis, these 
authors demonstrated increased conversion of 
14C-acetate to pregnan-3,20-dione, pregnan-3,17- 
diol- 20-one, androsterone, A4, and T [126].

Receptors for luteinizing hormone (LH), the 
target of LH releasing hormone (LHRH) agonist 
therapy in the brain, have also been demonstrated 
in PCa specimens and may play a role in ste-
roidogenesis [127]. Exposure of both androgen- 
sensitive (LNCaP) and androgen-independent 
(22RV1 and C4-2B) PCa cell lines to LH 
increased the protein expression of steroidogenic 
enzymes including StAR, CYB5B, CYP11A1, 
and HSD3B, and a 2.5-fold increase in progester-
one synthesis was observed in LH treated C4-2B 
cells compared to controls [128]. These data sug-
gest that LH may have a role in the regulation of 
steroid biosynthesis in PCa cells and identify the 
LH receptor as a potential therapeutic target.

Nuclear receptor (NR) liver receptor homo-
log- 1 (LRH-1, NR5A2), an orphan nuclear recep-
tor without a previously known role in 
steroidogenesis, was recently shown to promote 
de novo androgen biosynthesis via its direct 
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transactivation of several key steroidogenic 
enzyme genes, including CYP17A1, CYP11A1, 
StAR, HSD3B1, HSD3B2, and SRD5A2 [129]. 
LNCaP xenografts with overexpression of LRH-1 
grew faster than controls in intact mice, were 
resistant to castration, and had significantly 
higher levels of intra-tumoral T and DHT, accom-
panied by upregulated expression of transcripts 
encoding multiple steroidogenic genes. Notably, 
in VCaP cells (which have high endogenous 
LRH-1) LRH-1 knockdown or treatment with an 
LRH-1 inverse agonist ML-180 suppressed the 
expression of CYP17A1 and other steroidogenic 
genes (StAR, HSD3B1, and AKR1C3) and sensi-
tized cells to androgen deprivation. Analysis of 
clinical specimens demonstrated increased 
LRH-1 expression in CRPC tissues compared to 
hormone naïve PCa tissues or benign prostate tis-
sue, identifying LRH-1 as a potential therapeutic 
target.

Steroidogenic factor 1 (SF1, NR5A1) is a 
transcription factor that potently regulates ste-
roidogenesis within the adrenal glands and 
gonads by driving expression of genes involved 
in cholesterol metabolism and conversion to ste-
roid hormones [130]. Abnormal SF1 expression 
has been implicated in promoting aberrant ste-
roidogenesis in ovarian and adrenal cancers and 
endometriosis. While the expression of SF1  in 
CRPC has not been delineated, gain- and loss-of- 
function experiments showed that the presence of 
SF1 increased steroid biosynthesis in PCa cell 
lines and stimulated expression of steroidogenic 
enzymes, most notably, CYP17A1, HSD3B1, 
HSD17B3, and CYP19A1, each a known target 
of SF1 regulation [131]. Other factors reported to 
promote intratumoral androgen levels in PCa cell 
lines include inactivation of ID4 (via an unknown 
mechanism), and loss of the beta2-adrenergic 
receptor (ADRB2) which appeared to associate 
with a decrease in expression of the glucuronidat-
ing enzymes UGT2B15 and UGT2B17 [132, 
133], although the clinical significance of these 
observation remains to be determined [134, 135].

Long-chain acyl-coenzyme A (CoA) synthe-
tase 3 (ACSL3), an androgen-responsive gene 
involved in the generation of fatty acyl-CoA 
esters, is expressed in hormone naive and CRPC 

tumor cells and was recently shown to promote 
intratumoral steroidogenesis in PCa cells [136]. 
ACSL3 overexpression in LNCaP significantly 
upregulated steroidogenesis related genes, 
including SLCO1B3, which encodes an uptake 
transporter of DHEA-S, and AKR1C3 and 
HSD3B1, involved in T biosynthesis, while 
reducing expression of SRD5A1, UGT2B15 and 
UGT2B17, involved in metabolism of T and 
DHT.  Treatment with DHEA-S, a substrate for 
conversion to downstream steroids by AKR1C3, 
significantly increased T levels and proliferation 
in ACSL3-overexpressing cells. Genes involved 
in de novo steroidogenesis such as StAR and 
CYP11A1 were either downregulated or 
remained unchanged, suggesting ACSL3 drives 
intratumoral steroidogenesis via utilization of 
adrenal androgens, and not through cholesterol 
anabolism.

In total, these findings demonstrate multiple 
mechanisms by which intratumoral androgen 
biosynthesis may be modulated in CRPC tumors, 
confirming the importance of this pathway and 
suggesting potential candidates for therapeutic 
targeting.

 Impact of Stromal Cells and the Bone 
Microenvironment on Intratumoral 
Androgen Concentrations

The stromal and bone microenvironment may be 
particularly important in promoting intratumor 
androgen levels in PCa cells. In particular, ste-
roidogenesis in PCa and bone marrow-derived 
stromal cells may play a paracrine role in deter-
mining intratumor androgen levels and AR acti-
vation in PCa cells, and factors in the bone 
microenvironment may directly stimulate intratu-
moral androgen biosynthesis within PCa cells. 
Whereas DHEA induced little or no PSA expres-
sion in monocultures of LAPC-4 PCa cells, co- 
culture with PCa-associated stromal cells resulted 
in marked stimulation of PSA expression, likely 
mediated by stromal cell generation of T from 
DHEA (as T was detected in a time and dose- 
dependent manner in PCa-stromal cell monocul-
tures treated with DHEA) [137]. Similarly, the 
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impact of DHEA on PSA promoter activity in 
LNCaP cells was markedly enhanced in the pres-
ence of PCa-derived stromal cells [138]. 
Knockdown of AR in the LNCaP cells abrogated 
this effect, while coculture with PCa-stromal 
cells transfected with AR shRNA did not, sug-
gesting paracrine factors secreted by the stromal 
cells act on the LNCaP AR. Furthermore, follow-
ing DHEA treatment, T and DHT concentrations 
were ~5-fold higher in the PCa-stromal/LNCaP 
coculture vs. the LNCaP monoculture. 
Interestingly, normal prostate stroma, bone- 
marrow stroma, lung stroma and bone-derived 
stromal cells also induced an increase in PSA 
expression, although the strongest effects were 
noted with PCa-associated stromal cells. In a 
separate study of bone-marrow stromal cells, 
resting mesenchymal cells were found to express 
HSD3B and SRD5A protein, while incubation 
with DHEA resulted in the additional expression 
of AKR1C3 [139].

Consistent with these findings, and in accord 
with literature showing that the Hedgehog (Hh) 
signaling pathway modulates steroidogenesis in 
multiple endocrine tissues including testis, ovary, 
adrenal cortex and placenta [140], the group of 
Buttyan demonstrated that the steroidogenic 
activity of primary benign human prostate stro-
mal cells (PrSCs) is significantly increased by 
activation of the Hh signaling pathway [141, 
142]. Exposure to a Hh agonist or transduction of 
PrSCs with lentiviruses expressing active Gli2, a 
transcription factor that is triggered by Hh signal-
ing, resulted in the upregulation of multiple ste-
roidogenic genes and increased T output from 
DHEA supplemented PrSCs. Moreover, primary 
bone-marrow stromal cells became more ste-
roidogenic and produced T under the influence of 
a Hh agonist, and treatment of mice bearing 
LNCaP xenografts with a Hh antagonist, TAK- 
441, delayed the onset of CRPC after castration 
and substantially reduced androgen levels in 
residual tumors [142]. These findings suggest 
that paracrine signaling maintains androgen lev-
els in the primary or metastatic tumor microenvi-
ronment by promoting steroidogenesis within 
tumor-associated stromal cells, and that Hh 
antagonists may be useful for targeting prostate 
tumor stromal cell-derived steroid production.

In addition to a paracrine role played by ste-
roidogenesis in stromal cells, factors in the bone 
tumor microenvironment may also directly 
enhance intratumoral steroidogenesis. The 
increased expression of genes encoding steroido-
genic enzymes found in bone metastatic tissue 
from patients suggests that up-regulated steroido-
genesis contributes to tumor growth at the meta-
static site. One study described significantly 
higher levels of SRD5A1, AKR1C2, AKR1C3, 
and HSD17B10 mRNA in bone metastases than 
benign prostate or primary PCa [143] Consistent 
with this another study suggested that osteoblasts 
promote CRPC by altering intratumoral steroido-
genesis [144]. LNCaP-19 cells treated with 
osteoblast conditioned media displayed an 
increased expression of genes encoding steroido-
genic enzymes (CYP11A1, HSD3B1, and 
AKR1C3), estrogen pathway-related genes 
(CYP19A1, and ESR2), and genes for DHT- 
inactivating enzymes (UGT2B7, UGT2B15, and 
UGT2B17). The osteoblast-induced effect was 
exclusive to osteogenic CRPC cells (LNCaP-19) 
in contrast to osteolytic PC3 and androgen- 
dependent LNCaP cells, and the steroidogenic 
effect was reflected in increased levels of 
 progesterone and T in serum from castrated mice 
harboring intratibial xenografts. Consistent with 
increased expression of the UGT enzymes medi-
ating irreversible glucuronidation of DHT, levels 
of DHT were decreased in serum from castrated 
mice with intratibial tumors, which is in accord 
with the decreased intratumoral DHT/T ratio 
shown in metastatic CRPC tissue compared to 
primary PCa or benign prostate tissue [12, 13].

Several findings converge to suggest that 
osteoblast-secreted osteocalcin (OCN) is a driver 
of intratumoral steroidogenesis in PCa cells. 
OCN (also known as bone g-carboxyglutamic 
acid protein, encoded by BGLAP) is a bone- 
secreted hormone that binds to G-protein coupled 
receptor family C group 6 member A (GPRC6A) 
to regulate the endocrine function of multiple tar-
get tissues, including pancreas, adipocytes, intes-
tinal cells, skeletal muscle, and Leydig cells of 
the testis [145–147]. Circulating OCN exists in 
two forms, carboxylated and uncarboxylated, of 
which only the uncarboxylated form binds 
GPRC6A to function as a hormone. OCN is post- 
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translationally carboxylated on three glutamate 
residues, increasing its affinity for hydroxyapa-
tite crystals and keeping most secreted OCN 
embedded in the bone matrix. However, the 
acidic environment generated during bone 
resorption promotes decarboxylation of OCN, 
which reduces its affinity for bone, promoting 
release of uncarboxylated OCN into the circula-
tion where it then exerts activity in peripheral tis-
sues via binding to GPRC6A.

Studies in knockout models have established 
that binding of GPRC6A by OCN regulates T 
biosynthesis in Leydig cells via expression of ste-
roidogenic enzymes [145], and mutations in 
GPRC6A which prevent membrane localization 
have been identified as a susceptibility locus for 
primary testicular failure in humans [148, 149]. 
GPRC6A, which has also been identified as a T 
binding membrane receptor that mediates non- 
genomic androgen signaling [150], is expressed 
in prostate tissue and cell lines [151] and has 
been associated with PCa risk [152]. Studies have 
demonstrated the ability of OCN to mediate 
GPRC6A-dependent intracellular T biosynthesis 
via induction of CYP11A1 and CYP17A1 in PCa 
cell lines in vitro [153, 154]. Other studies have 
demonstrated a tumor promoting role of OCN- 
mediated GPRC6A activation in PCa cell line 
models and xenografts [151, 153]. Whether this 
was related to a change in intracellular androgens 
was not reported, although one study found 
reduced androgen-mediated induction of tran-
scripts encoding steroidogenic enzymes, includ-
ing HSD3B1 and AKR1C3  in a GPRC6A 
knockdown model [153]. Notably, OCN is a 
well-established target gene transcriptionally 
regulated by RUNX2, and it was recently demon-
strated that knockdown of Runx2 in the Pten null 
mouse model of PCa decreased intratumoral 
Cyp11a1 and Cyp17a1 expression, T levels, and 
tumor growth in castrated mice [154]. These 
observations suggest that intratumoral androgen 
biosynthesis in PCa cells could be promoted by 
bone-derived OCN (either locally within the 
bone microenvironment or at other sites of metas-
tasis via circulating OCN) or by OCN that is 
ectopically expressed within the prostate tumor 
itself, due to osteoblast or bone-marrow stromal 
cell-induction of osteomimicry [155, 156].

In total, these findings suggest that the mainte-
nance of intratumoral androgen levels in the 
CRPC tumor microenvironment is facilitated by 
paracrine-stimulated steroidogenesis within 
tumor-associated stromal cells in the primary or 
metastatic tumor microenvironment, as well as 
by paracrine and intracrine stimulation of ste-
roidogenesis within the tumor itself, supporting 
the role of steroidogenesis in reactivating AR sig-
naling in CRPC, and highlighting the interplay 
between paracrine stromal and epithelial cell 
interactions in this mechanism.

 Noncanonical Androgens 
as Unrecognized Drivers of Prostate 
Cancer Progression

While the contribution of canonical androgen 
precursors of adrenal origin (DHEA-S, DHEA 
and A4) towards the androgen pool in CRPC is 
established, the involvement of the 11- oxygenated 
androgens in activating wild-type AR and serving 
as an under-recognized reservoir of active 
 androgens has only recently been elucidated. 
11OHA4 is an abundant product of the human 
adrenal derived from the CYP11B1 mediated 
hydroxylation of A4 (Fig.  2) [41, 42]. Despite 
circulating concentrations of 11OHA4 similar to 
or exceeding that of A4, this steroid has histori-
cally been of little interest due to its inability to 
activate the AR [157–159]. In fact, until the criti-
cal observation that the 5α-reduced metabolites 
of 11OHA4 are potent activators of wild type 
AR, its production from A4 was primarily viewed 
as a mechanism to inactivate A4 and regulate 
adrenal androgen output [160].

 Circulating Levels of Non-canonical 
11-Oxygenated Androgens

Studies in adrenal cell-line models and primary 
adrenal cultures confirmed earlier studies that 
11OHA4 is an abundant product of adrenal ste-
roidogenesis [42, 161, 162]. Subsequently, these 
findings were confirmed using adrenal vein sam-
pling where it was found that the concentration of 
11OHA4 in the adrenal vein (159 nM) exceeded 
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that of A4 (79 nM) and DHEA (125 nM) under 
basal conditions and increased fivefold upon 
stimulation with ACTH. However, more impor-
tantly it was shown that the adrenal also produces 
low levels of 11KA4 (0.99  nM), 11OHT 
(0.48 nM) and 11KT (0.39 nM) [41].

Recent studies have further confirmed that 
11OHA4, 11KA4, 11OHT and 11KT are present 
in circulation in both men and women [157, 159, 
163]. Although reference levels are yet to be 
determined, studies consistently show that 
11OHA4 (nM levels) is the most abundant of 
these in circulation, followed by 11KA4 (nM lev-
els) and 11KT (nM levels), with only low levels 
of 11OHT detected (sub nM levels) [157].

While 11OHA4 is produced in the adrenal by 
the CYP11B1 catalyzed 11β-hydroxylation of A4, 
the production of 11KA4 and 11KT is likely 
peripheral. Conversion of 11OHA4 to 11KA4 is 

efficiently catalyzed by HSD11B2, the enzyme 
responsible for the inactivation of cortisol to corti-
sone within mineralocorticoid target tissue such as 
the kidney [42, 164]. Both AKR1C3 and HSD17B3 
can catalyze the subsequent conversion of 11KA4 
to 11KT (Fig. 3). It should, however, be noted that 
11OHA4 cannot be converted to 11OHT by 
HSD17B3 or AKR1C3 and, as a result the low lev-
els of 11OHT observed in circulation, are likely 
the result of the 11β-hydroxylation of adrenal 
derived T [43]. The conversion of 11OHA4 to 
11KA4 by HSD11B2 is therefore an absolute 
requirement for the production of 11KT. 11KT 
and 11OHT levels do not appear to be higher in 
men than in women despite significantly higher 
levels of circulating T [163]. Furthermore, a 
recent study showed that the addition of exoge-
nous T did not lead to an increase in the circulat-
ing levels of 11-oxygenated androgens thereby 

Fig. 3 Conversion of 11β-hydroxyandrostendione 
(11OHA4) to the potent 11-oxygenated androgens 
11-ketotestosterone (11KT) and 11-keto-5α- 
dihydrotestosterone (11KDHT) in the 11-oxygenated 
androgen pathway. 11OHA4 is produced in the adrenal 
cortex by the CYP11B1 catalyzed 11β-hydroxylation of 

A4. 11OHA4 is in turn converted to 11- ketoandrostenedione 
(11KA4) by HSD11B2 expressed in peripheral tissue 
such as the kidney. 11KA4 in turn serves as a substrate for 
AKR1C3, yielding 11KT. 11KT can be acted on by 
SRD5A, yielding the 5α-reduced form 11KDHT
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confirming that 11KT and 11OHT have an adre-
nal derived origin and are not derived from 
gonadal or exogenous T [165].

 Activation of Wild-Type AR by 
11-Oxygenated Derivatives 
of Adrenal Steroids

Importantly, activity assays revealed that both 
11OHT and 11KT demonstrated activity toward 
the wild type AR at nM concentrations, thereby 
suggesting that these 11-oxygenated androgens 
may be physiologically relevant. These 
11- oxygenated androgens also serve as substrates 
for SRD5A1 and SRD5A2, yielding novel 
5α-reduced 11-oxygenated androgens [164]. Of 
these, 11keto-5α-dihydrotestosterone (11KDHT) 
demonstrated the highest androgenic activity. 
Studies from different laboratories have confirmed 
the androgenic activity of 11-oxygenated andro-
gens, with the T derivatives consistently demon-
strating the highest activity. Of these 11OHT and 
11β-hydroxy-5α-testosterone (11OHDHT) are 
partial AR agonists, while 11KT and 11KDHT are 
full AR agonists [41, 166, 167]. Indeed, both 11KT 
and 11KDHT bind to the wild type AR with affini-
ties comparable to that of T and DHT, and 11KT 
and 11KDHT are equipotent to T and DHT, 
respectively [167]. This finding therefore chal-
lenges the paradigm that T and DHT are the only 
potent androgens in human physiology.

 Contribution of 11-Oxygenated 
Androgens to the Androgen Pool 
in CRPC

Given that the progression of CRPC is dependent 
on intracrine activation of adrenal androgen pre-
cursors, the identification of 11OHA4 as a novel 
androgen precursor raised the question as to 
whether 11-oxygenated androgens could contrib-
ute to the intratumoral androgen pool. The meta-
bolic pathways downstream of 11OHA4 have 
therefore been the subject of recent investigation. 
As described above, the first step in the conver-
sion of 11OHA4 to 11KT requires HSD11B2 to 

produce 11KA4 [164]. Expression of HSD11B2 
has been observed in PCa cells [168, 169], in 
prostate tissue [170, 171]. Accordingly, conver-
sion of 11OHA4 to 11KA4 in LNCaP cells con-
firmed the intracellular activity of HSD11B2 
[42]. The same study showed that 11KT was also 
produced from 11OHA4 confirming the activity 
of a reductive HSD17B (presumably AKR1C3). 
One study demonstrated the 5α-reduction of 
11OHA4, yielding 11β-hydroxy-5α-dione 
(11OH-5α-dione). These results were confirmed 
and extended by the demonstration that both 
11KT and 11KDHT are produced from 
11OHA4  in PCa cells. While the production of 
11KT from 11OHA4 required HSD11B2 and 
AKR1C3 activity, 11KDHT production required 
the activity of SRD5A1, HSD11B2 and AKR1C3, 
although the sequence of enzymatic reactions 
was not determined [164].

 Altered Sensitivity of 11-Oxygenated 
Steroids to Activation by AKR1C3 
and Inactivation by UGT2B Enzymes

Irrespective of the reaction sequence, AKR1C3 
remains a key enzyme in the activation of both 
11-oxygenated and canonical androgens. When 
the activity of AKR1C3 towards all available 
substrates was characterized [43], it revealed that 
11-oxygenated androgen precursors are pre-
ferred. Significantly, AKR1C3 catalyzes the con-
version of 11KA4 and 11keto-5α-androstenedione 
(11K5α-dione) 8- and 24-fold more efficiently 
than their canonical equivalents, A4 and 5α-dione, 
respectively (Fig. 3). Moreover, after also charac-
terizing the activity of the oxidative enzyme, 
=HSD17B2, which catalyzes the reverse reac-
tions, a computational model was constructed 
which included that activities of both AKR1C3 
and HSD17B2. The model was validated by its 
ability to predict metabolism in PCa cell lines 
which revealed that it is the ratio of 
AKR1C3:HSD17B2 that controls the activation/
inactivation of 11-oxygenated and canonical 
androgens.

Strikingly, the activation of canonical andro-
gens (A4 to T or 5α-dione to DHT) required sig-
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nificantly higher ratios of AKR1C3:HSD17B2 
than did activation of the non-canonical andro-
gens. Both A4 and 5α-dione were shown to be 
poor substrates for AKR1C3, while even low lev-
els of HSD17B2 efficiently converted T and DHT 
back to A4 and 5α-dione thereby preventing the 
accumulation of T and DHT. In contrast, AKR1C3 
efficiently catalyzed activation of the 
11- oxygenated androgens, with even low levels 
of AKR1C3 overcoming the HSD17B2 catalyzed 
reverse reaction. Increased AKR1C3:HSD17B2 
ratios (as observed in CRPC) therefore had a sub-
stantially larger effect on the activation of 
11-oxygenated androgens over that of canonical 
androgens in their model system, thereby sug-
gesting that the activation of 11-oxygenated 
androgens is preferred over that of canonical 
androgens. As discussed above, CRPC is charac-
terized by functional suppression of oxidative 
HSD17Bs (HSD17B2 and HSD17B4) catalyzing 
the inactivation of androgens. While the absence 
of oxidative HSD17B enzymes would allow for 
the production of potent canonical AR ligands, 
the significant substrate preference of AKR1C3 
for 11-oxygenated androgens still suggests that 
intracrine biosynthesis of these androgens would 
be favored.

Coupled to this observation, PCa cell lines 
inactivate both 11KT and 11KDHT at a signifi-
cantly lower rate than T and DHT, respectively 
[167]. Further, 11KDHT and 11KT are less effi-
ciently glucuronidated than DHT and T, respec-
tively [172, 173]. Taken together, these results 
suggest that 11-oxygenated androgens accumu-
late in CRPC tissues due to a higher rate of pro-
duction coupled to a lower rate of inactivation. 
While comprehensive analyses of intratumoral 
tissue levels are currently underway, higher lev-
els of 11-oxygenated androgens vs. canonical 
androgens were observed in two PCa tissue 
samples (one treatment naïve and the second 
following treatment with an AR antagonist) 
[172]. The implications of these findings are 
that 11- oxygenated androgens may play a previ-
ously unrecognized role in CRPC by facilitating 
AR activation in the low androgen environment 
of CRPC.

Despite the accumulating evidence presented 
above, much still remains to be determined 
regarding the contribution of the 11-oxygenated 
androgens towards the development of 
CRPC. Nonetheless, available data are consistent 
with the proposed intracrine generation and 
activity of 11-oxygenated metabolites. 
Extrapolation from available data suggests that 
serum levels of 11OHA4 are likely to be 
unchanged after castration. Moreover, a recent 
study has shown that adrenal 11-oxygenated 
androgen production does not decrease with age 
in women despite the decrease in adrenal output 
of canonical androgen precursors due to the invo-
lution of the zona reticularis [159], with similar 
findings in men reported in abstract form, 
Intracrine production of potent 11-oxygenated 
androgens would therefore be dependent on the 
steroidogenic machinery expressed in the tumor, 
with all available data clearly demonstrating the 
expression of all key enzymes (HSD11B2, 
AKR1C3 and SRD5A1). Furthermore, some 
expression of the CYP11B1 and CYP11B2 
enzymes (which mediate conversion of A4 and T 
to the 11-oxygenated derivatives) in CRPC tissue 
and cell lines has been reported [82, 163], sug-
gesting uptake of adrenally-derived 11OHA4 is 
supplemented by intracrine generation of 
11OHA4 and 11OHT (from A4 and T, respec-
tively). However, the relatively high serum level 
of 11OHA4 suggests tissue levels will be primar-
ily contributed by circulating adrenal sources. 
Taken together, these data strongly suggest that a 
larger pool of residual androgens are available to 
activate the AR in CRPC than previously antici-
pated, and that measurements of residual T and 
DHT may underestimate the contribution of 
ligand-mediated activation of wild type AR.

 Inhibition of Steroidogenesis 
in CRPC

Collectively, these studies demonstrate the capac-
ity of primary and castration resistant prostate 
tumors to carry out the intracrine conversion of 
adrenal androgen precursors to DHT and active 
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11-oxygenated androgens, while the in vitro and 
in vivo experimental models clearly show that 
PCa cells are capable of de novo steroidogenesis 
starting from cholesterol and/or progesterone 
precursors. These findings cannot address the 
efficiency with which these pathways are active 
in human CRPC tumors in situ, but strongly sup-
port the premise that the residual androgens mea-
sured in CRPC tumors reflect the increased 
expression and activity of enzymes mediating de 
novo steroidogenesis and adrenal androgen utili-
zation. These data provide mechanistic support 
for the role of intracrine androgen production in 
maintaining the tumor androgen microenviron-
ment in CRPC and underscore these metabolic 
pathways as critical therapeutic targets.

 Mechanisms of Response 
and Resistance to Inhibition 
of CYP17A1

Given its central role in the production of either 
adrenal or tumor-derived androgens, CYP17A1 
has emerged as a primary target of novel thera-
peutics. Abiraterone, a pregnenolone derivative 
that acts as a selective irreversible inhibitor of 
both the 17α-hydroxylase and 17,20-lyase activ-
ity CYP17A1, is the first of these agents to enter 
clinical practice. While clinical responses have 
been impressive, not all patients respond, the 
duration of response is variable, and a majority of 
men eventually progress with a rising PSA. 
Although the mechanisms determining response 
and mediating resistance to CYP17A1 inhibition 
have not been fully elucidated, emerging clinical 
and pre-clinical data suggest several possibilities.

Perhaps most importantly, pre-clinical studies 
provided the first in vivo confirmation that the 
clinical effect of abiraterone is associated with 
suppression of tumor androgen levels. Clinical 
studies have clearly demonstrated abiraterone- 
mediated suppression of serum androgens, 
including suppression of DHEA by approxi-
mately 75% and of DHEA-S, A4, and T to essen-
tially undetectable [33, 174, 175], while 
neoadjuvant studies have demonstrated suppres-
sion of prostate tissue A4, T and DHT to unde-

tectable in response to abiraterone [17, 176]. 
However, the efficacy of abiraterone in suppress-
ing tumor androgens in men with CRPC remains 
to be demonstrated.

In this regard, treatment of castration resistant 
LuCaP35 and LuCaP23 xenografts significantly 
inhibited tumor growth, serum PSA, and intratu-
moral androgen levels, supporting the hypothesis 
that abiraterone’s primary mechanism of action is 
through effects on tissue androgens [31]. Seven 
days after starting treatment, levels of T and DHT 
decreased from 0.49 to 0.03  pg/mg and 2.65–
0.23 pg/mg, respectively in LuCaP23, and from 
0.69 to 0.02  pg/mg and 3.5–0.24  pg/mg in 
LuCaP35. Notably, while androgen levels 
remained suppressed in LuCaP23 tumors recur-
ring after therapy, increasing levels of T and DHT 
were observed in LuCaP35 tumors recurring on 
abiraterone. A similar impact of abiraterone on T 
and DHT levels was observed in separate studies 
of castration resistant VCaP or LAPC4 tumors 
[32, 177]. Among four LuCaP models treated 
with abiraterone, the ultra-responder LuCaP136 
was characterized by significant decreases in 
intratumoral levels of T, DHT and A4, while 
three lines with intermediate or no response 
showed markedly less significant changes in 
tumor androgens [178].

Further evaluation demonstrated that these 
CRPC models responded to CYP17A1 inhibition 
with multiple mechanisms directed at maintaining 
AR signaling. This included upregulated expres-
sion of full-length AR and ligand independent AR 
variants, as well as induction of steroidogenic 
genes (including the target gene, CYP17A1), sev-
eral of which showed strong correlations with 
DHT levels in recurrent tumors [31, 32, 178, 179]. 
Other potential mechanisms of abiraterone resis-
tance observed in pre-clinical models included 
induction of GR expression [178], and increased 
ErbB2 signaling [177]. Mechanistically, one 
study demonstrated that ErbB2 signaling and sub-
sequent activation of the PI3K/AKT signaling sta-
bilizes AR protein in abiraterone resistant LAPC4 
cells, and that concomitant treatment of LAPC4 
xenografts with abiraterone and an ErbB2 inhibi-
tor, lapatinib, blocked AR reactivation and sup-
pressed tumor progression.
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Clinical studies have also supported the 
importance of androgen levels and persistent AR 
activity in mediating response and resistance to 
CYP17A1 inhibition. In particular, higher pre-
treatment levels of circulating adrenal androgen 
precursors have been associated with better 
response to CYP17A1 inhibition in men with 
CRPC [180–182]. As well, higher levels of AR 
and CYP17A1 staining in pre-treatment tumor- 
infiltrated bone marrow biopsies from men with 
CRPC were associated with longer responses to 
abiraterone treatment, supporting CYP17A1 
mediated androgen production as the target of 
abiraterone activity [33]. Development of resis-
tance to abiraterone has not been associated with 
a rise in serum androgen levels or in bone mar-
row aspirate T levels (although 5α-dione may be 
more appropriate to assess if the route to DHT 
bypasses T). However, biopsies from patients 
treated with the CYP17A1 inhibitor ketocon-
azole demonstrated increased expression of tran-
scripts encoding CYP17A1 compared to biopsies 
from CRPC patients not treated with ketocon-
azole [32], suggesting local induction of ste-
roidogenesis, and numerous studies (reviewed 
above) show that circulating androgen levels do 
not necessarily reflect tumor cell androgen con-
centrations. Moreover, while markedly decreased 
in castrate men, DHEA-S levels in abiraterone- 
treated men remain substantial (from ~5 μM to 
424 nM in serum, and 1 μM to 42.4 nM in pros-
tate tissue), and are likely to serve as a continuing 
depot for uptake and intra-tumoral conversion to 
downstream androgens [17, 183].

AR signaling is also critical in mediating 
response and resistance to CYP17A1 inhibition 
in clinical studies. Notably, presence of the 
ligand-independent constitutively active AR vari-
ant ARV7 in circulating tumor cells (CTCs) has 
been associated with resistance to AR-directed 
therapies such as abiraterone and enzalutamide 
[184, 185], and instances of CTCs converting 
from ARV7 negative to ARV7 positive status dur-
ing first-line treatment with abiraterone have 
been reported [186]. Abiraterone, which increases 
serum levels of progesterone by blocking 
CYP17A1, was also shown to select for on-going 
AR activity via generation of progesterone- 

responsive mutant ARs. Targeted sequencing of 
tumor biopsies from 18 CRPC patients progress-
ing on abiraterone demonstrated the presence of 
the progesterone-activated T878A-mutant AR at 
high allele frequency in three cases [187]. As 
reviewed above, consistent with the finding that 
ErbB2 signaling and subsequent activation of the 
PI3K/AKT signaling stabilizes AR protein, pros-
tatectomy samples from a neoadjuvant trial of 
abiraterone plus leuprolide showed staining for 
the ErbB2 target site on ErbB3 (Tyr1289) that 
mediates PI3K activation in 9 of 48 cases [177].

These findings are consistent with clinical 
observations that patients progressing on abi-
raterone have a rise in PSA, suggesting reactiva-
tion of AR signaling. Thus, in the setting of tumor 
progression on abiraterone, the rationale for 
focusing further therapeutic efforts on more 
potent AR antagonists (against AR mutations and 
truncated AR variants) and agents suppressing 
AR ligands remains strong.

 Metabolism of Abiraterone by 
Steroidogenic Enzymes 
and Implications for Treatment

While the inhibition of steroidogenic machinery 
is a logical target for drug development, many 
compounds targeting these enzymes share a ste-
roidal structure and therefore have the potential 
to be metabolized by the very machinery that 
they are designed to inhibit. The best documented 
example is that of abiraterone, which has been 
demonstrated to undergo conversion to distinct 
metabolites with capacity to inhibit steroidogenic 
enzymes besides CYP17A1, as well as demon-
strating AR antagonist and AR agonist activity. 
The delta-5, 3β-hydroxyl-structure of abiraterone 
makes it susceptible to enzymatic conversion by 
the HSD3B isoenzymes yielding delta-4- 
abiraterone (D4A) [188]. D4A was detected in 
the serum of mice following the administration of 
abiraterone acetate, as well as in the serum of 
CRPC patients treated with abiraterone. While 
D4A maintained the ability to inhibit the activity 
of CYP17A1, it also inhibited both HSD3B iso-
enzymes, HSD3B1 and HSD3B2, which are 
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essential in producing the delta-4, 3-keto moiety 
shared by all active androgens. Furthermore, 
D4A inhibited the activity of SRD5A enzymes, 
which are required for the production of the 
potent androgens DHT and 11KDHT. D4A there-
fore has the potential to inhibit androgen biosyn-
thesis at multiple sites downstream of CYP17A1, 
which ensures a more comprehensive enzymatic 
blockade. Moreover, D4A was shown to bind to 
and antagonize both the wild type and T877A 
mutant AR with IC50 values comparable to that 
of enzalutamide (D4A, IC50 for mutant 
AR  =  5.3  nM; D4A, IC50 for wild type 
AR  =  7.9  nM; enzalutamide IC50 for mutant 
AR  =  24  nM; enzalutamide IC50 for mutant 
AR = 23 nM). This suggests that D4A is a more 
suitable treatment option likely to result in a 
greater clinical benefit than its parent compound 
abiraterone.

However, a more complex picture has emerged 
from studies showing that D4A is metabolized to 
three 5α-reduced and three 5β-reduced metabo-
lites. All of these metabolites were detectable in 
the serum of CRPC patients treated with abi-
raterone and one was demonstrated to have AR 
agonist activity [189]. The delta-4, 3-keto moiety 
of D4A is a target for irreversible 5α- or 
5β-reduction by SRD5A and AKR1D1, respec-
tively, yielding 5α-abiraterone (5α-Abi) and 
5β-abiraterone (5β-Abi). Subsequent 3-keto- 
reduction of 5α-Abi or 5β-Abi reversibly yield 
their respective 3α-hydroxy and 3β-hydroxy con-
geners. The hepatic 5β-reduction of D4A leads to 
the cessation of inhibitory activity, thereby reduc-
ing the concentration of active D4A, leading to a 
conclusion that inhibition of 5β-reduction main-
tains higher levels of D4A. Similarly, 5α-reduction 
of D4A yielding 5α-Abi and 3α-OH-5α-Abi, the 
more abundant of the 3-hydroxy congeners, was 
accompanied by loss of inhibition of CYP17A1, 
HSD3B and SRD5A.

Notably, 5α-Abi was shown to bind to both the 
wild type and T877A mutant AR with affinities 
similar to that of D4A. However, instead or act-
ing as an antagonist like D4A, 5α-Abi activated 
the AR leading to the expression of androgen 
responsive genes in PCa cell models. 5α-Abi also 
significantly shortened progression-free survival 

in CRPC xenograft models. Moreover, it was 
demonstrated that propagating PCa cells in the 
presence of abiraterone or D4A for 6  months 
resulted in increased SRD5A1 expression, sug-
gesting that the conversion of abiraterone to 
5α-Abi via D4A serves as a drug resistance 
mechanism. Indeed, SRD5A is one of the most 
upregulated steroidogenic enzymes observed 
during abiraterone resistance [31]. It was there-
fore proposed that treatment with abiraterone 
together with dutasteride, a dual SRD5A isoen-
zyme inhibitor, would reduce the production of 
the 5α-Abi. Analysis of serum from 16 CRPC 
patients first treated with abiraterone and later 
with abiraterone plus dutasteride revealed an 
89% decrease in the mean concentration of 
5α-Abi following the addition of dutasteride 
(25.8 nM vs. 2.9 nM). Unsurprisingly the reduc-
tion in 5α-Abi was accompanied by a nearly dou-
ble mean concentration of D4A (9.9  nM vs. 
18.2 nM) [189]. This suggests that the metabo-
lism of abiraterone can be fine-tuned to yield 
optimal anti-androgen outcomes.

Taken together it is clear that metabolism of 
steroidal drugs needs to be taken into account 
when developing new treatments. Steroidogenic 
metabolism of galeterone, another steroidal 
CYP17A1 inhibitor, revealed a similar diversity 
of biochemical activities [190]. Understanding of 
the steroid machinery and metabolism can aid in 
the manipulation of these pathways to ensure 
optimal therapeutic outcomes.

 Targeting Steroid Sulphatase

To serve as a depot for intra-tumoral conversion 
to downstream androgens, DHEA-S taken up 
from the serum by prostate tumors must first 
undergo desulfation by STS [45–47], in a manner 
analogous to the desulfation of estrogen that 
occurs in normal and malignant endocrine tissues 
such as breast and endometrium [191]. 
Accordingly, development of STS inhibitors has 
been pursued as a therapeutic approach for 
hormone- dependent diseases including prostate 
cancer [47, 192]. To date, the non-steroidal sul-
phatase inhibitor STX64 (Irosustat) has been 
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evaluated clinically in prostate cancer, breast 
cancer and endometrial cancer. A phase I dose 
escalation study of Irosustat in 17 chemo-naïve 
CRPC patients demonstrated pharmacodynamic 
proof of concept, with notable suppression of 
non-sulphated androgens (DHEA, Adiol and tes-
tosterone), and the DHEA:DHEA-S ratio in 
serum and was well tolerated [193]. While a 
phase II study of this agent in men with CRPC 
has not been reported, further clinical evaluation 
of this and other novel STS inhibitors currently in 
development is warranted [192].

 Targeting HSD11B2 and CYP11B1, 
Enzymes Unique to the Generation 
of 11-Oxygenated Androgens

While clinical responses to enzalutamide and 
abiraterone have been impressive, not all patients 
respond, the duration of response is variable, and 
a majority of men eventually progress with a ris-
ing PSA suggestive of AR axis reactivation [194, 
195]. The mechanisms of resistance have not 
been fully elucidated, and involvement of 
11- oxygenated androgens in activating the AR 
has yet to be determined. Recent data evaluating 
serum and tissue steroid levels in abiraterone- 
treated patient suggests generation of androgenic 
metabolites is not completely abrogated. In par-
ticular, although residual levels of DHEA-S in 
abiraterone-treated men are markedly decreased 
compared to eugonadal levels (from ~5  μM to 
424 nM in serum, and 1 μM to 42.4 nM in tissue), 
a substantial reservoir of this precursor clearly 
remains available for the peripheral conversion to 
potent androgens [17]. While one would assume 
that abiraterone would significantly reduce the 
levels of circulating 11OHA4, it remains to be 
determined if abrogation is complete as studies 
measuring circulating steroid concentrations of 
CRPC patients treated with abiraterone fail to 
include the 11-oxygenated androgens in the pan-
els of steroids that are measured.

While progression on abiraterone is not asso-
ciated with an increase in serum levels of canoni-
cal adrenal androgens, studies in xenograft 
models demonstrate that increased tissue andro-

gens and steroidogenesis partially underlie resis-
tance to abiraterone [16–18]. Moreover, the 
ability of new AR antagonists such as enzalu-
tamide to inhibit AR activation by these ligands 
cannot be assumed, as A5-diol has been shown to 
activate wild type AR with nM potency without 
being inhibited by flutamide or bicalutamide 
[15].

Collectively, these observations suggest that 
simultaneously targeting multiple nodes of 
androgen production will be required to truly 
abrogate generation of all downstream metabo-
lites. Moreover, the significant potency of 11KT 
and 11KDHT in activating the AR suggests that 
inhibiting the enzymes unique to the production 
of these metabolites might significantly decrease 
the overall androgenicity of the CRPC tumor 
microenvironment. Enzymatic targets specific to 
these metabolites include the adrenal activity of 
CYP11B1 in converting A4 to 11OHA4, and the 
peripheral action of HSD11B2  in yielding the 
potent 11keto-derivatives.

While endogenous selective inhibitors of 
11BHSD isoforms have been described [196, 
197], inhibition of HSD11B2, which metabolizes 
cortisol to its inactive form cortisone, may not be 
a viable therapeutic target. Aldosterone and corti-
sol have similar affinity for the mineralocorticoid 
receptor, and the presence of this enzyme in min-
eralocorticoid target tissues prevents excess stim-
ulation of the receptor by cortisol [196, 197]. 
Notably, mutations in HSD11B2 which affect 
enzyme activity result in a rare autosomal domi-
nant disorder, the syndrome of apparent miner-
alocorticoid excess (AME), and inhibition of this 
enzyme by chronic licorice ingestion results in 
pseudohyperaldosteronism [198]. However, in 
CRPC tissues, enzalutamide treatment leads to 
increased activity of the ligase responsible for 
ubiquitin-mediated degradation of HSD11B2, 
resulting in increased cortisol levels and facilitat-
ing activation of GR as a mechanism of resis-
tance [199]. The extent to which this effect of 
enzalutamide might be important in suppressing 
generation of 11-hydroxygenated androgens is 
unknown, but is would depend on whether it also 
decreases 11BHSD2 activity in peripheral tissues 
such as the kidney where conversion of 11OHA4 
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to 11KA4 is believed to occur [42, 164]. As 
enzalutamide is well tolerated clinically, this sug-
gests it does not have the same effect on 
HSD11B2 activity in the adrenal gland.

Inhibition of CYP11B1 is likely to be a clini-
cally feasible target. In fact, metyrapone is a 
CYP11B1 inhibitor already in use for treatment 
of hypercortisolism associated with Cushing’s 
syndrome. Of more relevance to the treatment of 
PCa, however, is the recent development of dual 
CYP17A1 and CYP11B inhibitors [200, 201]. A 
dual CYP17A1/CYP11B2 inhibitor (Novartis, 
CFG920), intended to ameliorate the mineralo-
corticoid side effects of CYP17A1 inhibition, is 
currently under clinical evaluation 
(NCT01647789). Although this agent would not 
be anticipated to have efficacy in suppressing 
generation of 11OHA4, specific inhibitors of 
CYP17A1 and CYP11B1 have been reported 
[200, 201], and the androgenicity associated with 
the downstream metabolites of 11OHA4 would 
support clinical evaluation of these dual inhibi-
tors as well.

 Targeting AKR1C3

AKR1C3 activity is an absolute requirement for 
the production of potent androgens from adrenal 
precursors irrespective of the intracrine pathway 
followed or precursor pool and is therefore an 
attractive drug target to inhibit that local biosyn-
thesis of potent androgens [202, 203]. AKR1C3 
is significantly elevated in enzalutamide  resistant 
PCa cells and enzalutamide-resistant prostate 
xenograft tumors [204]. While overexpression of 
AKR1C3 conferred resistance to enzalutamide, 
inhibition of AKR1C3 by indomethacin or 
knockdown of AKR1C3 expression both resen-
sitized enzalutamide-resistant PCa cells to 
enzalutamide treatment in vitro and in vivo. 
Similarly, overexpression of AKR1C3  in PCa 
cells confers resistance to abiraterone, with 
AKR1C3 inhibition by indomethacin overcom-
ing abiraterone- resistance and enhancing the 
effectiveness of abiraterone both in vitro and in 
vivo [205]. Both studies suggest that AKR1C3 

inhibitors used in conjunction with abiraterone 
or enzalutamide will increase the effectiveness 
of the latter.

The development of AKR1C3 specific inhibi-
tors is challenging given the >86% sequence 
identity shared by AKR1C3, AKR1C1 and 
AKR1C2, which are all expressed in the prostate 
[206]. Unlike AKR1C3, AKR1C1 and AKR1C2 
catalyze reactions that inactivate potent andro-
gens. Therefore, their inhibition would lead to the 
unwanted accumulation of potent androgens. 
Numerous studies have set out to develop selec-
tive AKR1C3 inhibitors [207]. Despite ongoing 
drug development efforts, some of the most strik-
ing preclinical proof-of-principle studies of 
AKR1C3 inhibition have employed the 
 nonsteroidal anti-inflammatory drug (NSAID), 
indomethacin, a nonselective inhibitor of cyclo-
oxygenase (COX) 1 and 2 which also inhibits 
AKR1C3 activity [208, 209].

A group recently reported on two indometha-
cin analogues, which target AKR1C3 in a selec-
tive manner and demonstrate potencies higher 
than that of indomethacin in PCa cells. Their 
hydroxyfurazan derivative in particular demon-
strated 90-times higher selectivity over AKR1C2 
and no activity towards COX enzymes [210]. 
This group used a scaffold hopping approach to 
develop a series of potent and selective AKR1C3 
inhibitors which have demonstrated synergistic 
effects PCa cells when used in combination with 
abiraterone or enzalutamide [211]. Another 
group recently reported on a potent, isoform- 
selective and hydrolytically stable AKR1C3 
inhibitor known as KV-37, which when used in 
combination with enzalutamide demonstrated a 
>200-fold potentiation of enzalutamide action in 
drug-resistant PCa cells [212].

Given the beneficial effects of combined 
AKR1C3 inhibition and AR antagonism, one 
emerging strategy is to develop specific AKR1C3 
inhibitors with dual AR antagonist activity. An 
example of this strategy is provided by 
N-naphthylaminobenzoate, which inhibits 
AKR1C3 activity, while at the same time acting 
as a direct AR antagonist [213]. The stage is 
therefore set for further preclinical optimization 
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of these AKR1C3 inhibitors followed by clinical 
trials in which their benefit to the treatment of 
CRPC will be determined.

 Precision Predictors of Response 
to Abiraterone

Precision medicine has emerged as a critical 
approach for identifying prognostic and predic-
tive biomarkers in men with CRPC [214–216]. 
Next generation sequencing of CRPC tumors has 
identified frequent aberrations in multiple genes 
including AR, TP53, PTEN, and DNA repair 
pathway genes such as BRCA1, 2 and ATM, and 
the potential treatment implications of these find-
ings are being actively explored [217]. A number 
of genes involved in these pathways, which may 
portend AR pathway independence, as well as 
genes involved in the uptake and metabolism of 
steroids and abiraterone have been explored as 
predictive biomarkers of response to abiraterone, 
including SLCO2B1, HSD3B1, AR, DNA repair 
genes, TP53, PTEN, and SPOP [218–229].

 Germline Variation in SLCO Transport 
Genes

Germline variation in solute carrier organic anion 
(SLCO) genes influences cellular uptake of vari-
ous steroids including DHEA-S and T and has 
been associated with PCa outcomes including the 
duration of response to ADT [230–232]. Based 
on its steroidal structure, it has been hypothesized 
that abiraterone may undergo transport by SLCO- 
encoded transporters and that SLCO gene varia-
tion may influence intracellular abiraterone levels 
and outcomes. In support of this, LNCaP cells 
expressing SLCO2B1 showed two- to fourfold 
higher abiraterone levels compared with vector 
control [222]. In a cohort of men with intermedi-
ate- or high-risk localized PCa randomized to 
neoadjuvant ADT or neoadjuvant ADT plus abi-
raterone acetate, the AA/AG genotypes of the 
SLCO2B1 rs12422149 variant were associated 
with higher mean tissue abiraterone levels than 
the GG genotype (258  pg/mg vs. 99  pg/mg; 

P  =  0.03), and higher tissue abiraterone levels 
were associated with improved PSA and patho-
logic response after radical prostatectomy. These 
findings suggest that variation in SLCO genes 
can serve as predictors of response to abiraterone 
treatment [222].

In the first clinical validation of this hypothe-
sis, 401 men with CRPC were treated with abi-
raterone acetate. Men heterozygous for 
rs12422149 (AG, 19%) had significantly 
improved median progression-free survival (PFS) 
on first-line abiraterone acetate compared with 
the homozygous wild-type group (GG, 81%) 
[8.9 months vs. 6.3 months; HR, 0.46; 95% con-
fidence interval (CI), 0.23–0.94, P = 0.03] [221]. 
Importantly, rs12422149 is a predictive bio-
marker of response to ADT in men with  castration 
sensitive PCa, raising the possibility that 
SLCO2B1 is simply a prognostic biomarker of 
outcomes in CRPC and not necessarily a predic-
tive marker of response to abiraterone [231, 233]. 
Thus, while these findings require independent 
prospective validation in randomized data sets 
with matched controls, they suggest genetic vari-
ation in SLCO2B1 can serve as a biomarker of 
response to abiraterone acetate.

 Germline Variation in HSD3B1

The common germline variant of HSD3B1 
(1245A>C), described previously in this chapter, 
encodes a proteolysis-resistant enzyme resulting 
in increased metabolic flux of adrenal androgen 
precursors to DHT biosynthesis within CRPC 
tumors and is a predictive biomarker of resistance 
to castration [234–236] These patients may there-
fore benefit from treatments blocking the biosyn-
thesis of adrenal androgen precursors. Indeed, 
patients with the HSD3B1 (1245C) variant 
achieved better clinical responses to ketocon-
azole, a nonsteroidal CYP17A1 inhibitor than 
those without the variant [220]. An increase in the 
number of inherited HSD3B1 (1245C) variant 
alleles from 0 to 2 increased the median duration 
of therapy from 5.0 months (95% CI, 3.4–10.4) 
with 0 variant alleles to 12.3  months (95% CI, 
1.8-not reached) with 2 variant alleles. Patients 
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with a single variant allele had a median duration 
of therapy of 7.5  months (95% CI, 4.9–19.2). 
Similarly, the median PFS times were 5.4 months 
(95% CI, 3.7–7.5), 9.7 months (95% CI, 5.6–32.9) 
and 15.2 months (95% CI, 7.8-not reached) for 0, 
1 and 2 variant alleles respectively.

However, in the case of abiraterone treatment 
the stable HSD3B1 (1245C) variant may lead to 
increased conversion of abiraterone to D4A, the 
precursor to the AR agonist 5α-Abi, thereby par-
tially negating the treatment benefits in these 
patients who are otherwise more likely to benefit 
from CYP17A1 inhibition [237]. Results from 
one study confirmed that patients who inherit 0, 
1, and 2 copies of HSD3B1 (1245C) demonstrate 
a stepwise increase in 5α-Abi after correcting for 
pharmacokinetics (0.04  ng/ml, 2.60  ng/ml, and 
2.70 ng/ml, respectively) [219]. Accordingly, in a 
small study of 76 men with metastatic CRPC the 
HSD3B1 (1245C) variant did not predict response 
to first-line abiraterone acetate, likely due to the 
opposing effects of the D4A and 5α-Abi metabo-
lites on androgen signaling [218]. Whether inhib-
iting generation of the 5α-Abi metabolite by 
combining abiraterone with a 5α-reductase inhib-
itor reveals the positive predictive value of this 
biomarker that was observed in patients treated 
with the non-steroidal CYP17A1 inhibitor keto-
conazole remains to be seen [220].

 Noncanonical Role for Steroid 
Metabolizing Enzymes in Prostate 
Cancer Progression

A significant body of data supports the hypothe-
sis that genes mediating pre-receptor control of 
DHT metabolism play an important role in deter-
mining intra-tumoral androgen levels in primary 
and castrate resistant prostate tumors. However, 
the increased expression of DHT catabolizing 
enzymes such as AKR1C2, UGT2B15 and 
UGT2B17 in CRPC (which would theoretically 
lower ligand levels available for AR activation) 
are not entirely congruent with this hypothesis. 
Several potential explanations for these observa-
tions exist, including the joint regulation of mul-
tiple steroidogenic genes by single transcription 

factors [238], the potential engagement of metab-
olism pathways that bypass T biosynthesis [66], 
and the possibility that putatively ‘steroidogenic’ 
enzymes may have cancer-related functions 
beyond their steroidogenic potential.

The AKR1C family is an important reminder 
that many steroidogenic enzymes have alterna-
tive substrates, and have capacity to modify non- 
steroidal metabolites, which can influence disease 
progression or response to therapy independently 
of their steroid metabolizing function. For exam-
ple, AKR1C1 is involved in detoxification of 
lipid peroxidation products [239], which may 
influence responses to oxidative stress, and 
AKR1C3 and AKR1C2 are critical regulators of 
prostaglandin (PG) synthesis [240]. In particular, 
AKR1C3 forms PGF2α and 11beta-PGF2α 
which stimulate the prostaglandin F (FP) recep-
tor, and prevent the activation of PPARγ, result-
ing in a pro-proliferative signal that may stimulate 
PCa growth independently of an effect on ste-
roidogenesis [241]. Increased expression of 
AKR1C2 in vitro and its associated increase in 
levels of prostaglandin F2α has also been associ-
ated with resistance to several chemotherapy 
drugs [242], illustrating another mechanism by 
which these genes may influence treatment 
response independent of androgen signaling.

Alternatively, these proteins may also have 
functions independent of any enzymatic activity. 
For example, AKR1C3 has recently been identi-
fied as an AR coactivator and thus may play dual 
roles in promoting ligand biosynthesis as well as 
AR activation [94]. AKR1C3 has also been 
shown to bind and stabilize the ubiquitin ligase 
Siah2, inhibiting its degradation and thereby 
enhancing Siah2-dependent regulation of AR 
activity in PCa cells [243]. Notably, AKR1C3 
may play a role in modulating epigenetic suscep-
tibility in PCa cells independently of an effect on 
AR. Knockdown of AKR1C3 was accompanied 
by a significantly reduced expression of a range 
of histone deacetylases, transcriptional co- 
regulators, and increased sensitivity towards 
SAHA, a clinically approved histone deacetylase 
inhibitor [244].

Overexpression of UGT2B17 has been associ-
ated with more aggressive PCa growth in vivo, 
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potentially via activation of SRC kinase [245]. 
Looking beyond PCa, UGT2B17 has also been 
identified as a disease accelerator in chronic lym-
phocytic leukemia [246], and knockdown of 
UGT2B17 in an endometrial carcinoma cell line 
increased apoptosis in association with downreg-
ulation of the anti-apoptotic protein Mcl-1, and 
upregulation of the pro-apoptotic target of Mcl-1, 
Puma [247]. While the mechanism of UGT2B17 
involvement in these tumors remains to be eluci-
dated, these reports underscore the potential role 
of these enzymes in non-steroid metabolizing 
capacities.

Importantly, it remains to be established 
whether the increased expression of these genes 
is truly pathogenic, or merely a bystander of 
altered CRPC signaling. For example, while 
UGT genes are generally repressed by AR regu-
lated signaling [248, 249], UGT2B17 has been 
identified as a positively regulated gene target of 
the constitutively active AR splice variants pres-
ent in many CRPC tumors [248]. Thus, its pres-
ence in CRPC tumors may simply be a reflection 
of an altered, AR-variant associated transcrip-
tional profile rather than an inherently pathogenic 
alteration.

 Conclusions

Data regarding the molecular response of PCa to 
hormone therapy continues to emerge, providing 
critical insight into cellular growth and signaling 
pathways that may be exploited as therapeutic tar-
gets. The presence of residual androgens and per-
sistent activation of the AR signaling axis in 
CRPC suggest that a multi-targeted treatment 
approach to ablate all contributions to AR signal-
ing within the prostate tumor will be required for 
optimal anti-tumor efficacy. The introduction of 
potent steroidogenic inhibitors such as abiraterone 
and novel AR inhibitors such as enzalutamide 
holds promise for improving the treatment of men 
with CRPC, although to date these therapies are 
characterized by eventual disease progression. 
Importantly, while it is tempting to focus on ste-
roid metabolic pathways as drivers of PCa biol-
ogy, alternative hypotheses remain to be explored, 

including the capacity of metabolic enzymes to 
modify non-steroidal substrates with pro or anti-
carcinogenic activity, and their potential to act in 
roles independent of their catalytic functions.

The molecular alterations occurring in CRPC 
tumors following abiraterone treatment suggest 
tumor-specific methods of addressing resistance, 
either through optimizing steroidogenic blockade 
or by inhibiting AR signaling. Importantly, a two- 
to threefold increase in AR expression can render 
low androgen levels (in the range detected in the 
abiraterone-treated tumors) physiologically rele-
vant in promoting AR driven growth [22]. 
Combining CYP17A1 blockade with inhibitors 
of other critical components of the pathway such 
as HSD3B1 or SRD5A2 or with AR inhibitors 
could offset adaptive upregulation of CYP17A1 
[250], and, in the case of abiraterone, prevent 
generation of downstream metabolites with AR 
agonist activity [189]. Abiraterone at higher (but 
clinically achievable) concentrations can strongly 
inhibit HSD3B1 and 2 [251], and can antagonize 
the promiscuous T877A mutant AR [252], pro-
viding a rationale for dose-escalation of abi-
raterone at time of progression. To date, however, 
small studies of high (2000 mg) or low (250 mg) 
dose abiraterone in men with CRPC have not 
shown a significant impact on clinical outcomes, 
suggesting this approach does not improve clini-
cal efficacy [253, 254]. Importantly, the induc-
tion of full length and ligand-independent AR 
splice variants (lacking the C terminal LBD) in 
abiraterone-treated tumors suggests strategies 
directed at targeting ligand synthesis combined 
with novel AR inhibitors capable of targeting the 
N terminal AR domain may have the greatest 
efficacy [255, 256].

While clinical efforts have focused on inhibi-
tion of ligand biosynthesis, the specific loss of 
androgen inactivating enzymes such as HSD17B2 
and HSD17B4 by alternative splicing demon-
strates that CRPC tumors harbor pre-existing 
mechanisms that conserve residual androgens in 
their active form and amplify the effect of low 
androgen levels in driving ligand-mediated AR 
signaling, contributing to development of resistant 
disease. It remains to be determined whether loss 
of HSD17B2 or HSD17B4 is associated with 
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higher androgen levels in CRPC tumors, and 
whether these tumors are more likely to respond to 
continued AR and ligand synthesis directed ther-
apy vs. tumors that are driven by ligand- 
independent mechanisms. Identification of the 
splicing factors driving loss of functional isoforms 
of these enzymes suggest approaches that can 
downregulate activity of these factors and reverse 
these changes [96]. For example, small molecular 
inhibitors of SRPK1, the splice factor kinase that 
phosphorylates and activates SRSF1, are already 
in pre-clinical development in PCa models of 
angiogenesis and would appear to warrant testing 
in more diverse PCa tumor models [257].

Emerging data demonstrate that adrenal 
derived 11-oxygenated androgens can activate 
the wild type AR and suggest that a larger pool of 
residual androgens may be available to activate 
the AR in CRPC than previously anticipated. 
Although these pathways remain to be more fully 
elucidated, available data are consistent with the 
proposed intracrine generation and activity of 
these potent androgens, especially considering 
the significant substrate preference that AKR1C3 
exhibits towards these steroids. Moreover, these 
data suggest that measurements of residual T and 
DHT can underestimate the contribution of 
ligand-mediated activation of wild type 
AR. Importantly, the significant potency of 11KT 
and 11KDHT in activating the wild type AR sug-
gests that inhibiting the enzymes unique to the 
production of these metabolites significantly 
decreases the overall androgenicity of the CRPC 
tumor microenvironment and thereby can 
improve clinical outcomes.

In conclusion, primary PCa and castration 
resistant tumors are characterized by a number of 
steroid enzyme alterations acting to enhance uti-
lization of circulating adrenal androgens, inhibit 
metabolism of T and DHT to inactive metabo-
lites, and in the case of CRPC tumors, promote 
de novo androgen biosynthesis. These observa-
tions strongly suggest that tissue-based altera-
tions in steroid metabolism contribute to the 
development of CRPC and underscore these met-
abolic pathways as critical targets of therapy. The 
optimal timing, sequence, and potential combina-
torial strategies using new AR pathway and 
ligand biosynthetic modulators are critical unan-

swered questions in optimizing treatment of men 
with PCa. Delineating mechanisms and biomark-
ers of resistance will be critical for rational trial 
design and for the stratification of men to treat-
ment strategies with the highest likelihood of 
durable efficacy.
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 The DNA Damage Repair 
Machinery: An Overview

Cells are constantly exposed to different sources 
of damage, both endogenous (such as those 
resulting from normal metabolism, DNA replica-
tion and cell division) and exogenous (such as 
UV exposure, ionizing radiation or chemical 
agents) [1]. Such processes cause direct damage 
to DNA in our cells. To counteract the deleterious 
effects of such insults, all cells can activate a 
number of pathways responsible for repairing the 
damage and restoring genomic integrity [2]. 
These pathways are referred to as DNA damage 
repair (DDR) pathways.

Deficient DDR leads to accumulation of DNA 
damage, resulting in genomic instability, which 
is one of the hallmarks of cancer [3]. Depending 
on the exact type of damage, different signaling 
pathways are activated that (1) recognize damage 
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and prevent further cell replication, with cell 
cycle check-point promoting cell cycle arrest 
until damage is resolved and (2) initiate a signal-
ing cascade that activates effector proteins to 
repair damaged DNA and restore genome integ-
rity. If repair is not successful, then cells trigger 
programmed cell death responses to sacrifice 
themselves and prevent perpetuation of aberrant 
cells.

Damage to DNA may result in alteration of a 
single-DNA strand, referred to as a single-strand 
break (SSB) or both DNA strands, referred to as 
a double-strand break (DSB). In the case of a 
SSB, the code in the non-mutated strand is pre-
served and can be used as a template for repair. A 
more severe type of lesion affects both DNA 
stands, resulting in a DSB.  A DSB can occur 
directly, or as the result of an unrepaired SSB, 
which occurs in proliferating cells when a SSB 
leads to the collapse of the DNA replication 
forks. If a DSB is not properly repaired, there is 
risk for intra- or inter-chromosomal rearrange-
ments between broken ends of chromosomes.

SSBs are repaired primarily by two systems: 
Nucleotide Excision Repair (NER) and Base 
Excision Repair (BER). Sources of SSBs include 
UV exposure, high temperature, carcinogens and 
IR. Intracellular processes such as DNA replica-
tion and recombination can generate mispaired 
DNA bases that will be identified by the mis-
match repair (MMR) mechanism. When a DSB 
appears, repair is mainly dependent on 
Homologous Recombination (HR) and Non- 
Homologous End Joining (NHEJ) pathways.

SSBs are normally generated by endogenous 
damage, such as that from reactive oxygen spe-
cies (ROS). When a SSB is generated during the 
S phase of the cell cycle and is not correctly 
repaired, the SSB will progress to a DSB, and 
cells will activate the HR pathway. SSBs can also 
be generated in non-proliferating cells, leading to 
polymerase stalling during the transcription 
process.

The primary steps to repair a SSB include: 
DNA broken end detection, end processing, DNA 
gap filling and ligation. The NER pathway is 
involved in the repair of complex lesions such as 
pyrimidine dimers and crosslinks. Damage rec-

ognition can be performed by the transcription- 
coupled NER (TC-NER) and Global Genome 
NER pathways (GG-NER). Different sensor mol-
ecules are involved in this step such as UV-DDB 
and XPC in the case of GG-NER and Cockayne 
syndrome factors B (CSB) during TC-NER. After 
recognition, both pathways merge and RPA, 
together with XPA is recruited to the chromatin. 
Several molecules participate downstream such 
as XPF/ERCC1 endonuclease complex that will 
perform incisions 5′ and 3′ from the damaged 
sites. After that, other molecules, such as PCNA, 
RFC and RPA, will be recruited and bound to the 
site. Finally, the generated DNA gap will be filled 
by a DNA polymerase and ligases I and III [4, 5].

Genomic damage can also result from genera-
tion of apurinic-apyrimidinic (AP) sites, either in 
the form of a base loss or by enzymatic excision 
of a damaged base. In this case, APE1 acts as the 
main sensor. If SSB are directly generated, they 
are first recognized by PARP1, a sensor which 
binds the chromatin and recruits other DDR com-
ponents such as XRCC1 and LIG3. After damage 
sensing, the end processing step is carried out by 
different proteins such as XRCC1, LIG3, PNKP 
and APTX, with some overlap among the path-
ways. This step generates a gap in the chromatin 
that needs to be filled with activities of other pro-
teins such as PCNA. Finally, and depending on 
the length of the generated patch (short, 1 nt or 
long >2 nt), DNA ligation will be driven by either 
LIG3 or LIG1 respectively [6].

Notably, PARP1 also plays a role in recogni-
tion of DSBs. Upon damage, PARP1 promotes 
the alternative Non-Homologous End Joining 
(alt-NHEJ) pathway. When acting as DSBs sen-
sor, PARP1 competes with Ku in binding the bro-
ken chromosomal ends [7]. PARP1 binding will 
trigger either HR or alt-NHEJ, depending on the 
presence of DSB resection. Moreover, PARP1 is 
relevant for the accumulation of the MRN com-
plex to chromatin and has been proposed to facil-
itate activation of ATM substrates [2].

Cellular processes such as DNA replication 
and recombination can also induce generation of 
mis-paired bases, which are mainly repaired by 
the MMR pathway [8]. Mispaired bases can 
result from exposure to UV radiation, environ-
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mental carcinogens or DNA alkylators, leading 
to MMR activation. The majority of proteins that 
participate in this repair mechanism belong to the 
MSH and MLH family (i.e. MSH3, MSH2 and 
MSH6). These proteins are sensors that recog-
nize the mismatched bases. Following recogni-
tion, PMS2 is recruited and, together with EXO1 
and MLH1, the excision step is completed. Next, 
LIG1 and a DNA-pol are responsible for DNA 
re-synthesis and ligation.

The Homologous Recombination pathway, 
which is activated primarily by the generation of 
double-strand breaks during S/G2 phase, is an 
error-free mechanism of DNA repair, and hence 
the preferred system for DSB repair. HR is based 
on the use of the sister chromatid (complemen-
tary to the damaged strand) as a template for de 
novo synthesis of the broken ends, thus preserv-
ing the original sequence.

HR sensor proteins first recognize the dam-
age. In humans, MRE11, RAD50 and NBS1, the 
building blocks of the MRN complex, are the 
main sensors of double strand breaks. Following 
damage recognition, the ATM and ATR kinases 
are recruited. ATM binds to a DSB and becomes 
activated by auto-phosphorylation, in parallel it 
activates  other proteins downstream by phos-
phorylation. Additional ATM targets include his-
tone H2AX, an indicator of DNA damage. The 
activation of these targets triggers a signaling 
cascade that involves effector and mediator pro-
teins, such as CHEK2 [9]. In the case in which 
Replication Protein A (RPA) recognizes the dam-
age, the ATR kinase gets recruited. CHEK1 is 
among the different ATR substrates [10]. Even 
though the first step on the HR pathway can be 
executed by two different sets of proteins it is 
important to consider that there is some degree of 
redundancy or overlap. For example, ATM kinase 
primarily activates CHEK2, but also phosphory-
lates CHEK1.

After broken end detection, BRCA1 is 
recruited to chromatin thus promoting end resec-
tion. Subsequently, RAD51, together with 
BRCA2 and PALB2 are involved in homology 
search and strand invasion, key steps of the HR 
pathway [2, 11]. After this, the sister chromatid is 
used as a template for new synthesis of the bro-

ken DNA; this final step will be completed by 
DNA ligases.

When double strand breaks are generated dur-
ing the G1 phase of the cell cycle, cells will 
respond by activating the NHEJ pathway. Since 
NHEJ does not use the sister chromatid as a tem-
plate, it is an error-prone mechanism. During G1 
phase, cells try to rapidly ligate broken ends, 
resulting in inaccurate DNA repair. In the 
NHEJ cascade, the Ku70/80 heterodimer detects 
and binds to the broken ends. After recruitment, 
Ku70/80 activates the catalytic subunit of DNA- 
PKs, which auto-phosphorylates and phosphory-
lates other substrates. These kinases play an 
important role in the stabilization and protection 
of double strand breaks [12].

It is important to remark that in the NHEJ 
pathway, contrary to HR, there is no end resec-
tion step. A key protein of NHEJ is 53BP1, which 
hampers the end resection step. In the case of 
HR, BRCA1 inhibits 53BP1, thus enabling end 
resection during S/G2 phases [13]. After 
DNA-PK is activated, broken ends are processed 
by ARTEMIS.  Finally, XRCC4 and LIG4  are 
recruited to the chromatin, and exert their func-
tions on DNA ligation.

 The Landscape of DNA Repair Gene 
Alterations in Prostate Cancer

 Genomic Alterations in Prostate 
Cancer

Various alterations in the DNA sequence occur as 
a result of unrepaired damage e.g., mutations, 
small insertions or deletions (indels) and struc-
tural rearrangements (deletions, duplications, 
translocations and inversions; which can also 
result in big losses of DNA fragments), as well as 
deletions or amplifications of segments or whole 
chromosomes.

Mutations are alterations in the DNA sequence 
of bases. Sources of mutations include errors dur-
ing DNA replication, exposure to radiation (UV 
or X-rays) and chemical agents among others. 
When only a single base pair is modified, it is 
called a point mutation. Depending on the effect 
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that this point mutation has on protein coding, it 
can be classified as synonymous, which renders a 
change in the DNA but no effect on the encoded 
protein, or nonsynonymous (or missense) in 
which the amino acid sequence is altered, leading 
to the production of a different protein. Sometimes 
the altered amino acid sequence includes a stop 
codon, resulting in protein truncation (then the 
mutation is known as stop gain). A different type 
of mutation is the addition or deletion of a few 
bases in the DNA sequence, known commonly as 
indel (from the term insertion-deletion), which 
results in the DNA sequence of a gene being 
altered in size. Indels can cause change in the 
reading frame of the gene (frameshift mutations). 
Most of the loss-of-function mutations in DDR 
genes found in prostate cancer are frameshift 
mutations or point mutations resulting in a 
stop-gain.

DNA can be also altered by deletions or 
amplifications of a segment, which may result in 
an abnormal number of copies of one or more 
genes. These alterations, known as copy number 
variants (CNVs) affect genomic regions that can 
range in size from thousands to millions of bases, 
resulting in dosage changes of the genes within 
these regions. CNVs are of particular interest in 
prostate cancer, particularly amplifications of 
oncogenes, such as the androgen receptor (AR) 
gene or MYC, or by loss of critical tumor sup-
pressor genes such as PTEN, TP53, RB1 or 
BRCA2.

Structural chromosomal aberrations or gene 
fusions are the result of the inappropriate linkage 
of broken DNA ends. Gene fusions can result in 
recombinant proteins. In many tumors, including 
prostate cancer, recombinant proteins can act as 
cancer promoters. The canonical example in 
prostate cancer is the recurrent TMPRSS2-ERG 
fusion. Gene fusions can also result in the inacti-
vation of tumor suppressor genes; for example, 
fusions with break points within RB1, MSH2, 
MSH4 are examples of loss of protein function.

Besides direct changes to the DNA code, 
genes can also be affected by epigenetic modifi-
cations or gene transcription regulation. Broadly 
considered, epigenetics consists of chemical 
modifications, which do not affect the DNA 

sequence itself, but result in either activation or 
inactivation of genes. The most common epigen-
etic changes are DNA methylation (generally 
associated with gene silencing) and histone acet-
ylation (generally associated with gene activa-
tion). DNA hypermethylation alters expression 
of GSTP1 and MGMT, two genes involved in 
prostate cancer DNA damage repair [14, 15]. 
Gene expression is also regulated by transcrip-
tion factors. The canonical example of transcrip-
tional regulation in prostate cancer is the role of 
the Androgen Receptor (AR). Prostate cancer is 
addicted to AR signaling, which drives a pro- 
oncogenic transcriptional program in cancer 
cells. Therapies targeting the AR are the mainstay 
of prostate cancer treatment. Interestingly, andro-
gen deprivation therapy (which down-regulates 
AR signaling) enhances the cytotoxic effect of 
radiotherapy [16]. This observation might be 
explained by a role of AR in regulating DDR 
genes. As an hypothesis, radiotherapy induces 
DNA DSBs, resulting in DDR activation and also 
AR signaling induction. AR activation promotes 
the resolution of DNA DSBs, conferring resis-
tance to radiotherapy. Based on this premise, the 
combination of radiotherapy and AR-inhibition 
(ADT) is synergistic by impairing double strand 
breaks repair, thus enhancing the effect of the for-
mer [17]. All of these observations suggest a role 
of AR as a regulator of the expression of DNA 
damage genes. For example, HR genes (RAD54B, 
RAD51C, XRCC2 and XCCR3), NHEJ genes 
(DNA-PKcs, Ku70, XRCC4, XRCC5 and 
PRKDC) and MMR-related genes (MSH2 and 
MSH6) are regulated by AR. Moreover, PARP-1 
can act as an AR cofactor.

 Genomic Landscape of Localized 
Prostate Cancer

The Cancer Genome Atlas (TCGA) reported the 
genomic landscape of a cohort of 333 localized 
prostate cancer samples. Based on integration of 
exome DNA sequencing, RNA sequencing, 
miRNA sequencing, SNP arrays and DNA meth-
ylation arrays, seven distinct molecular subtypes 
were depicted. These seven subtypes displayed 
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recurrent alterations such as ETS fusions (ERG, 
ETV1, ETV4 and FLI1) or mutations in SPOP, 
FOXA1, or IDH1. Regarding DDR-related gene 
alterations; germline and somatic aberrations in 
BRCA1/2, CDK12, ATM, FANCD2, RAD51C 
were detected in 19% of the analyzed tumors. 
However, this 19% included some variants which 
may not have a significant impact in DDR func-
tion such as the common nonsense polymorphic 
variant BRCA2 K3326∗, which truncates only a 
few amino acids at the end of the protein [18] and 
is currently classified as a benign variant, or 
FANCD2 and RAD51C heterozygous, not bial-
lelic losses [19].

Within cohorts of localized prostate cancer, 
DNA repair mutations, particularly in BRCA2 
and ATM genes, are enriched in those with 
Gleason grade group ≥3 and clinical stage ≥ cT3 
disease [20]. Different genomic profiles can be 
found within one single tumor, what is com-
monly known as intra-tumor spatial heterogene-
ity. There are two main contributors to 
pre-treatment heterogeneity in prostate cancer. 
First, primary prostate tumors are commonly 
multi-focal, representing multiple tumors arising 
in parallel with different clonal origins; each hav-
ing different grades of aggressiveness [21, 22]. 
One study using whole-genome sequencing com-
pared different tumor foci in tumors resected 
from patients with clinically localized prostate 
cancer, and found a relatively low number of 
point mutations but significant heterogeneity 
between intra-tumor foci in the copy number pro-
file and in terms of genomic rearrangements [23].

A second contributor to intra-patient spatial 
heterogeneity is the independent genomic evolu-
tion of different tumor areas, resulting in the 
emergence of different clones, but coming from a 
joint origin. Clonal evolution is highly driven by 
selective pressure from therapeutic interventions, 
such as androgen deprivation therapy. One study 
reconstructed the phylogenetic tree of 293 cases 
of localized prostate cancer, defining specific pat-
terns of clonal evolution. Point mutations and 
deletions were characteristic of early stages 
(clonal), while amplifications and changes in tri-
nucleotide mutational signatures were subclonal 
and occurred later. Early mutated genes included: 

FOXP1, ATM, RB1, NKX3-1. Moreover, sub-
clonal events affected genes such as MTOR, 
TSC1, TSC2, BAD, BID, and BAK1. Up to 59% of 
the analyzed tumors had multiple subclones, and 
clonal heterogeneity was clinically relevant as 
evidenced by patients with monoclonal tumors 
having a lower risk of relapse (7%) compared to 
polyclonal tumors (64%). Interestingly, patients 
with germline BRCA2 mutations presented dif-
ferentiated clonal evolution patterns, supporting 
these mutations as being key for genesis and pro-
gression of these tumors [24].

A study pursuing whole genome sequencing 
(WGS) analysis of multiple metastases from the 
same individual suggested that selective pressure 
from hypoxia or anticancer treatment (ADT) can 
result in a process of clonal convergence, by 
selecting the clones which are able to adapt [25].

Clonal and subclonal evolution of prostate 
tumors involves not only selection but also accu-
mulation of events. Many times, these aberra-
tions are accumulated sequentially. However, at 
other times, “catastrophic” genomic events can 
lead to massive genomic changes. These would 
include phenomena such as chromoplexy, which 
involves massive genomic structural restructura-
tion [26], massive accumulation of DNA double- 
strand breaks (chromothripsis), or focal regions 
of DNA hypermutation (kataegis). Patterns com-
patible with chromothripsis and kataegis in 20% 
and 23% of cases respectively were observed in 
whole-genome sequencing data from a large 
number of localized prostate cancer [27].

 Genomic Landscape of Advanced 
Prostate Cancer

Stand-Up-To-Cancer (SU2C)-Prostate Cancer 
Foundation (PCF) International Dream 
Team  characterized the genomic landscape of 
metastatic prostate cancer by analyzing whole- 
exome and transcriptomic data from 150 samples 
of mCRPC [28]. Frequently mutated genes 
included AR, TP53, RB1, SPOP, and less fre-
quently, PIK3CA/B, RSPO, BRAF/RAF1, APC, 
β-catenin and ZBTB16. Data integration 
 highlighted molecular subtypes enriching the fol-
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lowing pathways: AR signaling, PI3K, WNT, 
DNA repair, among others. Interestingly, 23% of 
the mCRPC samples harbored DNA repair path-
way alterations. Aberrations in BRCA1/2, 
CDK12, FANCA, RAD51B, RAD51C, ATM, 
MLH1 and MSH2 were identified.

A small fraction of lethal prostate cancer 
exhibits a hypermutated phenotype. In many 
cases, this phenotype is related to pathogenic 
mutations or translocations in mismatch repair 
genes associated with microsatellite instability 
[29]. However, in general, prostate cancer is a 
disease with a lower burden of point mutations 
compared to other tumor types, and the relation 
of these hypermutated cases to the competence 
of the mismatch repair pathway and its role as 
potential predictive biomarker of response to 
immune checkpoint inhibitors (ICI) remains yet 
to be fully elucidated. While MMR deficient 
tumors seem to be more likely to responds to 
ICI, recent studies were not able to correlate 
MMR mutations with the MSI phenotype, sug-
gesting further mechanisms may be involved 
[30, 31].

BRCA2 aberrations are the most common 
among DDR genes, accounting for 8–12% of 
metastatic prostate cancer. Approximately 90% 
of BRCA2-altered cases exhibit biallelic loss of 
the gene and hence complete loss of function. 
Mechanisms of BRCA2 inactivation include 
germline or somatic mutations with loss of the 
second allele, homozygous deletions, or rear-
rangements that introduce breakpoints within 
BRCA2. BRCA1 gene alterations are very 
uncommon in prostate cancer (around 1% of 
metastatic prostate cancers).

The second most common event involves 
ATM mutations, including truncating mutations, 
which lead to an impaired protein lacking the 
kinase domain, albeit missense mutations within 
the kinase domain can also lead to dysfunctional 
protein. ATM can also be inactivated, although 
less commonly, by homozygous deletions of the 
gene. Taken together, events in the ATM gene 
predicted to cause loss of protein function occur 
in 6–8% of all metastatic prostate cancer.

Other HR genes are recurrently mutated or 
deleted in metastatic prostate cancer. These 

include FANCA, CHEK1, CHEK2, PALB2, 
RAD51 and others. While the frequency of altera-
tions in each individual gene is low (<2% each), 
taken together, these less common aberrations 
can account for 5–10% of metastatic prostate 
cancer.

A subset of prostate cancers is characterized 
by low AR-signaling and neuroendocrine-like 
features. While different studies have used 
slightly different definitions, this phenotype is 
generally referred to as neuroendocrine prostate 
cancer (NEPC). Enrichment of TP53 loss has 
been identified in NEPC (>60%) compared to 
CRPC adenocarcinoma (30–40%). A recent 
study performed genomic characterization of 202 
patients with metastatic CRPC who underwent 
metastatic biopsies [32]. The cohort was enriched 
for patients on androgen deprivation therapy 
(73% patients had their biopsies taken while on 
abiraterone acetate or enzalutamide). Seventeen 
percent of cases had phenotypic resemblances 
with NEPC, in what the authors termed 
“treatment- emergent NEPC”, suggesting that the 
development of a basal-like phenotype, charac-
terized by loss of tumor suppressor genes, could 
be related to resistance to AR targeting agents in 
some cases. Interestingly, mutations and dele-
tions in HR and MMR genes were almost mutu-
ally exclusive with the treatment-emergent NEPC 
phenotype (8% of NEPC-like vs. 40% of non- 
NEPC- like cases harbored DDR gene defects, 
p = 0.035).

With easier access to improved sequencing 
technologies, discovery of additional drivers 
and determinants of the disease progression is 
likely. In one study using deep whole-genome 
(median coverage above 100×) and transcrip-
tome sequencing of 101 prostate cancer meta-
static biopsies, tumors with biallelic BRCA2 
aberrations were characterized by a higher fre-
quency of microhomology deletions. Biallelic 
inactivation of CDK12 instead associated with 
an increase of tandem duplication events [33]. 
Biallelic mutations in CDK12 seem to define a 
distinct subset of prostate cancers, and are 
almost mutually exclusive with other DNA 
repair defects, ETS fusions, and SPOP 
mutations.
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Integrative studies comparing localized and 
metastatic tumors revealed an enrichment in 
alterations of TP53, RB1, AR, PTEN, FOXA1, 
APC and BRCA2 genes in the advanced setting. 
Moreover, pathway enrichment analysis using 
the frequently mutated genes showed that the 
DNA repair pathway is significantly more com-
monly altered in the setting of metastatic disease 
[34].

Further studies enabled the comparison across 
diseases states; not only between localized and 
metastatic castration-resistant but also including 
metastatic non-castrate prostate cancer. Somatic 
and germline alterations of BRCA1/2, ATM, 
CHEK2, CDK12 account for 27% of the advanced 
prostate cancer tumor population. The analysis of 
a few matched samples (same-patient primary vs. 
metastatic) enabled the reconstruction of the 
mutations acquired during tumor evolution. 
BRCA2 alterations were invariably present since 
the initial stage of the disease. In contrast, altera-
tions in AR were mainly observed later during 
disease progression, suggesting that these altera-
tions are acquired as a result of treatment and 
promote castration resistance in the metastatic 
clone [35].

Additional studies explored the impact of 
clonality at either stage of the disease. Results 
showed that localized prostate cancer is charac-
terized by multifocality and multiclonality. On 
the other hand, the analysis of copy number alter-
ation data from several metastases in the same 
individual (intraindividual), showed less marked 
heterogeneity in advanced stages of the disease, 
probably related to clonal selection when exposed 
to ADT. A different study integrated the muta-
tional profiling and transcriptomic data of intra-
individual metastatic lesions and reached a 
similar conclusion [36, 37].

 Germline Mutations in DNA Repair 
Genes: Prevalence and Implications

Individuals who inherit certain gene mutations 
are at higher risk of developing prostate cancer. 
Recognition of those prostate cancer patients 
who carry germline mutations may be relevant at 

several levels, including identification of entire 
families whose members may be at risk of devel-
oping prostate cancer or other tumors, and may 
facilitate personalized therapeutic strategies for 
patients.

Prostate cancer is a tumor type where inher-
ited genetic factors may have a higher impact in 
risk determination. The presence of other pros-
tate cancers in a family is a well-known risk fac-
tor for cancer development [38]. Based on studies 
performed in twins, over 50% of risk of develop-
ing prostate cancer may be determined by inher-
ited gene alterations [39].

Beyond identification of SNP profiles in 
genome-wide association studies related to 
increased risk, pathogenic mutations in certain 
genes is linked directly to prostate cancer risk. 
With regards to DNA repair, two different groups 
of inherited mutations in germline DNA are rec-
ognized as relevant: those occurring in HR genes 
(such as BRCA1/2, also involved in autosomal 
dominant patterns related to breast, ovarian and 
pancreatic cancer predisposition) and those 
occurring in mismatch repair genes, associated 
with Lynch Syndrome. Lynch syndrome, a multi-
cancer syndrome cause by germline mutations in 
mismatch repair genes, is typically linked to gas-
trointestinal cancers and is also associated with 
increases prostate cancer risk [40]. 

Inherited mutations in the BRCA2 gene deter-
mines the highest increase in risk for prostate 
cancer development. For instance, male BRCA2 
mutation carriers have an 8.6-fold higher risk 
than non-carriers to develop prostate cancer 
before the age of 65 [41]. Variants in BRCA1 and 
ATM have also been linked to increased risk [42], 
whereas data for other genes such as CHEK2 is 
less robust.

Identification of prostate cancer predisposi-
tion mutations, most commonly through cascade 
testing after a relative has been diagnosed with 
prostate, breast, ovarian or other cancers, could 
open opportunities for precision monitoring of 
these patients towards early diagnosis of prostate 
cancer. A number of studies are evaluating 
whether germline mutations can define a popula-
tion that may benefit from targeted screening 
strategies. IMPACT (Identification of Men with a 
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genetic predisposition to Prostate Cancer: 
Targeted screening in BRCA1/2 mutation carriers 
and controls) is assessing the role of PSA screen-
ing and prompt prostate biopsies (triggered by 
PSA values of 3 or higher) in a population of over 
3000 men carrying mutations in BRCA1, BRCA2 
or the Lynch Syndrome genes MSH2, MSH6, 
MLH1.

Germline studies of localized prostate cancer 
have traditionally focused in BRCA1 and BRCA2 
mutations. Although such mutations are of low 
prevalence in this population (1–2% across stud-
ies), recent data suggests that these are clinically 
relevant, as will be discussed later in this chapter. 
The scenario is slightly different when consider-
ing population subsets with early age at diagno-
sis, or enriched for patients with significant 
family history, but rarely surpasses 2–2.5% in 
any series of localized prostate cancer patients 
[43]. In the TCGA landscape study for patients 
with primary prostate cancer, the prevalence of 
BRCA1/2 mutations was 3%, but all six cases of 
germline BRCA2 mutation were K3326∗, which 
has unclear impact on protein function [19].

Prostate tumors associated with germline 
BRCA2 mutations exhibit a characteristic 
genomic profile, supporting the concept that 
these mutations drive disease evolution. One 
study profiled in-depth 19 prostate tumors germ-
line BRCA2 mutation carriers with whole- 
genome sequencing and methylation profiling, 
and compared them to 200 sporadic prostate 
tumors [44]. BRCA2-mutated cases had a higher 
percent of the genome altered and were enriched 
for amplifications in MYC and chromosome 3q, 
suggesting higher genomic instability.

Due to the enrichment for DNA repair gene 
mutations in cohorts of advanced prostate tumors, 
including germline mutations, specific studies on 
the prevalence of germline mutations among 
patients with metastatic prostate cancer 
are needed. Germline DNA analysis of 20 DNA 
repair genes was conducted in a cohort of 692 
patients with metastatic prostate cancers recruited 
into molecular characterization studies across 
several academic centers in the UK and 
US. Overall, 84 suspected pathogenic mutations 
in 82/692 (11.8%) patients were detected, includ-

ing mutations in BRCA2 (37 cases), ATM (11), 
CHEK2 (10), BRCA1 (6), RAD51D (3) and 
PALB2 (3). This frequency was significantly 
higher than in the TCGA series, which consists of 
patients with localized or locoregional disease, 
even when considering only TCGA sub-groups 
with higher Gleason or higher risk of relapse 
based on clinic-pathological criteria. Although 
overall there was higher burden of cancer family 
history among relatives of germline mutation car-
riers than no carriers, the frequency of men with 
first-degree relatives affected by prostate cancer 
was the same in patients carrying or not carrying 
inherited DDR mutations (22% in both groups). 
The risk of carrying pathogenic germline muta-
tions was also significantly higher than observed 
in the general population. The high prevalence of 
these mutations in late-stage prostate cancer, the 
lack of a complete association with the presence 
of prostate cancer cases in the family, and the 
potential clinical implications of such gene alter-
ations has resulted in the NCCN clinical guide-
lines recommending to offer germline BRCA1/2 
testing to all men with metastatic prostate 
cancer.

The high prevalence and enrichment in late- 
stage disease population has been confirmed by 
other studies [45], and overall suggests that 
approximately 5% of all men with metastatic 
prostate cancer carry a germline pathogenic 
mutation in BRCA2. However, there may be dif-
ferences when screening populations with differ-
ent geographical or racial background are taken 
into account. For example, a comprehensive 
study of a Spanish population, mostly white 
Caucasians, showed that the prevalence of germ-
line BRCA2 mutations was lower (3%) but the 
prevalence of germline ATM mutations was 
slightly higher (2%) than in other cohorts [46].

A summary showing DDR alterations in dif-
ferent stages of the disease is presented in Table 1.

 MMR Germline Mutations: Lynch 
Syndrome

Lynch syndrome (LS) is an inherited cancer pre-
disposition syndrome characterized by mutations 
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in genes involved in the MMR pathway genes. 
Specifically, germline mutations in MLH1, 
MSH2, MSH6, PMS2 and EPCAM are associated 
with LS.  Mismatches in repetitive sequences, 
such as microsatellite regions, are not efficiently 
repaired in LS associated tumors; resulting in 
high DNA microsatellite instability (MSI) phe-
notype [47, 48].

Lynch syndrome accounts for 2–5% of 
colorectal cancer [48]. However, other types of 
malignancies, such as ovarian, pancreatic, gastric 
and urinary cancer are associated with the dis-
ease. Men with Lynch syndrome have an 
increased risk for prostate cancer (2.13-fold) 
[49]; suggesting the need for prostate cancer 
screening in this population.

 Impact of DNA Repair Defects 
in Clinical Outcome for Prostate 
Cancer

Most studies looking into the prognostic impact 
of DNA repair mutations in  localized prostate 
cancer have focused on germline BRCA1/2 muta-
tions since these mutations are the most prevalent 
and it is recognized that they increase prostate 
cancer risk. We now know that a plethora of DNA 
repair mutations in different genes are found in 

prostate cancer. However, we are still missing 
datasets that comprehensively assess the prog-
nostic value of the different germline and somatic 
mutations.

A subset of localized prostate cancer patients 
are candidates for conservative management 
approaches including active surveillance. A 
recent study identified germline BRCA2 muta-
tions across a cohort of patients managed with 
active surveillance. Germline BRCA2 mutation 
carriers are more likely to require stage reclassi-
fication during the follow-up period: tumor stag-
ing upgrade rate at 2-, 5- and 10-years was 27%, 
50% and 78% in BRCA2 mutation carriers com-
pared to 10%, 22% and 40% in non-carriers 
(p  =  0.001) [50]. While these data suggest that 
these patients may not be candidates for active 
surveillance, there is a lack of prospective data, 
and current guidelines do not include molecular 
testing among the criteria for advocating active 
surveillance.

Germline BRCA2 mutations are a well- 
established poor prognosis factor for disease 
relapse after primary treatment for localized pros-
tate cancer. In the largest study reported to date, 
outcome was retrospectively assessed in over 
2000 patients treated with radical prostatectomy 
or radiotherapy for localized prostate cancer, 
stratifying the analysis based on the presence of 

Table 1 Summary of germline and somatic prevalence of mutations in key DDR genes

Localized Metastatic
DDR mechanism Gene Germline [83] Somatic [19] Germline [83] Somatic [28, 33]
HR BRCA1 0.6% 1% 0.87% 0.7%

BRCA2 0.2% 3% 5.35% 13.3%
ATM 1% 4% 1.59% 7.3%
CHEK2 0.4% 0% 1.87% 3.0%
CDK12 2% 4.7%
PALB2 0.4% 0% 0.43% 2%
RAD51B 1%
RAD51C 0.4% 3% 0.14%
RAD51D 0.2% 0.43%
FANCD2 7%

MMR MLH1 0.3% 0.7%
MSH2 0.2% 0.3% 0.14% 2%
MSH6 0.2% 1.5% 0.14% 1%

NHEJ PRKDC 8%
NER ERCC2 0.6% 1.3%

ERCC5 0.3% 1.3%
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germline BRCA1 and BRCA2 mutations. Mutation 
carriers (n = 79: 18 BRCA1 and 61 BRCA2) had a 
shorter cancer-specific survival (8.6  years vs. 
15.7 years) and higher risk of developing meta-
static disease (23% of mutation carriers had 
developed metastatic relapse within 5 years, com-
pared to 7% of non-carriers). In multivariate anal-
ysis, germline BRCA2 mutations were identified 
as an independent poor prognosis factor. In a fol-
low-up study, this worst-prognosis for germline 
BRCA1/2 mutation carriers was confirmed for 
both cohorts of patients treated with surgery or 
radiotherapy [51]. While results were particularly 
poor for BRCA1/2 mutation carriers undergoing 
radiation therapy, the results should not be read in 
terms of direct comparison between the impact of 
mutational status in radiotherapy vs. surgery out-
come, as baseline characteristics of the cohorts 
were different and determined the selection of one 
or another treatment type.

The enrichment for DDR mutations in late- 
stage disease is in line with data suggesting that 
certain DDR mutations define a more aggressive 
course of prostate cancer. However, it remains to 
be explored if in the setting of metastatic prostate 
cancer, where there is a pre-selection of poor 
prognosis cases, DDR mutations are still infor-
mative of differential prognosis, and, more 
importantly, if such data can be used to define 
personalized cancer management studies.

The two pivotal studies in prostate cancer 
genomics (TCGA [19] and SU2C-PCF consor-
tium [28] for localized and metastatic prostate 
cancer respectively did not report correlative 
clinical outcome data according to genomics, but 
data is expected once longer follow-up has been 
achieved. In the meantime, several studies have 
looked at the prognostic impact of DDR defects 
on mCRPC evolution. Some results may seem 
contradictory, but differences in study popula-
tions, the selected gene set, the use of tumor vs. 
plasma samples and the interrogation of germline 
vs. somatic defects, make the direct comparison 
of these studies challenging.

One study reported on a series of 319 mCRPC 
patients including 22 germline DDR mutation 
carriers retrospectively identified (16/22 carrying 
germline BRCA2 mutations). It concluded that 

progression free survival (PFS) of mutation carri-
ers on standard-of-care is shorter than that of 
non-carriers (3.3  months vs. 6.2  months, 
p = 0.01), although some of the carriers actually 
achieved long-lasting responses. This impact in 
PFS was not observed in the same patient popula-
tion when receiving docetaxel [52]. In a later 
study, the same group pursued circulating tumor 
DNA genomic characterization from 202 
treatment- naïve mCRPC patients who partici-
pated in a randomized trial of abiraterone plus 
prednisone (n  =  101) or enzalutamide alone 
(n = 101). In 14/202 patients, germline or somatic 
alterations of BRCA2 or ATM were detected, and 
these patients had a shorter time to progression 
(HR 5.27 in multivariate Cox regression models, 
p < 0.001). Detection of TP53 mutations in circu-
lating DNA was also associated with a worse out-
come [53].

Other series have failed to identify association 
with prognosis. In a correlative analysis of data 
from patients in the UK, US and Australia (most 
of them were those included in the original 
genomic landscape study of the SU2C-PCF con-
sortium), patients carrying germline mutations in 
a panel of DDR genes (namely, ATM, BRCA1, 
BRCA2, CHEK2, MRE11A, MSH6, NBN, PALB2, 
RAD51C, RAD51D, GEN1, MSH2 and ATR), had 
a similar outcome on standard-of-care therapies 
(abiraterone, enzalutamide, taxane chemother-
apy) than non-carriers [54]. Overall survival of 
those patients was also similar. However, the fact 
that this cohort was enriched for patients who 
participated in PARP inhibitor or platinum clini-
cal trials makes it difficult to isolate the impact of 
the mutation on prognosis from the potential 
impact of the different therapeutic approaches. 
On the other hand, one series reported improved 
response rates for DDR mutation carriers on 
enzalutamide or abiraterone [55].

Differences in the study population and the 
methodology used may explain in part the differ-
ent results. Nevertheless, with the envisioned use 
of personalized targeted therapeutics for patients 
with certain DDR defects in the near future, the 
prognostic impact of these mutations may be 
diluted by the predictive value to identify those 
patients who would benefit from specific thera-
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peutics, similarly to what has happened with 
HER2 amplifications in breast cancer. While 
these alterations determine a more aggressive 
phenotype, access to a specific therapeutic option 
targeting such alterations has resulted in a subset 
of patients achieving longer survival times when 
treated with anti-HER2 drugs [56]. Meanwhile, 
the only prospective study which has interrogated 
the impact of germline DDR mutations in patient 
outcome from mCRPC is the PROREPAIR study, 
conducted entirely in a Spanish population [46]. 
In this study, there were no significant differences 
in patient outcome for carriers of germline 
BRCA1, BRCA2 and ATM mutations, albeit 
patients with germline BRCA2 mutations pre-
sented shortened cause-specific survival than the 
rest of the study population (17  months vs. 
33  months, p  =  0.027). Response rates to abi-
raterone, enzalutamide or taxanes were  similar 
for carriers and non-carriers, though there was a 
trend for a shorter time to progression on abi-
raterone and enzalutamide for germline BRCA2 
carriers.

In summary, all these studies suggest that 
some patients with DDR mutations, particularly 
within the germline BRCA2 population, have 
aggressive cancers. However, none of the studies 
suggest that mutation carriers should not receive 
standard of care therapies for metastatic prostate 
cancer, as many of them derive significant benefit 
from these drugs. Further studies should refine 
the methods to identify these poor-prognosis 
patients, and plan personalized management 
strategies accounting for different disease behav-
iors. Moreover, since several of these therapies 
are currently used in the metastatic hormone- 
naïve setting, there is a need to determine if the 
classification of the disease based on DDR muta-
tions could stratify patients for treatment 
selection.

 Clinical Development of PARP 
Inhibitors in Prostate Cancer

The role of the DDR deficiency in DNA damage 
accumulation and generation of genome instabil-
ity and cell death offers the opportunity for tar-

geting DDR signaling pathways as a therapeutic 
opportunity.

PARP inhibitors are a class of drugs that 
inhibit PARP1, a sensor of DNA SSB.  PARP 
inhibitors are in advanced stages of clinical 
development in prostate cancer, after receiving 
approval in ovarian and breast cancer, where 
DDR is also a therapeutic target.

BRCA1/2 deficient tumors are sensitive to 
PARP inhibition primarily through a synthetic 
lethal interaction. Synthetic lethality is a biologi-
cal principle by which two events, which are not 
lethal independently, become fatal for a cell when 
they occur simultaneously. In this case, synthetic 
lethal interactions in DDR involve a tumor har-
boring specific mutations in key DDR proteins 
and blockage of a backup component of the 
repair process on which cancer cells would have 
become dependent [57]. PARP-1 inhibition 
results in unsuccessful cell repair of DNA SSBs, 
which progress to DNA DSBs. In BRCA-deficient 
tumors, there is accumulation of DSB breaks 
since they are not efficiently repaired, leading to 
selective tumor cell death [58]. We now under-
stand that PARP inhibitors also have direct cyto-
toxic effects, by trapping PARP1 when attached 
to the damaged DNA ends.

In the first-in-man clinical trials of the differ-
ent PARP inhibitors in clinical development, a 
few prostate cancer patients were included, gen-
erating the very first dataset for this class of drugs 
in prostate cancer. These early-phase trials were 
primarily enriched for patients with germline 
BRCA1/2 mutations, and led to subsequent trials 
that resulted in the approval of olaparib, niraparib 
and rucaparib for ovarian cancer (either as mono-
therapy for BRCA-mutated tumors or as mainte-
nance therapy after response to platinum-based 
chemotherapy) and the approval of olaparib and 
talozaparib in breast cancer. Eight mCRPC 
patients were also enrolled in a tumor-agnostic 
basket trial of olaparib for patients with advanced 
cancers and BRCA1/2 germline mutations, with 
half of them responding to therapy [59].

Several preclinical studies have characterized 
other alterations beyond BRCA1/2 loss that can 
lead to PARP inhibitor sensitivity [60–62]. The 
term BRCAness is commonly used in the litera-
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ture to refer to a phenotype characterized by HR 
deficiency and PARP inhibitor sensitivity despite 
these tumors not presenting BRCA1/2 defects 
[63]. The development of this drug class in ovar-
ian cancer provided clinical evidence that there is 
an extended target patient population who can 
benefit beyond those carrying BRCA1/2 
alterations.

Considering the above, and the high preva-
lence of germline and somatic mutations in HR 
genes in prostate cancer, the development of 
PARP inhibitors in advanced prostate cancer 
could result in the identification of a precision 
medicine strategy for a molecularly-defined sub-
set of patients. The tolerability profile of this 
class of drugs is primarily characterized by bone 
marrow toxicity, namely anemia and thrombocy-
topenia, and mild gastrointestinal toxicities (nau-
sea, diarrhea). Fatigue, mood changes and altered 
liver function can also appear. In the long term, 
the use of PARP inhibitors has raised concerns 
about the risk of secondary tumors, particularly 
myelodysplastic disorders, with a few cases of 
acute leukemias reported among patients receiv-
ing PARP inhibitor treatment. Further data is 
needed to conclude whether these myelodysplas-
tic disorders are related to PARP inhibition or to 
the inherent risk of cancer in patients with 
genomic instability due to germline BRCA 
mutations.

The TOPARP-A trial, reported in 2015, pro-
vided proof-of-concept evidence for further 
development of PARP inhibitors in prostate can-
cer. Treatment of 50 patients with heavily pre-
treated mCRPC with the PARP inhibitor olaparib 
resulted in several durable responses being 
observed. Almost one third of treated patients 
experienced either a response by traditional crite-
ria (radiological or PSA) and/or a significant 
decrease of circulating tumor cell counts (from 
>5 to <5 cells per 7.5 ml  of blood sample), a 
response biomarker that has been associated with 
patient outcome in several prostate cancer trials 
[64, 65]. Retrospective next-generation sequenc-
ing of tumor biopsies collected from these 
patients at study entry showed that 14/16 patients 
responding to therapy by either criteria harbored 

a somatic or germline alteration in HR or 
HR-related genes [66].

Matching the expected prevalence in the gen-
eral mCRPC population, seven patients had bial-
lelic loss of BRCA2 in their tumors, either by 
mutations with loss of the second allele or by a 
homozygous deletion. All seven patients 
responded to olaparib, with the longest response 
lasting for over 3  years in a patient who had 
already progressed on ADT, docetaxel and abi-
raterone. Some patients responding to therapy 
harbored germline or somatic defects in the ATM 
gene, although other ATM aberrations did not 
lead to a response, and not all the responses by 
CTC criteria resulted in significant PSA drops. 
Additionally, patients with BRCA1 or PALB2 
mutations also responded to therapy. Sequencing 
of follow-up tumor or circulating tumor DNA 
samples from these patients also allowed for 
identification of PARPi secondary resistances 
mechanisms, which most commonly involve 
additional arising mutations in HR genes that 
compensate for the initial mutation, restoring the 
open reading frame of the gene and permitting 
translation of a probably functional form of the 
protein again [67, 68]. Interestingly, these sec-
ondary or “reversion” mutations seem to appear 
in a polyclonal manner and in specific regions of 
these genes defined by high density of micro-
homology areas, suggesting that the incapacity to 
successfully complete homologous recombina-
tion repair of these tumors would be favoring the 
emergence of these new events [69].

Data from the TOPARP trial emerged in paral-
lel to several sets of genomics studies confirming 
the high prevalence of DNA repair defects in 
advanced prostate cancer, triggering the launch 
of numerous clinical trials of PARPi in this set-
ting. A number of phase II and phase III clinical 
trials, trying to confirm the antitumor activity of 
this drug class in this disease and, more impor-
tantly, refine the predictive biomarker set for 
optimal patient stratification, are now underway. 
Interim analysis of a phase II trial of rucaparib 
seems to confirm the antitumor activity in BRCA- 
mutated tumors, although response rates in 
patients harboring other mutations were lower, 
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and further data is needed to define the optimal 
selection strategy for PARP inhibitors in mCRPC.

Beyond the use of PARP inhibitors in HR defi-
cient tumors, this class of drug is also being 
developed as a combination with AR-signaling 
directed therapies, which are the mainstay of 
prostate cancer treatment. Preclinical data dem-
onstrate that anti-androgen therapies (i.e. enzalu-
tamide) result in downregulation of HR genes 
[70, 71] generating a conditional HR deficiency. 
This represents a promising opportunity for the 
combination of antiandrogens and PARP1 inhibi-
tors therapies in CRPC. Recent studies support 
the relationship between AR and PARP1; for 
example PARP1 has been shown to act as an AR 
cofactor [72], modulating its activity and func-
tion in DNA damage. Furthermore, ADT upregu-
lates PARP1-mediated repair pathways [71]. 
Advancing this idea, a combination of ADT and 
PARP inhibitors could increase the sensitivity of 
current therapies. More specifically, it could be 
used in the advanced stages of the disease, as 
defects on the HR pathway in castration resistant 
prostate cancer (CRPC) patients sensitizes the 
tumors to PARP inhibition. A randomized phase 
II clinical trial found that the combination of 
olaparib and abiraterone prolonged patient’s time 
to progression in mCRPC, even among those 
patients with no evidence of DDR defects in the 
tumor genomics analysis [73]. This is a field of 
ongoing research that aims to optimize the com-
bined use of these two drug classes towards 
improving outcome for prostate cancer patients.

 Targeting DNA Repair 
Beyond PARP1

 Platinum-Based Chemotherapy

Platinum salts are part of the standard chemo-
therapy regimens used in many tumor types, but 
they are not commonly used in prostate cancer 
beyond infrequent small-cell prostate cancers. 
Platinum salts act primarily by inducing DNA 
adducts that result in damage. Tumors unable to 
correctly repair DNA damage may be more sen-
sitive to platinum-based chemotherapy.

A phase II trial of an oral platinum-derivative, 
satraplatin, demonstrated tumor responses in a 
molecularly-unselected population of advanced 
prostate cancer. However, the phase III trial failed 
to show improved survival with satraplatin usage 
[74]. Now, with the identification of a subset of 
DDR-defective advanced prostate cancers, there 
is a growing interest for testing platinum-based 
therapy in a molecularly-defined subgroup of 
prostate cancer patients.

Retrospective studies of patients with prostate 
cancer receiving platinum-based chemotherapy 
(either as single agents or in combination with 
taxanes) have explored the genomics of those 
patients deriving the most benefit. The largest 
series reported so far, is a cohort of 141 men with 
mCRPC treated at Dana Farber Cancer Institute 
with carboplatin in combination with docetaxel 
[75]. A retrospective analysis of germline muta-
tional status in this population revealed a higher 
PSA response rate for germline BRCA2 mutation 
carriers (6/8 responses, 75%, compared to 
23/133, 17%, in non-carriers; p  =  0.001) and a 
longer survival (18.9  months vs. 9.5  months). 
Similarly, among 20 patients treated with carbo-
platin within a cohort of patients who underwent 
postmortem next-generation sequencing (NGS) 
of metastatic deposits, those with DNA repair 
mutations had prolonged times on therapy 
(p = 0.02) suggesting prolonged benefit [37].

Collectively, each of these studies represent a 
small series of patients with different DNA repair 
defects [76, 77]. Prospective trials will be 
required to elucidate the optimal role of platinum- 
based chemotherapy in patients with prostate 
cancer and DNA repair defects.

 Other Inhibitors of DDR Proteins

Other components of DDR proteins are being 
tested as therapeutic targets, with some of these 
compounds having entered clinical development. 
One example are DNA-PKs, signaling kinase pro-
teins mainly involved in NHEJ for repairing both 
exogenous and endogenous DNA DSBs. Inhibiting 
these proteins can generate defects in both NHEJ 
and indirectly on the HR pathway by impairing 
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end resection. The key role of DNA- PKs in differ-
ent DDR pathways highlight the potential of tar-
geting these kinases. Indeed, DNA-PKs inhibition 
sensitizes cells and tumor xenografts to agents that 
generate DNA DSBs such as radiation and topoi-
somerase 2 inhibitors. Several inhibitors are cur-
rently being evaluated in early phases of clinical 
trials such as VX-984 and MSC2490484A [12].

ATR, the other main kinase that senses DNA 
DSB and starts the repair signaling cascade has 
been proposed as a suitable therapeutic target. In 
cells deficient for ATM-CHEK2-p53, the role of 
ATR-CHEK1  in response to DNA damage 
becomes more critical. ATR inhibition has also 
been proposed to have a synergy with an impaired 
ATM signaling [78]. Moreover, CHEK1 inhibi-
tion promotes cell death specifically in cells with 
ATM-CHEK2-p53 mutations [1].

One example is the ATR inhibitor VX-970, 
which has been demonstrated to chemo-sensitize 
cancer cells in combination with cisplatin. The 
combination of VX-970 with cisplatin has also 
shown an increased antitumor activity. Another 
example is AZD6738, an oral ATR inhibitor, 
which has been tested in combination with radio-
therapy, olaparib, and carboplatin, among others. 
Clinical trials of ATR inhibitors are ongoing.

CHEK2 and CHEK1, the main substrates of 
ATM and ATR, are also being tested as therapeu-
tic targets. Specific inhibitors MK8776 and 
CCT245737, which selectively inhibit CHEK1, 
are currently in phase I trials. Additionally, 
LY2606368 is a promising agent able to inhibit 
both CHEK1 and 2. Moreover, AZD7762, a novel 
checkpoint kinase inhibitor (CHEK1/2) enhances 
the cytotoxic effect of DNA inducing drugs in 
p53-deficient cells [1, 79].

In summary, several evidences support DDR 
proteins as potential therapeutic targets, with 
DDR defects being predictive of sensitivity to 
some of these drugs. Even though the main DDR 
pathways are widely described, it remains neces-
sary to further understand the specific role of 
their components and characterize the effect of 
each cytotoxic agent. Clinical trials are now try-
ing to determine the conditions and combinations 
of the different agents that will benefit each 
patient population.

 Immunotherapy for Prostate Cancer 
and MMR Defects

Approximately 3–12% of advanced prostate can-
cer tumors harbor alterations in mismatch repair 
genes (MSH2, MSH6 and MLH1). Inactivation of 
these genes triggers MSI coupled to a hypermuta-
tion phenotype [29]. Interestingly, 
immunotherapy- sensitive cancer types display a 
hypermutation phenotype associated with a high 
neoantigen burden. Mutation burden in mCRPC 
is commonly low (4.4 mutations/Mb); however, a 
small subset of patients with MMR gene altera-
tions and a higher mutation rate (50 mutations/
Mb) could benefit from current immune check-
point inhibitors [28, 30]. The US FDA has 
approved one type of checkpoint immunotherapy 
for any cancer type with evidence of MMR defi-
ciency, including prostate cancer.

The potential use of immunotherapy in pros-
tate cancer has been highlighted by additional 
studies that characterize a subset of tumors with 
CDK12 mutations. CDK12 is a gene involved in 
genomic stability maintenance through the tran-
scriptional regulation of DDR genes [80]. Loss of 
function mutations in CDK12 are enriched in 
metastatic (6.9%) compared to primary (1.2%) 
prostate cancer [81]. CDK12-mutated tumors are 
enriched for focal tandem duplications [33], 
which results in increased rates of neoantigen 
formation, facilitating increased tumor T cell 
infiltration/clonal expansion [81, 82]. That has 
put CDK12 mutations in the spotlight as putative 
predictive biomarkers of response to immune 
checkpoint inhibitors, and clinical studies are 
now interrogating this association.

 Practical Aspects and Challenges 
to Stratify Patients Based on DNA 
Repair Defects

Sanger sequencing fueled genetic testing and 
became the ‘gold standard’ methodology for the 
identification of DNA mutations. For years, it 
was the preferred system for identification of 
BRCA1/2 mutations in germline DNA, and is still 
used today in many centers for confirmation of 
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clinically-relevant findings. However, the main 
limitation is that it only allows the analysis of one 
gene at a time.

The advent of NGS technologies, enabling 
multiplexed interrogations of the sequencing of 
large numbers of genes simultaneously, has 
transformed the field. Due to its cost reduction 
and high throughput, NGS is routinely applied in 
research and is making its way into the clinic, 
allowing for identification of DDR and other 
clinically-actionable defects in patient biopsies, 
opening the door for integrating genomics into 
prostate cancer management.

NGS encompass a broad range of applications 
that include genome sequencing, transcriptome 
analysis, and epigenome profiling, among many 
others. Below, we will focus on the genome 
sequencing applications: gene panels, whole 
exomes, and whole genomes.

Gene panels comprise a set of genes carefully 
selected based on certain criteria; for example, a 
particular tumor type, association with a pheno-
type or gene ontology. The sequencing of gene 
panels is considered a targeted approach that can 
be customized depending on the genes or regions 
of interest. Two variants of the targeted approach 
are: amplicon-based sequencing and capture 
hybridization-based sequencing. For capture 
hybridization, genomic DNA is sheared to small 
fragments. The fragments are then hybridized to 
biotinylated DNA or RNA single-stranded oligo-
nucleotides, known as probes, which contain the 
sequences of the regions of interest. Captured 
fragments are then pulled down using streptavi-
din beads. The obtained DNA fragments are the 
starting material for library preparation. 
Variations of the capture hybridization-based 
sequencing include “in solution” or “in solid” 
phase hybridization and different probe chemis-
tries. On the other hand, for amplicon-based 
sequencing, oligonucleotide capture probes are 
designed to flank the regions of interest. The 
designed probes are then hybridized to genomic 
DNA; followed by extension and ligation reac-
tions to obtain the DNA amplicons containing the 
regions of interest. Sequencing primers are then 
added to each amplicon to further sequence. Both 
approaches enable the identification of single- 

nucleotide variants (SNVs) and small insertions 
or deletions. Nevertheless, the selection of the 
sequencing approach depends on the type 
(formalin- fixed paraffin-embedded, FFPE and 
fresh frozen, FF) and amount of sample.

The development of gene panels for patient 
stratification has challenged the traditional regu-
latory approval for predictive biomarkers. Until 
recently, the approval of a biomarker or a medical 
test was based on the capacity of a technology to 
identify the true result within a range of pre- 
specified values (for example, HER2 protein 
expression by immunofluorescence test is classi-
fied in tiers, with a minimum and a maximum). 
Gene panels represent a breakthrough in bio-
marker development as (1) new mutations are 
discovered on a daily basis, hence the range of 
potential results varies and (2) raw sequencing 
output data needs to be curated through bioinfor-
matics pipelines; hence the final results are 
dependent on the test and on the technology used 
to curate the results of the test.

Beyond targeted panels, it is now feasible to 
obtain the coding sequences of the entire exome 
or even the whole genome rather than only a set 
of genes. Whole exome sequencing (WES) can 
be used for the efficient identification of disease- 
causing variants. In addition to pinpointing muta-
tions, whole exome analysis provides an 
opportunity for the detection of copy number 
variants. Although whole exome sequencing 
facilitates the discovery of novel DNA variants 
that could result in clinical phenotypes, it is lim-
ited to exonic regions (1% of the human genome). 
Variants in non-coding regions (untranslated 
regions, introns, promoters, regulatory elements, 
repetitive regions and non-coding functional 
RNA) can alter gene expression leading to 
 disease. Novel variants will be missed with the 
whole exome approach. Whole genome sequenc-
ing (WGS) aids in the identification of all the 
existing variants at the base sequence level. Novel 
NGS technologies, the so called third generation, 
can yield longer reads. Longer sequencing reads 
provides an opportunity for better determination 
of CNVs, rearrangements, inversions, and trans-
locations. Due to increased costs and lack of 
standardized pipelines for automated data analy-
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sis, whole exome and whole genome sequencing 
assays are still used predominantly in research, 
and targeted panels are used with more regularity 
in the clinical practice setting.

Analysis of blood samples offers a non- 
invasive alternative for molecular stratification of 
cancer patients. Tumor genomic material can be 
obtained from the several components of the 
blood, including circulating tumor cells (CTCs), 
and circulating, cell-free, tumor DNA (ctDNA). 
These approaches, collectively referred to as liq-
uid biopsy, provide opportunities to monitor 
tumor evolution in response to cancer treatments 
and emergence of resistance mechanisms.

ctDNA consists of short fragments of tumor 
DNA shred into the circulation, mostly due to 
cell death processes (apoptosis and necrosis). 
Tumor genomics can be inferred from ctDNA 
analyses by NGS.  Moreover, quantification of 
CTC and ctDNA correlates with tumor burden 
and has prognostic value in prostate cancer.

However, technical challenges to efficiently 
analyze ctDNA are manifold. For example, 
ctDNA cannot be directly extracted from blood 
since it co-occurs with non-tumor circulating 
DNA and its relative proportion is low. An addi-
tional challenge is the shorter length of DNA 
fragments in ctDNA, compared to genomic DNA 
extracted from tumor biopsies. These shorter 
DNA fragments make it challenging to assess 
copy number variants and structural 
rearrangements.

 Conclusions

Alterations in DNA damage repair genes are 
common in prostate cancer, particularly in meta-
static forms of prostate cancer. Approximately 
50% of these defects are linked to an inherited 
mutation, which is relevant not only for the 
patient but potentially for his relatives, allowing 
for monitoring those individuals at risk of pros-
tate or other cancers. Some of the DDR gene 
defects confer a more aggressive disease pheno-
type, showing worst prognosis, although further 
data is needed particularly for those genes with 
lower prevalence of mutations.

Importantly, the identification of DNA dam-
age repair defects in prostate cancer offers the 
opportunity for precision medicine approaches, 
such as the use of PARP inhibitors or ATR inhibi-
tors, currently in clinical development. Moreover, 
the identification of DNA damage repair defects 
may define a subset of prostate cancer patients 
who could benefit from platinum chemotherapy. 
There is an increased interest in implementing 
genomic stratification assays in clinical practice, 
which may transform significantly prostate can-
cer patient care.
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 Introduction

Loss of chromosome arm 13q, which contains the 
RB tumor suppressor, was described in prostate 
carcinoma cells as early as 1990, and RB protein 
loss was confirmed shortly thereafter in a subset 
of primary prostate samples [1, 2]. More recent 
estimates suggest that RB is directly deleted or 
mutated in 1–2% of primary acinar disease [3, 4], 
although this may be an underestimate of the 
presence of RB deficient sub-clones within pri-
mary disease, with deep deletions detectable in 
microdissected foci [5]. RB-deficiency is highly 
correlated with recurrent, castration resistant dis-
ease [4, 6–8]. Specifically, RB  loss has consis-
tently been described in a subset of prostate 
tumors with phenotypically neuroendocrine fea-
tures, known as small cell carcinoma. In this sub-
set, RB loss has been observed in up to 90% [9]. 
In this chapter we review the pleiotropic functions 

of RB and the consequences of RB loss specifi-
cally in prostate cancer development.

 Structure and Classical Cell Cycle 
Functions of RB

As the first bona fide tumor suppressor to be iden-
tified, RB has been the subject of decades of stud-
ies into its structure and function. RB contains 
three major domains—the N- and C-terminal 
domains, and a central “pocket”, which in turn is 
comprised of subdomains A and B connected by a 
linker [10]. Each domain includes several distinct 
protein-binding surfaces that are highly conserved 
[11, 12]. More than 200 cellular proteins physi-
cally associate with the RB protein through these 
regions, leading to the diverse plethora of func-
tions associated with RB function. This extensive 
list of binding partners includes viral oncopro-
teins, transcription factors, and chromatin associ-
ated proteins (reviewed in [12, 13]), and, especially 
of note for prostate cancer, RB interacts directly 
with the androgen receptor (AR) [14], described in 
more detail in the sections below.

 The RB-Pathway

Functional RB has a potent anti-proliferative effect 
[2, 15, 16]. Following the observation that both 
tumor-associated genomic deletions and viral 
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oncoproteins disrupt an association between 
active, hypophosphorylated RB and the family of 
E2F transcription factors [17, 18], work focused 
on the role of RB as a transcriptional cofactor serv-
ing as a critical link between mitogenic signaling 
and commitment of the cell to cycle via E2F [19]. 
Mitogenic signaling results in expression and acti-
vation of cyclin dependent kinase activity, specifi-
cally Cyclin D/CDK4 and Cyclin D/CDK6 
complexes that phosphorylate RB.  RB is then 
sequentially phosphorylated by additional Cyclin/
CDK complexes, such as Cyclin E/CDK2 during 
late G1 and S-phase. This hyperphosphorylation 
of RB results in release of the E2F transcription 
factors and activation of E2F target genes neces-
sary for S-phase and cell cycle progression [20]. 
Genes in this so-called “RB-pathway” (Fig.  1) 
include the CDKN2a locus, which expresses the 
CDK4 inhibitor, p16INK4A. Mutations in genes at 
any level of this pathway result in decreased RB 
function and consequently increased E2F-activity, 
and mutations in this pathway are observed 

 frequently in human cancers in a mutually exclu-
sive pattern.

The high frequency of cancer-associated alter-
ations in the genes encoding p16, Cyclin D/
CDK4, or RB resulted in the designation of alter-
ations in this pathway as a hallmark of cancer 
[21–23]. Despite the linear description of this 
pathway, mutations at each level of the pathway 
are not equivalent, and alterations in individual 
components are more commonly observed in 
specific cellular contexts [24]. In the case of pros-
tate cancer, both RB and CDKN2A deletions have 
been observed, as has amplification of CCND1; 
however, direct genomic loss of RB is highly 
overrepresented in most lethal, metastatic disease 
[6, 25]. Furthermore, increased expression of 
both E2F1 and E2F3 has been noted in prostate 
adenocarcinoma and castrate-resistant prostate 
cancer (CRPC) [6, 26]. Interestingly, loss of 
PTEN, one of the most commonly observed 
alterations in human prostate cancers, results in 
upregulation of Cyclin D and, therefore, 

Fig. 1 RB-pathway downstream of major prostate cancer 
drivers. Simplified schematic of the RB-Pathway: RB and 
its family members, p107 and p130, negatively regulate 
the E2F family of transcription factors, thereby regulating 
the cell cycle through expression of genes required for the 
G1/S transition. The RB-family is functionally inactivated 

through hyperphosphorylation modifications via Cyclin 
D-dependent complexes. p16 is a negative regulator of the 
CDK/Cyclin complexes. In red are interactions between 
some of the genetic drivers most commonly observed in 
prostate cancer and their effect on the RB-pathway
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 hyperphosphorylation and inactivation of RB 
[27]. Similarly, overexpression of c-Myc, another 
of the most common prostate cancer driving 
oncogenes, is capable of immortalizing normal 
prostate cells without requiring additional RB 
mutations [28], suggesting that MYC-driven 
tumor initiation does not require RB loss. 
However, selection for direct loss of RB appears 
to still occur in more aggressive tumors, particu-
larly metastatic CRPC, suggesting that indirect 
overexpression of cyclins, which results from 
other tumor-initiating mutations, alone is 
 insuf ficient to remove all of tumor suppressive 
functions of RB.

 The RB Family

RB is one member of a three-member family 
known as the “pocket proteins”, so named because 
all three proteins contain an LXCXE binding 
pocket capable of binding to an overlapping set of 
protein binding partners, including the E2F family 
[29]. The activity of all three pocket proteins is 
regulated via cell cycle dependent phosphory-
lation as described for RB above (reviewed in  
[12, 30]), and activity of the entire family is there-
fore affected by altered expression of upstream 
regulators. In the mouse prostate, inactivation of 
the entire pocket protein family results in an 
increase of proliferation as well as Pten-dependent 
apoptosis [31], and direct and indirect inactivation 
of the entire RB-family by either loss of p18 or 
overexpression of CDK4 cooperates synergisti-
cally with loss of heterozygosity (LOH) of PTEN 
in order to activate Akt [32]. No known association 
exists between individual loss of either p107 or 
p130 expression in prostate cancer; however, some 
reports suggest that p107 and p130 mediate cell 
cycle arrest and apoptosis in prostate cells defi-
cient for RB in response to therapeutic agents [33, 
34] and radiation [35, 36].

 RB and the Cell Cycle

As described above, the textbook description of 
the function of RB is to repress the activity of the 
E2F transcription factors; specifically, release of 

the E2F transcription factors following inactiva-
tion of RB drives the G1/S transition of the cell 
cycle. Transcriptional targets of the E2F tran-
scription factors regulate all stages of the cell 
cycle, from G1 (CCND1, CCND3, MYC), the 
G1/S transition (CCNE1, CDK2, E2F1–3, MYB, 
MYBL2), DNA synthesis (CDC6, DHFR, 
MCM2–7, PCNA), and the S/G2 transition 
(AURKB, CCNA1, CDC2, PLK) [37–39]. The 
progressive transition from hypophosphorylated 
RB in G0 to hyperphosphorylated RB and its 
release of E2F is thought to underpin the restric-
tion point observed in mammalian cellular prolif-
eration and is described in detail elsewhere [24, 
39]. Active, hypophosphorylated RB is con-
versely an important mediator of cell cycle arrest.

Beyond direct regulation of genes required for 
proliferation, including DNA synthesis, RB-E2F 
complexes also regulate the cell cycle indirectly. 
For example, two components of the PRC2 
Polycomb complex, EZH2 and EED are direct 
E2F transcriptional targets [40, 41]. Unlike other 
E2F target genes that produce the machinery nec-
essary for DNA synthesis and the cell cycle, the 
Polycomb complex methylates histones, gener-
ally for the purpose of long-term epigenetic 
silencing. Appropriate expression of these two 
genes is essential for cellular proliferation [41]. 
RB family members are also required for PRC2- 
dependent methylation of the p16 locus [42], 
which negatively regulates the cell cycle.

Furthermore, RB regulates cell cycle progres-
sion independently of its interaction with E2F. One 
of these functions is through the direct interaction 
between RB and SKP2. Through this interaction, 
RB physically blocks SKP2, thereby stabilizing the 
CDK inhibitor p27, and also mediates an interac-
tion between SKP2 and the APC complex, result-
ing in degradation of SKP2 (reviewed in [12]). RB 
fulfills its function to prevent a cell from cycling 
through both of these interactions.

 The Role of RB Regulation of the Cell 
Cycle in Prostate Cancer

The RB-pathway is a downstream mediator of 
the androgen receptor (AR); activation of AR 
through natural and synthetic androgens results 
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in cellular proliferation, correlating with high 
levels of Cyclin/CDK activity and increased 
phosphorylation of RB [43–45]. Down-regulation 
of AR in both AR-dependent and independent 
prostate cancer cells increases hypophosphoryla-
tion of RB protein, which correlates with a G0/
G1 cell cycle arrest [46–48]. Furthermore, over-
expression of E2F1 alone can bypass androgen 
deprivation and enforce proliferation in other-
wise androgen sensitive cells [49], confirming 
the concept that E2F is a critical mediator of RB 
in cell cycle progression downstream of AR (for 
further discussion of the RB-AR relationship, see 
below). Within prostate models, as in other tumor 
types, disruption of the RB-E2F complex by 
homozygous deletion of RB results in increased 
E2F activity and activation of E2F target genes in 
vitro and predisposes prostatic epithelium to 
hormone- driven carcinogenesis in vivo [50–52].

Loss of RB in many cell types and tissues 
leads to hyperproliferation, in some cases tied to 
an increase in apoptosis; whereas overexpression 
or re-introduction of RB reduces and arrests pro-
liferation of cells. Similarly, in prostate cells, 
reintroduction of chromosome 13 reduces prolif-
eration [53]. Broadly speaking, in many genetic 

systems, RB loss has only a mild effect on 
prostate- derived tumors and tissues. RB-deficient 
prostate epithelial cells retain the ability to 
undergo cell cycle arrest in the absence of serum, 
and the expression of many known cell cycle 
regulated genes is similar in wild-type and knock-
out cells [51]. Genetic loss of RB function 
induces hyperproliferation in the mouse prostate, 
correlating with an increase in expression of 
known E2F-regulated, cell cycle genes [50, 52, 
54, 55]. Similarly, overexpression of the upstream 
regulator Cyclin D results in an increase in prolif-
eration of LNCaP cells [56], and both overex-
pression of Cyclin D and inactivation of RB have 
minimal effects on an ex vivo stratified epithelial 
model of human primary prostate cells [57]. 
These proliferative alterations are generally mild, 
and loss of RB alone is insufficient to induce 
prostate tumor development in mice [55]. 
However, when loss of RB is combined with loss 
of the tumor suppressor p53 in genetically defined 
mouse models, loss of both genes is sufficient to 
induce metastatic carcinomas [58–63] (Table 1).

Although loss of RB alone has mild effects on 
the cellular proliferation of in the prostate, its 
absence is noticeable when prostate cells are 

Table 1 Summary of Rb in mouse models of prostate cancer

Pb-Tag (TRAMP) 
[58–61]
(Transgenic 
Adenocarcinoma of the 
Mouse Prostate)

The rat probasin promoter drives prostate-specific expression of the entire SV40 large T 
antigen, resulting in hyperplasia as early as 10 weeks, invasive adenocarcinoma as early 
as 18 weeks, and lymph node metastases in 31% of mice between 18 and 24 weeks, and 
pulmonary metastases in 36% by 24 weeks. Tumorigenesis is largely castration-resistant, 
with mice castrated at 12 weeks developing neuroendocrine carcinomas with metastases 
by 20–30 weeks of age. Large T antigen is known to bind to and inactivate both Rb and 
p53, as well as other binding partners.

Rb−/− reconstitution 
[52, 54]

PrE cells derived from Rb−/− fetal tissue have increased proliferation and DNA ploidy but 
retain differentiation potential when combined with wild-type UGSM in vivo, despite 
mild hyperplasia.

Rblox/lox;PbCre4 [55] Prostate specific, conditional deletion of Rb1 in the mouse prostate results in multifocal 
hyperplasia that does not progress to advanced disease.

T121 [61] Prostate-specific expression of the Rb-family binding region of SV40 large T antigen 
(T121) results in mPIN with increased proliferation and apoptosis. Microinvasive 
adenocarcinoma lesions positive for luminal markers developed. Pten heterozygosity, but 
not deletion of p53, reduced the apoptotic index; Pten heterozygosity accelerated the 
development of adenocarcinoma, without evidence of neuroendocrine tumors.

Rblox/lox;p53lox/

lox;PbCre4 [62, 63]
Combined deletion of Rb1 and Trp53 within the mouse prostate results in 
adenocarcinoma with neuroendocrine markers.

Rblox/lox;Ptenlox/

lox;PbCre4 [64]
Loss of Rb1 in a Pten-initiated mouse model of prostate adenocarcinoma results in an 
increase of altered lineage markers, specifically with an increase in neuroendocrine 
markers. The expression pattern of these tumors reflects human neuroendocrine disease.

Rblox/lox;Ptenlox/lox;p53lox/

lox;PbCre4 [64]
Deletion of Rb1 and Trp53 in a Pten-initiated mouse model of prostate adenocarcinoma 
results in altered lineage markers, as well as castration resistance.
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therapeutically challenged. A number of com-
pounds which have an antiproliferative effect on 
human prostate cancer derived cells rely on the 
presence of a functional RB to exert their effects 
[65–67]. Furthermore, RB-status has an effect on 
sensitivity to irradiation and chemotherapeutics 
(reviewed in [68]). Most prominently, under con-
ditions of androgen deprivation, LNCaP prostate 
cancer cells undergo G1-arrest, which is depen-
dent on presence of functional RB [48] and can 
be overcome by overexpression of E2F1 [49]. 
Interestingly, overexpression of Cyclin D1 is 
unable to reverse this arrest in the absence of 
androgens, while transfection with viral oncopro-
teins, which bind to all three pocket proteins, is 
able to reverse the arrest [48]. Restoration of 
 testosterone increases CDK/Cyclin activity and 
proliferation [69] (reviewed in [70]). These 
results suggest that the anti-tumor, antiprolifera-
tive effects of androgen deprivation therapy 
(ADT) rely on the presence of a functional RB 
protein, which is consistent with the observation 
that most recurrent tumors following ADT lack 
functional RB.

 Complex Relationship Between RB 
and the Androgen Receptor

AR is a steroid hormone receptor that acts as a 
nuclear transcription factor following activation 
through binding to androgen. Following ligand- 
dependent activation, AR forms a dimer in order 
to activate transcriptional targets such as 
TMPRSS2, NKX3.1 and KLK3 (PSA) and to 
repress other targets [71]. Androgen receptor sig-
naling is required for development of a normal 
prostate gland, as well as for the maintenance of 
a mature adult gland. Therefore, castration or 
deprivation of androgens results in epithelial 
apoptosis (reviewed in [72]). In the normal pros-
tate, active AR signaling promotes prostate epi-
thelial differentiation while reducing proliferation 
[73], whereas in prostate cancer, AR signaling 
promotes proliferation [74]. In order to promote 
proliferation, AR induces expression of Cyclin D 
and enhances the formation of active CDK4/
Cyclin D and CDK2-dependent complexes; these 

changes culminate in the hyperphosphorylation 
and inactivation of RB (reviewed in [70]), as well 
as directly activating additional targets such as 
Cdc6 [75], potentially through interactions with 
E2F (see below).

As most prostate cancers are dependent on the 
AR signaling axis for growth and survival, ADT 
is the primary treatment option for patients with 
metastatic disease. However, the majority of met-
astatic tumors relapse following ADT, with 
growth resuming despite the presence of castra-
tion levels of hormones. Clinical progression to 
CRPC and mechanisms of ADT resistance have 
been reviewed elsewhere [76]. With recent, land-
mark clinical trials with second generation 
AR-pathway inhibitors in the metastatic, castrate- 
sensitive setting [77, 78], it is likely that an 
increased incidence of AR-indifferent forms of 
metastatic prostate cancer will continue to be 
observed as these more aggressive therapeutic 
strategies are adopted. A common mechanism of 
acquired ADT resistance is genetic alteration of 
AR itself, leading to persistent and sometimes 
ligand-independent AR signaling [79]. Several 
key AR target genes, including KLK3 and 
TMPRSS2, are elevated in RB-deficient tumors, 
and loss of RB increases AR binding to the pro-
moter and enhancer of the KLK3 gene, both in the 
presence and absence of androgen [6]. RB loss 
increases recruitment of AR to key cell cycle 
AR-target genes, including CDK1 and CCNA2, 
which are also targets of E2F [25]. Significantly, 
AR-mediated transcriptional upregulation of 
these mitotic genes is specific to CRPC, which 
frequently lacks functional RB, in contrast to 
AR-mediated suppression of proliferation in nor-
mal prostate epithelium [25]. However, the pre-
cise mechanisms regulating these changes require 
further elucidation (Fig. 2).

 AR as a Transcriptional Target  
of RB/E2F
Chromatin immunoprecipitation experiments 
have confirmed direct binding of E2F1, E2F3, 
and RB, as well as the RB family members p107 
and p130 [80], to the AR promoter [6], con-
firming that transcription of AR may be regu-
lated by RB-E2F complexes. E2F1 is capable of 
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repressing AR mRNA and protein expression 
and inhibits AR promoter activity [80]. Moreover, 
the carboxyl-terminal transactivation domain is 
an essential component for E2F1 suppression of 
the AR promoter, and a reciprocal expression 
pattern of E2F1 and AR was observed in a human 
tissue microarray [80]. Also, AR levels decrease 
during cell cycle phases when E2F activity is 
high [81], suggestive of E2F-mediated repres-
sion of AR expression. However, AR expression 
and activity conversely increase when RB is 
depleted, and clinical CRPC samples show a 
correlation between RB loss, E2F1 overexpres-
sion, and AR overexpression [6], suggesting that 
RB-E2F regulation of the AR promoter is posi-
tive or negative depending on the cellular 
context.

 RB as a Cofactor to AR
AR is co-activated by RB [14, 82]. This activity 
was first demonstrated by observations that RB 

can bind directly to AR in an androgen- 
independent manner to induce AR transcriptional 
activity [14]; the location of the RB interaction 
site lies within the N-terminal domain of the AR 
and suggests that RB potentiates AR activity due 
to the formation of AR-RB dimers [82]. 
Subsequent reports confirmed this physical inter-
action [83] and others showed that overexpression 
of RB leads to increased transcriptional activity of 
the AR, while loss of RB activity inhibits AR [82]. 
The observation that AR has little transcriptional 
activity in cells lacking RB held true regardless of 
whether RB activity was low due to loss of RB 
expression, mutation of RB, or expression of an 
RB-inactivating oncogene. The basis for this 
activity is not entirely clear but could possibly 
reflect sequestration of HDACs or other transcrip-
tional corepressors. AR enhances RB binding to a 
series of E2F-regulated DNA replication genes 
[84], indicating that AR functions in concert with 
E2F to recruit RB and suppress these genes. 

Fig. 2 RB-AR cross talk. (a) Activated AR induces 
expression of Cyclin D and enhances the formation of 
active CDK4/Cyclin D and CDK2-dependent complexes; 
these changes culminate in the hyperphosphorylation and 
inactivation of RB. (b) AR transcription is regulated by 
the E2F transcription factors. RB binds to E2F, altering 
target gene expression; as a result, AR may be up or down 

regulated through RB loss. (c) Direct interactions between 
RB and AR modulate the AR cistrome. RB-binding con-
tributes to AR target gene activation and/or repression. (d) 
Functional collaboration between the AR and E2F pro-
teins plays a role in regulation of CDC6 and ATAD2, and 
possibly others
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Importantly, there is a substantial overlap between 
RB and AR binding sites, and these overlapping 
sites correlate with AR transcriptional repression 
activity, suggesting that recruitment of RB to spe-
cific AR targets results in their AR-dependent 
repression [84]. Hyperphosphorylation and even-
tual loss of RB during prostate tumor develop-
ment may therefore contribute to the altered 
AR-cistrome observed in tumors relative to nor-
mal prostate [85].

 Interactions Between E2F and AR
AR has also been reported to associate with the 
canonical RB target, E2F. Co-immuno-
precipitation experiments demonstrate AR can 
associate with both E2F1 and E2F3 [86], 
although the role of RB in this interaction 
is  unclear. This association may enable 
AR-dependent activation of CDC6 expression 
following treatment with androgens [86].

Expression of ATAD2, a coactivator of AR 
and MYC, is directly regulated by AR via an AR 
binding sequence located in the distal enhancer 
of its regulatory region [87]. ATAD2 is also regu-
lated by the E2F1 transcription factor [88] and 
the functional collaboration between AR and 
E2F1 results from a DNA looping over the 
ATAD2 promoter region between the AR binding 
sequence and E2F1 binding site in an androgen- 
dependent manner. Down-regulation of E2F1 
further results in abrogation of the response of 
ATAD2 to androgens.

 The Role of RB-E2F Non-cell Cycle 
Functions in Prostate Cancer

The E2F family of transcription factors com-
prises eight known members in mammalian cells, 
each capable of binding to classical E2F binding 
sites. Of these eight transcription factors, five 
(E2F1–5) contain RB-binding domains [89]. 
Thousands of genes have been shown to be bound 
by E2F family members and hundreds have been 
demonstrated to have altered expression follow-
ing forced E2F expression or RB knockout. E2F 
target genes have known roles in a wide variety 

of cellular functions beyond the G1/S transition 
of the cell cycle, including but not limited to 
mitosis, DNA damage repair, apoptosis, differen-
tiation, senescence, and metabolism, such that 
inactivation of RB could have wide-ranging 
effects on these functions.

 RB and Apoptosis

The role of RB in regulation of apoptosis is com-
plex and context-dependent. Remarkably, in the 
earliest studies loss of RB was found to correlate 
with an induction of apoptosis, which is counter-
intuitive to its role as a tumor suppressor. 
Specifically, RB-deficient embryos displayed 
increased apoptosis in developing tissues in an 
E2F dependent fashion (reviewed in [90]). E2F1 
specifically activates proapoptotic genes such as 
p73 and APAF-1 following release from RB 
(reviewed in [29, 91]). Other studies have shown 
the contrary—that intact RB is required for pro-
gression of apoptosis in other contexts [92]. The 
role of RB in induction of apoptosis in prostate 
cells is similarly complex.

In normal prostate, an increase in RB expres-
sion acutely follows castration in rats, which is 
followed by a wave of apoptosis [93]. Results 
from cell lines suggest that RB is required for 
apoptosis to occur in response to loss of epithelial- 
extracellular matrix contacts [93], potentially 
through loss of membrane E-cadherin [93]. In 
prostate cancer cells, overexpression of Cyclin 
D1 prevents regression of LNCaP xenograft 
tumors following castration [56]. Furthermore, 
reintroduction of RB and AR into DU145, an RB/
AR-deficient metastatic prostate cancer cell line, 
resulted in apoptosis, rather than cell cycle arrest 
[83]. Together these results suggest that func-
tional RB mediates apoptosis in these contexts. 
However, intact RB also generally blocks 
 apoptosis in cell lines following DNA damage 
from either UV or gamma-irradiation [94, 95] or 
chemotherapeutics such as anti-microtubule 
agents or a topoisomerase inhibitor [96], whereas 
RB-deficient cells show increased sensitivity to 
these agents.
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 RB and Senescence

AR activity [97] as well as supraphysiological 
expression of androgen [98] have been associated 
with induction of senescence, which may serve 
an intrinsic tumor suppressive mechanism in 
prostate cancer. Cells lacking functional RB are 
prevented from exiting the cell cycle into the 
state of permanent arrest, which is known as 
senescence, consistent with several studies in 
prostate cells [99–101] and reinforcing a role for 
antiproliferative functions of RB in tumor sup-
pression. Interestingly, mice engineered to 
express a mutant form of RB incapable of bind-
ing E2F transcription factors displayed wild-type 
patterns of senescence in response to loss of p53 
and prostate tumor progression [102]. This result 
suggests that the RB-E2F interaction is dispens-
able for the ability of RB to induce senescence in 
developing prostate tumors.

 RB and Metastasis

Loss of functional RB has been implicated in 
invasive, metastatic cancers of many tissue types, 
including hepatocellular carcinoma and breast 
cancers as well as prostate cancer. Recent work 
has for the first time identified a potential mecha-
nism for RB regulation of metastasis in prostate 
cancer specifically. In this work, RB-deficient 
cells displayed increased metastatic potential in a 
tail vein transplant model, which was mediated 
by E2F-mediated transcription of RHAMM 
[103]. These mechanistic studies from cell lines 
suggest that the spread of prostate metastases 
harboring RB deletions are slowed through treat-
ment with inhibitors of pathways downstream of 
RHAMM.

 RB and Metabolism

Cancer cells adapt their metabolism to promote 
growth, proliferation, survival, and metastasis. 

The metabolic profile of a tumor ultimately 
depends on the tissue of origin, the oncogenic 
alterations, the tumor stage, and the tumor 
microenvironment. Metabolic reprogramming is 
a hallmark of cancer, and selectively targeting 
tumor metabolism has been proposed in the 
recent years as a therapeutic strategy to treat can-
cer [104, 105].

RB is deeply implicated in the regulation of 
cellular metabolism [106, 107]. Human cancers 
without functional RB exhibit an increased 
glutamine- uptake; similarly, triple knockout of 
the RB family of genes in mouse embryonic 
fibroblasts (MEFs) increases glutamine con-
sumption, due to upregulation of the glutamine 
transporter ASCT2 [108]. Loss of RB family 
members also results in higher glutamine utiliza-
tion in the TCA cycle and glutathione accumula-
tion [108]. Thus, RB family members may play a 
key role in re-wiring glutamine metabolism and 
glutathione synthesis in tumor cells. RB and 
E2F1 can also regulate oxidative metabolism by 
modulating the expression of several genes 
involved in mitochondrial biogenesis [109, 110]. 
The RB-E2F1 complex binds to the promoters of 
many of the genes implicated in oxidative metab-
olism in brown adipose tissue and muscle. When 
exposed to cold or fasting conditions, RB under-
goes higher rates of phosphorylation, stimulating 
oxidative metabolism [109, 111].

Normal prostate epithelial cells have a rela-
tively inefficient energy metabolism, using glu-
cose to synthesize citrate that is secreted as part 
of the seminal fluid. However, prostate cancer 
cells modify their energy metabolism from inef-
ficient to highly efficient, often taking advantage 
of the interaction with other cell types in the 
tumor microenvironment that are corrupted to 
produce and secrete metabolic intermediates 
used by cancer cells in catabolic and anabolic 
processes [112–114]. Increased glutamine utili-
zation and consumption, as well as upregulation 
of RB-family regulated ASCT2 transporter, are 
markers of more aggressive prostate cancer and 
poorer oncological outcomes [115–118].
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 The Role of RB in Cellular Identity 
and Differentiation Status

As described earlier, RB is known to interact 
with hundreds of binding partners beyond the 
E2F transcription factors (reviewed in [12, 13]), 
and many studies have demonstrated that the 
tumor suppressor functions of RB extend well 
beyond cell cycle control (reviewed in [29]). In 
the classical model of the RB pathway, cyclin- 
dependent kinase activity results in the func-
tional inactivation of RB through phosphorylation 
of key residues in a cell cycle-dependent man-
ner. This model is consistent with the observa-
tion that some tumor types show strong mutual 
exclusivity between upregulation of Cyclin D 
and/or CDK4/6 and loss of RB. However, emerg-
ing work suggests that phosphorylated RB may 
not be completely nonfunctional. These func-
tions may be particularly important in cancers 
with a strong association with deep deletion of 
the RB gene as opposed to mutations in other 
parts of the pathway, as is observed in CRPC; if 
functional inactivation of RB though phosphory-
lation was sufficient for progression, mutations 
at other levels of the RB pathway would be 
expected more frequently. For a recent perspec-
tive into these emerging non-canonical functions 
of RB, see [119], however of note is the role of 
RB on the chromatin and differentiation status of 
cancer cells. Specifically, the contribution of 
RB’s regulation of the chromatin on lineage 
plasticity and therapeutic resistance is of partic-
ular interest.

 RB-E2F Represses Transcription 
of Pluripotent Networks

Induced pluripotent stem cells and embryonic 
stem cells share some similarities to cancer cells, 
including the capacity to bypass senescence 
and  form tumors upon transplantation [120]. 
Accordingly, some genes often associated with 
cancer, such as Myc [121, 122] and p53 [123] 
have been implicated in cellular reprogramming. 
Additionally, two factors necessary for repro-

gramming of differentiated into pluripotent cells, 
OCT4 and SOX2, can be oncogenic in some cel-
lular contexts [124–126]. RB has been shown to 
repress the expression of both OCT4 and SOX2 
through recruitment of histone modifying 
enzymes, including EZH2 [127, 128]. Loss of 
functional RB can therefore facilitate reprogram-
ming of fibroblasts to a pluripotent state through 
de-repression of these pluripotency factors [127]. 
Indeed, samples of metastatic neuroendocrine 
prostate cancer (NEPC) show upregulation of 
SOX2 expression and gene targets, resulting in a 
stem cell-like gene signature [129]. In vitro and 
in vivo human prostate cancer models have been 
used to show that prostate tumors displaying lin-
eage plastic characteristics can develop resis-
tance to enzalutamide by a phenotypic shift from 
androgen AR-dependent luminal epithelial cells 
to AR-independent basal-like cells. This lineage 
plasticity, which is enabled by the co-loss of 
TP53 and RB or PTEN and RB function, is medi-
ated by increased expression of the reprogram-
ming transcription factor SOX2. This phenotype 
can be reversed by restoring gene function or by 
inhibiting SOX2 expression [64, 130].

 RB and Chromatin Modifiers

The RB protein physically interacts with numer-
ous chromatin modifiers. Classic examples of 
chromatin-associated proteins that RB is known 
to interact with include histone deacetylases 
[131–133], DNA methyl transferases [132], and 
histone methyl transferases [134, 135]. Increased 
telomere length is a key observation in RB defi-
cient cells [136]. The RB and HDAC1/HDAC2 
complex has also been shown to target long inter-
spersed nuclear elements (LINE-1 elements). 
These associations generally result in epigenetic 
inactivation of target genes, including, but not 
limited to, classic E2F targets as well as tissue- 
specific genes needed for terminal differentiation 
(reviewed in [29, 137]). In the absence of RB, 
loss of repressive epigenetic marks results in 
 activation of RB targets, including repetitive ele-
ments [138].
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 RB-PRC2
The polycomb repressive complex 2 (PRC2) 
methylates lysine 27 on histone 3, resulting in 
chromatin compaction and inactivation of tar-
geted genes. PRC2 is vital for maintaining self- 
renewal capacity in embryonic and adult stem 
cells [139]. Two components of PRC2, EZH2 and 
EED, are direct E2F transcriptional targets [40, 
41, 140]. As expected of a classical E2F target, 
EZH2 is repressed by androgens in the prostate, 
and its expression is subsequently upregulated 
following RB loss or RB-family inactivation 
[141]. Dysregulation of the E2F-RB pathway 
leads to overexpression of components of the 
PRC2 complex, including EZH2 and EED, and 
aberrant methylation patterns during develop-
ment of small cell lung cancer [140] as well in 
mouse models of NEPC [64].

Beyond transcriptional regulation, RB also 
dimerizes with EZH2, contributing to the loca-
tion and distribution of H3K27 tri-methylation 
(H3K27me3) sites, resulting in silencing of 
repeat elements such as endogenous retrovi-
ruses and LINE-1 elements [142]. These repeti-
tive elements are usually silenced early in 
embryonic development and generally remain 
inactive [142].

 Epigenetic Role of RB in Therapy 
Response

Prostate adenocarcinoma cells evade androgen 
deprivation therapies through a variety of mech-
anisms [143], including restoration of AR sig-
naling, up regulation of glucocorticoid receptor 
(GR) activity to regulate AR target genes, or a 
change in differentiation status—referred to as 
lineage switching—to a cell type that no longer 
requires AR signaling [76]. The role of RB in 
modulating epigenetic changes is a major con-
tributor to the evasion and relapse of CRPC in 
response to ADT through lineage switching 
from adenocarcinoma to a neuroendocrine phe-
notype [64].

 Emerging Functions of RB

Although the RB gene was first discovered in the 
1980s and was first knocked out in a mouse in 
1992, novel functions of the RB protein continue 
to be discovered. The potential contribution of 
these more recently elucidated roles of RB to its 
tumor suppression function in prostate cancer are 
described below.

 RB and Genome Stability

RB has a role in maintenance of genomic stabil-
ity through a variety of direct and indirect mecha-
nisms [29]. One example is through RB-E2F 
regulation of the mitotic checkpoint protein 
Mad2 [144]. Furthermore, interactions between 
RB and epigenetic modifiers are necessary for 
pericentric heterochromatin and chromosome 
stability [145]. In addition to its roles as a cis- 
acting transcriptional cofactor and epigenetic 
regulator, RB is also physically recruited to 
breaks in DNA and participates in the recruit-
ment of chromatin regulators necessary for DNA 
repair [146]. RB also interacts with cohesin and 
condensin II at replicating DNA, promoting 
genomic stability [147, 148]. Broadly speaking, 
in prostate cancer genomic and chromosomal 
instability are increasingly frequent during pros-
tate tumor progression—i.e., the most aggressive 
diseases display the most instability [149, 150]; 
this pattern bears a striking similarity to the pat-
tern of inactivation of RB. However, the role of 
these potential RB functions in prostate cancer 
remains unknown.

 Cancer Immunity

In some cases, RB functions as a protein adapter, 
bringing together two proteins independent of a 
DNA interaction, for example SKP2-APC/C 
(reviewed in [12]). Recent work has  demonstrated 
that beyond the well-established role of RB as a 
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transcriptional and chromatin modification 
 cofactor, RB may act to suppress tumor develop-
ment through a novel interaction with the NF-κB 
protein p65 [151]. Phosphorylated RB, which is 
thought to be inactive in the classical sense, is 
able to bind to p65 and thereby negatively regu-
late the NF-κB target PDL1, enhancing the abil-
ity of a tumor cell to evade the immune system. 
The implications of this recent finding have yet to 
be fully elucidated.

RB can repress expression of repetitive ele-
ments, including LINE-1s through an epigenetic 
mechanism [138], which particularly occurs in 
differentiated cells. Loss of RB therefore has the 
potential to increase expression of these repressed 
elements, thereby stimulating the defense mecha-
nisms that combat exogenous viral infection via 
an interferon response pathway (reviewed in 
[152]). Furthermore, the upregulation of EZH2, 
which occurs in the absence of RB, may be a 
compensatory defense mechanism to re-repress 
repetitive elements that may exert deleterious 
effects following de-repression from RB loss. In 
this way, loss of RB may improve the response of 
a tumor to immune checkpoint therapy, either 
alone or in combination with inhibitors against 
the compensatory mechanisms, such as EZH2.

 RB as a Biomarker

Loss of function mutations and deletion of the 
RB tumor suppressor provides a means for 
tumors to progress to metastatic and aggressive 
variants in the natural history of prostate cancer 
and suggests that RB is a plausible biomarker for 
diagnosis and predicting disease progression. 
However, the utility of RB as a biomarker remains 
challenging. Outgrowth of RB deleted cells 
occurs later in disease progression, and there is 
no difference in staining between benign and 
malignant glands [153]. Loss of heterozygosity at 
the RB locus associates with absence of immuno-
histochemical staining in only 33% of primary 
adenocarcinoma samples [154], suggesting that 

retention of protein staining positivity is not nec-
essarily indicative of protein function. Use of RB 
as a biomarker holds most promise in NEPC 
where absence of RB IHC staining has high 
 concordance (93%) with tumor histology [9]. 
Conversely, RB staining is retained in the major-
ity of high grade and metastatic adenocarcinoma, 
even with early presence of neuroendocrine mor-
phologies. Despite this concordance, the transla-
tion of RB immunostaining to the clinic will be 
most useful in combination with positive markers 
of NEPC such as synaptophysin and chromo-
granin A, as absence of a single marker may pro-
duce additional false negative results. Overall, 
determination of RB status by IHC provides little 
utility, but absence of staining in combination 
with other methods may prove useful in validat-
ing neuroendocrine phenotypes.

Given these limitations, rather than detecting 
RB protein, several gene signatures have been 
developed to detect deficiency for RB-activity, 
rather than the protein itself [155, 156]. These 
signatures offer an improved method of identify-
ing cells in which RB function has been com-
promised. However, as it would be most beneficial 
to identify the presence of a sub-clone of 
RB-deficient cells prior to androgen-deprivation 
therapy, these gene signatures may be lost within 
a bulk analysis from a biopsy or resected tumor. 
Recent work has demonstrated the feasibility of 
detecting circulating tumor cells in patients with 
prostate tumors [157, 158]. In the future it may 
be possible to apply single-cell RNA-seq to these 
circulating cells in order to identify an RB-loss 
signature and therefore to stratify patients for 
treatment based on the pre-existence of 
RB-deficient tumor subclones that may later lead 
to an outgrowth of aggressive, castration- resistant 
disease. Furthermore, detection of RB deletions 
may be possible from cell-free circulating DNA 
(cfDNA), obtained through minimally invasive 
blood or urine collection. Copy number varia-
tions (e.g. loss) of RB have been detected in 
cfDNA by array CGH; these results were consis-
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tent with the emergence of an RB-deficient clone 
following enzalutamide treatment [159].

 Conclusions and Perspectives

The RB tumor suppressor plays an important cell 
cycle role in prostate cancer development. 
Although resulting hyperproliferation may be 
minor, RB is required in many cases for tumor 
cells to arrest in response to therapy. Specifically 
in response to androgen deprivation therapy, 
RB-deficiency may allow an escape mechanism 
to the reduction of androgen signaling, through 
multiple mechanisms. Loss of cell cycle arrest, 
an altered AR-cistrome, direct or indirect upregu-
lation of AR expression, de-differentiation and 
lineage switching to reduced dependence on AR 
signaling, and increased mutation rate as a result 
of genetic instability, all may contribute to the 
survival of RB deficient clones within a primary 
prostate tumor, as well as the evolution of resis-
tance mechanisms which arise in metastases 
(Fig. 3). Androgen deprivation therapy appears to 
transform a relatively neutral subclonal mutation 
into an incurable disease. It is further interesting 

to note that inactivation of RB through upstream 
mutations appears insufficient to remove all of 
the necessary functions of RB, as deletions of RB 
itself are especially common in CRPC, regardless 
of its canonical inactivation by overexpression of 
Cyclin D dependent complexes.

The ability to target RB-deficient cells, either 
small subclones within the primary disease or 
following the outgrowth of resistant disease, 
would therefore greatly benefit patients at risk for 
CRPC.  RB-deficient cells are more sensitive to 
some types of chemotherapy as well as radiation 
[68], suggesting that use of these therapies prior 
to hormone-based therapies can enhance the ther-
apeutic response by reducing the presence of pre- 
existing RB-depleted subclones, which may exist 
but escape detection using current screening 
methods. Increased sensitivity of techniques that 
would allow detection of RB-deletion in cfDNA 
would allow these combined therapies to be used 
only when necessary. More studies into therapies 
capable of specifically targeting RB-deficient 
cells, such as those which identified the Aurora 
kinases as synthetic lethal targets [160, 161], 
could refine the use of chemotherapy and 
 radiation, and therefore reduce side-effects. 

Fig. 3 Critical functions of RB loss; implications for ADT 
resistance. The pleiotropic functions of RB contribute to 
tumor suppression throughout tumor development through 
multiple mechanisms. The left box summarizes the RB 
functions which are generally cell-intrinsic following RB 

loss and may contribute to tumor evolution at any stage of 
tumor progression. The right box emphasizes RB loss-of-
function mechanisms thought important following hor-
mone deprivation therapy
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Furthermore, recent work indicating a role for 
phosphorylated-RB in evasion of immunosur-
veillance, as well the potential for RB  loss to 
upregulate novel antigens, together suggest that 
RB deficient tumor cells are poised for a response 
to immune checkpoint therapy, possibly in com-
bination with additional epigenetic modifiers. In 
conclusion, therapies, particularly combination 
therapies, that take advantage of the phenotypic 
changes arising from the loss of RB merit further 
study.
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Interplay Among PI3K/AKT, PTEN/
FOXO and AR Signaling in Prostate 
Cancer

Yuqian Yan and Haojie Huang

 Introduction

Phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K) belongs to a family of lipid kinases 
involved in phosphorylating the 3-position 
hydroxyl group of the inositol ring of phosphati-
dylinositol (PtdIns) [1]. Products of PI3K activity, 
i.e., the lipid second messengers phosphatidylino-
sitol (3,4,5) trisphosphate [PI(3,4,5)P3 or PIP3] 
and PI(3,4)P2 (PIP2), promote membrane associa-
tion and activation of serine/threonine kinases 
such as AKT (or termed protein kinase B (PKB)). 
There are three highly- homologous AKT iso-
forms: AKT1/PKBα, AKT2/PKBβ, and AKT3/
PKBγ [2]. These isoforms encoded by three dif-
ferent genes possess both common and isoform-
specific functions.

AKT is activated by phosphorylation of 
two  serine (Ser)/threonine (Thr) residues, one 

(Thr308 in AKT1) being phosphorylated by the 
phosphoinositide- dependent kinase 1 (PDK1) [3] 
and the other (Ser473 in AKT1) being phosphory-
lated by the mammalian target of rapamycin 
complex 2 (mTORC2) [4]. Therefore, this path-
way is also known as the PI3K/AKT/mTOR sig-
naling pathway. Appropriately 40% of primary 
and 70% of metastatic prostate cancers harbor 
genomic alterations leading to the activation of 
the PI3K signaling pathway [5, 6].

The PI3K signaling cascade transduces extra-
cellular signals to intracellular targets. The 
extracellular signals include peptide hormones 
and growth factors, such as insulin [7], epider-
mal growth factor (EGF) [8], sonic hedgehog 
(shh) [9] and insulin-like growth factor 1 (IGF-1) 
[9]. Mechanistically, upon the stimulus of the 
extracellular signals, the signaling transduction 
cascade is activated by PI3K phosphorylation. 
AKT acts as an important mediator via recruit-
ment to the membrane by interaction with phos-
phoinositide docking sites, where it becomes 
fully activated through its phosphorylation by 
PDK1 and mTORC2. Activated AKT phosphor-
ylates Ser and Thr residues of its targets, primar-
ily within a minimal consensus recognition motif 
of R-X-R- X-X-S/T-f (X: any amino acid; f: a 
preference for large hydrophobic residues) [10]. 
This pathway leads to CREB activation [11], p27 
inhibition [12, 13], FOXO phosphorylation and 
cytoplasmic localization [14, 15], and activation 
of downstream effectors of mTORC1 such as 
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p70S6K and 4EBP1 [16]. There are myriad AKT 
 targets with their phosphorylation sites listed in 
Fig. 1. Functionally, activation or inactivation of 
these downstream targets leads to nutrient 
metabolism, cell proliferation, survival, migra-
tion, and angiogenesis, which ensure prostate 
cancer cell survival and protection from apopto-
sis (Fig. 1).

 Activation of PI3K Due to PTEN 
Genetic Alterations

 PTEN Mutations Account 
for the Major Cause of PI3K 
Activation in Prostate Cancer

PI3K signaling in both primary and advanced 
prostate cancers is activated in a similar manner, 
mainly due to mutations in the tumor suppressor 
gene phosphatase and tensin homolog (PTEN). 
This gene encodes PTEN protein that acts as a 
PIP3 phosphatase, therefore antagonizing the 
PI3K pathway [18]. Approximately 17% of pri-

mary prostate cancers in patients harbor PTEN 
mutations [19]. However, approximately 50% of 
metastatic castration-resistant prostate cancer 
(mCRPC) patients have somatic mutations in the 
PI3K pathway [20]. Among these mutations, 
PTEN mutations account for the highest fre-
quency (approximately 40.7%), mainly biallelic 
inactivation of the phosphatase domain in the 
hotspots of this gene.

To date, PTEN deletion or mutations have 
been considered to be the major genetic altera-
tions in PI3K/AKT signaling activation. Other 
genetic alterations, including amplifications and 
activating fusions in PI3K3CA and p.E17K acti-
vating mutations in AKT1, also contribute to the 
activation of PI3K signaling [20]. Mutations of 
another member of the PI3K catalytic subunit, 
PI3K3CB, were observed initially in a cohort of 
advanced prostate cancers [20]. In agreement 
with a previous study [21], mutations of PI3K3CB 
rather than PI3K3CA are most likely to occur in 
the context of PTEN-deficient cases, implying 
that some PTEN deficient cancers may depend on 
PIK3CB activation. The frequency of PI3K 

Thr 308

Ser 473mTORC2

PDK1

Inhibition

Activation

FOXO

GSK3α/β: S21/S9

BAD: S99

Casp9: S196

AS160: S588, T462

P27: T157 

PRAS40: T246

MDM2: S166, S186

eNOS: S1177

CREB: S133 

FOXO1: T24, S256, S319
FOXO3: T32, S253, S315 Metabolism, proliferation and survival

IKKα: T23

CHK1: S280 

FOXO4: T32, S197, S262

Survival

Glucose uptake

Proliferation

DNA damage repair

Growth, metabolism, proliferation and 
angiogenesis

Proliferation and survival

Angiogenesis

Survival

TSC2: S939, T1462

Phosphorylation sites Functions

AKT

P

P

Fig. 1 Selected AKT-phosphorylated proteins (modified 
from a previous report [17]). AKT is phosphorylated by 
PDK1 and mTORC2, resulting in the phosphorylation at 
Thr308 and Ser473 respectively. The phosphorylated 

AKT subsequently phosphorylates a group of proteins 
through a recognition motif R-X-R-X-X-S/T-f, which 
leads to the inhibition or activation of AKT targets. 
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 pathway gene mutations in primary and advanced 
prostate cancer is listed in Tables 1 and 2, 
respectively.

 Pten Deletion-Driven Prostate Cancer 
Mouse Models

Given that PTEN mutations comprise one of the 
most common genetic alterations in prostate 
 cancer, it is important to assess its tumor suppres-
sor function by generating Pten mutant mouse 
 models. Conventional homozygous deletion of 
Pten causes embryonic lethality in mice [23]. 
Heterozygous loss of Pten in the mouse prostate 
results in a 100% penetrance of prostate intraepi-
thelial neoplasia (PIN), a precursor of prostate 
cancer. However, on a Balb/c/129 genetic back-
ground, the latency of PIN is relatively long 
(approximately 10 months) and the PIN lesions 
rarely undergo metastasis [24, 25]. Thus, it is 
possible that mutations in other tumor suppressor 
genes or loss of another allele of Pten might be 
required for prostate tumorigenesis. Indeed, con-
comitant Pten heterozygous deletion and altera-
tions in other genes, such as p27 [26], Nkx3.1 
[27], ERG [28, 29], or CREBBP (CBP) [30] has 
given rise to prostate cancer in mice with various 
genetic backgrounds. Although these genetic 
alterations have accelerated formation of PIN 

lesions and/or cancer, no metastatic prostate 
 cancers have been observed in these models. 
Generation of a prostate-specific Pten homozy-
gous deletion mouse model recapitulates the dis-
ease progression of human prostate cancer, 
mimicking the progression from PIN to invasive 
adenocarcinoma and, in very rare cases, metasta-
sis [25]. This and other Pten deletion mouse 
models have been adapted to study the etiology 
of prostate cancer and the mechanisms of cancer 
progression [24, 25, 27, 30].

 Activation of AKT/mTOR Signaling 
Pathway in SPOP Mutated Prostate 
Cancer

Mutations in other genes that appear to be irrele-
vant to the PI3K pathway can indirectly promote 
activation of AKT/mTOR signaling. The most 
striking example is mutation of the tumor sup-
pressor gene, speckle-type POZ (SPOP). SPOP 
is mutated in approximately 10–15% of prostate 
cancer patients [19, 20, 22, 31]. Intriguingly, 
there is a mutually exclusive relationship between 
PTEN mutation and SPOP mutation in patients 
with primary prostate cancer (Fig.  2), implying 
that these two genetic alterations share a common 
downstream pathway during prostate cancer 
pathogenesis. In advanced prostate cancer this 

Table 1 The frequency of genetic alterations in PI3K signaling pathway genes in primary prostate cancer [22]

Gene Altered frequency Missense Truncating Frameshift Other
PTEN 167/1013 (16%) 15 29 1 122 (Deep deletion)
PIK3CA 69/1013 (7%) 29 1 1 38 (Amplification)
PIK3CB 41/1013 (4%) 10 0 0 31 (Amplification)
AKT1 14/1013 (1%) 6 0 0 8 (Amplification)

Table 2 The frequency of genetic alterations in PI3K signaling pathway genes in advanced prostate cancer [20]

Gene Altered frequency Missense Truncating Frameshift Other
PTEN 60/150 (40%) 1 10 0 39 (Deep deletion)

8 (Fusion)
2 (Deep deletion and fusion)

PIK3CA 8/150 (5%) 5 0 1 1 (Amplification)
1 (Amplification and fusion)

PIK3CB 10/150 (7%) 3 1 0 5 (Amplification)
1 (Amplification and fusion)

AKT1 5/150 (3%) 2 0 0 3 (Amplification)
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mutual exclusivity is not evident in the small 
number of CRPC cases (150) examined to date 
(Fig.  2). Therefore, further investigation of the 
relationship between these two genetic altera-
tions in large cohorts of advanced prostate can-
cers is warranted.

 SPOP Mutations Induce AKT/mTORC1 
Activation via Elevation 
of Bromodomain and Extra-Terminal 
(BET) Family Proteins

SPOP acts as an adaptor protein of the CULLIN3- 
based E3 ubiquitin ligase and promotes protein 
ubiquitylation and proteasome degradation. 
A  number of prostate cancer relevant proteins 
such as bromodomain and extra-terminal motif 
(BET) proteins (BRD2, BRD3 and BRD4), SRC-
3, TRIM24, ERG, and AR, are substrates of 
SPOP [32–40]. Almost all of these SPOP sub-
strates are somehow involved in or associated 
with AKT signaling pathway and their relation-
ships will be discussed throughout this chapter.

SPOP mutations result in an increased 
expression of BET family proteins including 
BRD2, BRD3, and BRD4 [40]. Subsequently, 
the stabilized BRD4 activates the transcriptional 
expression of the Rho GTPase family member 
RAC1 and cholesterol synthesis genes [40]. 
RAC1 is a canonical small GTPase that acti-

vates the  AKT- mTORC1 pathway by binding 
directly to mTOR [40, 41]. Cholesterol-rich 
lipid rafts are linked to AKT activation and 
prostate cancer cell survival [42, 43].

SRC-3, which is also known as amplified in 
breast 1(AIB1), is encoded by the nuclear recep-
tor coactivator 3 (NCOA3) gene. SRC-3 is a tran-
scriptional coactivator that contains several 
nuclear receptor interacting domains and 
 possesses an intrinsic histone acetyltransferase 
activity, which facilitates the accessibility of 
transcriptional factors to chromatin. IGF-1, 
which is a target of SRC-3 [44], is a potent 
upstream regulator of the AKT signaling path-
way [10]. Moreover, SRC-3 can also contribute 
to the activation of AKT in SPOP-mutant pros-
tate cancer cells by functioning as a transcrip-
tional coactivator to facilitate expression of RAC1 
and cholesterol synthesis genes [40].

TRIM 24, a known AR coactivator, binds to the 
PIK3CA promoter to regulate the transcription of 
PIK3CA gene, leading to the upregualtion of PI3K-
AKT signaling [45]. Intriguingly, TRIM24 is reg-
ulated by SPOP via proteasome pathway [37]. 
Therefore, in SPOP mutant prostate cancer cells, 
TRIM24 is stabilized at the protein level. Taken 
together, SPOP mutations augment AKT signaling 
through multiple mechanisms, and further investi-
gation is warranted to fully elucidate the signaling 
pathways through which SPOP mutations lead to 
activation of AKT signaling.

Fig. 2 PTEN mutations are mutually exclusive with 
SPOP mutations in primary prostate cancer. The fre-
quency of PTEN and SPOP mutations was analyzed from 
primary and advanced prostate cancers . The primary 
prostate cancer data was combined from two studies, 

including 1512 samples, whereas the advanced prostate 
cancer data from one study consisting of 150 samples. 
Mutual exclusivity was observed between PTEN and 
SPOP mutations in primary prostate cancer (∗∗∗P < 0.001) 
but not in advanced prostate cancer (P = 0.484). 

Y. Yan and H. Huang



323

 SPOP Mutant Mouse Models

SPOP mutations represent a molecularly-distinct 
subtype of prostate cancer. Generation of mouse 
models that recapitulate the unique features of 
SPOP mutations is important for a full under-
standing of the etiology of these lesions and their 
role in prostate cancer. To mimic SPOP mutation- 
induced prostate cancer pathogenesis, the most- 
frequently occurring SPOP mutant, F133V, was 
knocked into the Rosa26 locus and specifically 
expressed in the mouse prostate through a lox- 
STOP- lox strategy [46]. Surprisingly, little or no 
histological or glandular architecture of the pros-
tate was observed in this mouse model [46]. At 
the cellular level, proliferation was not signifi-
cantly altered, and changes in AR expression 
were observed rarely, and rare cells exhibited 
cytological atypia with enlarged nuclei in a 
majority of all prostate lobes in mice at 
≥12 months of age [46].

The above findings indicate that like many 
other known genetic alterations (ERG, ETV1 and 
TP53) in human prostate cancer [28], SPOP 
mutations alone may not be sufficient to drive 
tumorigenesis, and other genetic alterations are 
required to promote or accelerate tumorigenesis 
and progression. As discussed above, PTEN het-
erozygous mutations alone results in minimal 
histologic changes in the prostate [25], even 
though Pten heterozygous mouse models have 
often been crossed with the other mutant mouse 
models to study the etiology of prostate cancer. 
Indeed, when the SPOP F133V mutation mouse 
was crossed with Pten heterozygous deletion 
mouse, high-grade PIN developed only in the 
compound mice [46]. However, it is worth noting 
that SPOP mutations and PTEN deletions are 
almost mutually exclusive in patients with pri-
mary prostate cancers (Fig. 2). Therefore, further 
development of clinically relevant SPOP-mutated 
prostate cancer mouse models is warranted to 
interrogate the molecular mechanisms under-
lying SPOP mutation-induced prostate 
tumorigenesis.

 FOXO1 Dysregulation in Prostate 
Cancer

The forkhead box-O protein 1 (FOXO1) belongs 
to the FOXO family that includes three other 
members (FOXO3, FOXO4 and FOXO6). 
FOXO1 is a transcription factor that acts as a 
tumor suppressor by transcriptionally regulating 
expression of genes involved in apoptotic cell 
death, cell cycle, DNA damage repair, glucose 
metabolism, and carcinogenesis [47, 48]. 
Multiple mechanisms regulate FOXO1 functions, 
including, but not limited to, genomic deletion, 
transcriptional downregulation, and phosphory-
lation. FOXO1 gene deletion as well as transcrip-
tional downregulation have been found in a 
substantial proportion of prostate cancers from 
patients [19, 20, 49–52]. FOXO1 is a direct phos-
phorylation target of AKT. AKT-mediated phos-
phorylation of FOXO1 induces its translocation 
from the nucleus to the cytoplasm, resulting in 
inhibition of the transactivation of its target 
genes. We have summarized three major mecha-
nisms that lead to FOXO1 inactivation and the 
effects on its downstream pathways in Fig. 3.

 FOXO1 and AR

FOXO1 can bind directly to the AR in a ligand- 
independent manner, thereby inhibiting the tran-
scriptional activity of both full-length AR and 
constitutively active splice variants of AR [53–56]. 
However, this inhibitory effect is dependent 
largely on FOXO1 phosphorylation status. 
Specifically, upon the stimulus of IGF-1 or insu-
lin, AKT signaling can induce FOXO1 phosphor-
ylation and subsequent translocation from the 
nucleus to the cytoplasm, thereby impairing 
FOXO1 inhibition of ligand-induced AR activa-
tion in the nucleus. Similarly, in PTEN-mutated 
prostate cancer cells, AKT signaling is activated 
and FOXO1 is transported from the nucleus to 
the cytoplasm, thereby favoring transactivation 
of AR [48, 55]. However, AR regulation by the 
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PI3K/AKT pathway is very complex, including a 
negative feedback between AR and AKT signal-
ing [5, 57]. For instance, AKT phosphorylates 
AR at Ser210, thereby inhibiting AR transactiva-
tion [57].

Aberrant activation of AR is associated with 
the progression of CRPC.  The downregulation 
of FOXO1  in PTEN-negative prostate cancer 
contributes to the hyperactivation of AR [55]. 
Interes tingly, FOXO1 interacts physically with 
HDAC3 and acts as a corepressor that inhibits 
androgen-independent activation of AR.  Thus, 
co-transfection of FOXO1 and HDAC3 in pros-
tate cancer cells results in a greater inhibition of 
AR activity than transfection with FOXO1 or 
HDAC3 alone [55]. Specifically, a putative tran-
scription repression domain in the NH2-terminus 
of FOXO1 appears to be responsible for FOXO1 
inhibition of the AR.  FOXO1 can bind to the 
transcription activation unit 5 (TAU5) motifs in 
the AR NH2-terminal domain (NTD) that is 
required for recruitment of p160 coactivators 
including SRC-1, subsequently inhibiting the 
ligand-independent activation of AR splice vari-
ants [53]. Moreover, PI3K-AKT-FOXO1 signal-
ing regulates AR variant 7 [56], further indicating 
that PI3K is a potential therapeutic target in 
CRPC patients.

 FOXO1 and ERG

The ETS-related gene (ERG) is a transcription 
factor belonging to the E-26 transformation- 
specific (ETS) family. It regulates a group of 
genes involved in vasculogenesis, angiogenesis, 
hematopoiesis, and bone development [58]. ERG 
is highly associated with prostate cancer develop-
ment. Aberrant overexpression of ERG is found 
in approximately 50% of all human prostate can-
cer due to the fusion of the ERG gene body to 
androgen-regulated promoters and enhancers that 
normally regulate genes such as TMPRSS2, 
SLC45A3, and NDRG1 [19, 20, 22, 59].

ERG genetic rearrangements and loss of 
PTEN often co-occur in human prostate cancers 
[19, 28], indicating an association between PI3K 
signaling and ERG.  Indeed, the combination 
of  transgenic expression of prostate cancer- 
associated TMPRSS2-ERG and heterozygous 
deletion of Pten induces high grade PIN and can-
cer in the mouse prostate [28, 29], although how 
the loss of PTEN works in concert with ERG 
overexpression to promote prostate tumorigene-
sis was unexplored in these studies. Also, FOXO1 
binds directly to the DNA binding domain of 
ERG and inhibits ERG transcriptional activity in 
prostate cancer cells [60]. However, FOXO1 

Mutation

Transcriptional downregulation

Phosphorylation by protein kinases,
such as AKT, SGK, IKK and CDK2

FOXO1
Inactivation

Inhibition

Activation

AR

ERG

RUNX2

BIM

Cell proliferation and survival

Cell cycle arrest and apoptosis 
Fas ligand

ERK

Cyclin D1

Cyclin D2

P27
P21

Fig. 3 Diagram depicting three major mechanisms lead-
ing to FOXO1 inactivation. There are at least three mecha-
nisms leading to the inactivation of FOXO1, which result 

in either the inhibition or the activation of its downstream 
targets and signaling. 
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inhibition of ERG is abolished by AKT due to 
AKT mediated phosphorylation and exclusion of 
FOXO1 from the nucleus [60]. Importantly, 
homozygous deletion of FOXO1 cooperates with 
overexpression of TMPRSS2-ERG to induce for-
mation of HGPIN and cancerous phenotypes in 
the mouse prostate [60]. Therefore, functional 
loss or genetic deletion of FOXO1 results in an 
aberrant activation of ERG fusions and abnormal 
expression of ERG target genes, thereby contrib-
uting to prostate tumorigenesis.

 FOXO1 and RUNX2

The Runt-related transcription factor 2 
(RUNX2), also known as core-binding factor 
subunit alpha-1 (CBFA1), regulates many cellu-
lar proliferation genes, such as c-Myc, C/EBP 
[61], TP53 [62], and the CDK inhibitor p21cip1 
[63], at the transcription level. The DNA-binding 
affinity of RUNX2 is most likely dependent on 
its phosphorylation state [64], which is corre-
lated with cellular proliferation. Thus, RUNX2 
 phosphorylation is related to RUNX2-mediated 
cellular proliferation and cell cycle control. In 
support of this concept, RUNX2 is phosphory-
lated at Ser451 by CDK1, which facilitates cell 
cycle progression through the regulation of G2 
and M phases [65]. Phosphorylation of RUNX2 
at Ser301 and Ser319 by MAPK-dependent acti-
vation also promotes RUNX2 transcriptional 
activity [64, 66].

Intriguingly, RUNX2 protein level fluctuates 
throughout the cell cycle, and this is most likely 
due to its regulation by both gene transcription 
and protein degradation. RUNX2 can also inter-
act with several protein kinases that facilitate 
cell-cycle dependent dynamics. Thus far, most 
studies relating to RUNX2 have been focused on 
osteoblast proliferation and differentiation; how-
ever, the role of RUNX2 in prostate tumorigene-
sis is poorly understood.

RUNX2 forms a protein complex with AR in 
prostate cancer cells [67, 68]. AR can inhibit 

RUNX2 binding to DNA through protein-protein 
interaction [67]. AKT phosphorylates AR at Ser- 
210 and subsequently inhibits AR transactivation 
[57]. This supports the finding that PI3K signal-
ing can stimulate the transcriptional activity of 
RUNX2. In contrast, FOXO1 acts as a repressor 
of RUNX2. Thus, loss of PTEN or FOXO1 leads 
to the upregulation of RUNX2 transcriptional 
activity and increased migration and invasion of 
prostate cancer cells [69]. FOXO1 inhibition of 
RUNX2 also occurs in osteoblasts [70]. Thus, 
FOXO1 is an important negative regulator of 
RUNX2. This concept is further supported by a 
recent study, which identified a signaling axis of 
AKT-FOXO1-RUNX2-OCN-GPRC6A-CREB, 
activation of which results in upregulation of 
cytochrome P450 (CYP) enzymes (CYP11A1, 
CYP17A1) and increased synthesis of testoster-
one in PTEN-null prostate cancer cells [71]. 
Abnormal RUNX2 activation plays a pivotal role 
in PTEN loss-induced intratumoral androgen 
synthesis and tumor microenvironment remodel-
ing [71]. Deletion of Runx2 in Pten homozygous 
knockout prostate decreased Cyp11a1 and 
Cyp17a1 gene expression, testosterone levels, 
and tumor growth in castrated mice [71]. 
Therefore, under AKT activation conditions, the 
cytoplasm exportation of FOXO1 results in the 
loss of its function and inhibition of the transcrip-
tional activity of RUNX2. Moreover, aberrant 
activation of RUNX2 promotes intratumoral 
androgen biosynthesis through the RUNX2- 
OCN- GPRC6A-CREB signaling cascade.

 Cross Talk Between PI3K Signaling 
and Other Pathways in Prostate 
Cancer

In prostate cancer, it is well accepted that a num-
ber of signaling pathways cross talk with each 
other either in an orchestrated fashion or in a 
negative feedback manner. An understanding of 
the cross talk among these pathways is critical for 
an effective treatment of prostate cancer.

Interplay Among PI3K/AKT, PTEN/FOXO and AR Signaling in Prostate Cancer
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 AKT Signaling and AR

AKT and AR signaling are two major drivers of 
prostate cancer. AKT can phosphorylate AR at 
Ser-210 and subsequently inhibit AR transacti-
vation [57]. On the other hand, AR inhibition 
activates AKT signaling by reducing expression 
of the AKT phosphatase PHLPP1 [5, 72]. 
Because inhibiting either of these two pathways 
often activates the other, the development of a 
dual inhibitor might be advantageous for ther-
apy. Notably, HDAC3 can regulate both AKT 
signaling [39, 73] and AR transcriptional activity 
[74]. Moreover, a HDAC3-specific inhibitor 
(RGFP966) inhibits both AKT and AR pathways 
in prostate cancer in vitro and in vivo, including 
prostate cancer organoid and mouse xenograft 
models [39].

 AKT Signaling and WNT/β-Catenin 
Signaling

WNT/β-catenin signaling is mediated by the 
extracellular signals of WNT proteins via cell 
membrane receptors, which converge on the tran-
scription factor β-catenin. Genetic and epigenetic 
alterations have been identified in components of 
WNT signaling pathway in both primary and 
advanced prostate cancer [19, 20, 22], further 
suggesting that WNT signaling contributes pros-
tate tumorigenesis. Notably, inhibition of WNT 
signaling in mice prevents prostate cancer pro-
gression [75].

There are at least three proposed mechanisms 
by which WNT signaling is activated in prostate 
cancer. Firstly, tumor stromal cells can secret 

WNT proteins to maintain the tumor microenvi-
ronment and support self-renewal or expansion 
of prostate cancer stem-like or progenitor cells 
and drug resistance via WNT/β-catenin signaling 
[75]. Secondly, AKT signaling can phosphorylate 
β-catenin and promote its transcriptional activity, 
which drives tumor cell invasion [76]. In the con-
text of prostate cancer cells, the WNT co- receptor 
LRP6 increases aerobic glycolysis in a β-catenin- 
independent manner by directly activating AKT- 
mTORC1 signaling [77]. Thirdly, the leucine 
zipper tumor suppressor-2 (LZTS2), a β-catenin- 
binding protein, is a negative regulator of WNT 
signaling [78]. The LZTS2 gene is approximately 
15  Mb from the PTEN gene locus and is fre-
quently deleted in a variety of human malignan-
cies, including prostate cancer. Interestingly, 
PTEN deletions and LZTS2 deletions frequently 
co-exist in primary prostate cancer (Fig.  4), 
implying a novel mechanism for the dysregula-
tion of WNT/β-catenin signaling during prostate 
tumorigenesis [79].

 AKT Signaling and MAPK/ERK 
Signaling

The mitogen-activated protein kinase (MAPK) (or 
called extracellular signal-regulated kinase (ERK)) 
pathway is also known as the Ras-Raf- MEK-ERK 
pathway. It transduces the extracellular signals 
from the cell surface to the DNA in the nucleus. In 
prostate cancer, AKT and MAPK signaling path-
ways are frequently activated in androgen-indepen-
dent cancer types. The activation of either AKT or 
ERK signaling in an androgen- responsive prostate 
cancer cell line promotes hormone-independent 

Fig. 4 PTEN mutations are concurrent with LZTS2 muta-
tions. The primary prostate cancer data was combined 
from two studies, including 1512 samples. The co- 

occurrence of PTEN and LZTS2 mutations was analyzed 
and displayed significant co-occurrence (∗∗∗P < 0.001). 
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but AR-dependent growth in culture [80]. It is 
hypothesized that epithelial-stromal competition 
leads to androgen independence during prostate 
tumorigenesis, in which activation of AKT and 
ERK promotes AR activity in the prostate epithe-
lium while counteracting the antagonistic effects in 
the stroma [80].

Inhibition of the PI3K/AKT signaling acti-
vates the MAPK pathway [81, 82], whereas acti-
vation of AKT by phosphorylation leads to 
FOXO1 exclusion from the nucleus and abo-
lishment of its tumor suppressor functions in 
the  nucleus. Intriguingly, AKT-phosphorylated 
FOXO1 can inhibit the MAPK pathway by bind-
ing to the scaffold protein IQGAP1 in the cyto-
plasm, thus impeding IQGAP1-dependent 
activation of ERK1/2 [83]. Thus, FOXO1 pos-
sesses tumor suppressor functions in both the 
nucleus and the cytoplasm.

 Targeting PI3K/AKT Signaling 
for Prostate Cancer Treatment

Due to the critical role of PI3K/AKT in maintain-
ing prostate cancer progression and cell survival, 
targeting the PI3K/AKT pathway represents a 
promising strategy for prostate cancer treatment. 
However, the inhibitors that are currently under 
testing often encounter issues such as low effi-
cacy and acquired drug resistance. Thus, devel-
opment of new single-targeting or dual inhibitors 
is urgently needed.

 PI3K/AKT Inhibitors Tested 
in Prostate Cancer

A number of PI3K/AKT signaling pathway inhib-
itors have been tested, or are currently under 
investigation in clinical trials (Table  3). 
Mechanistically, most of them act on PI3K and 
AKT, with few on mTORC1 or mTORC2. Hereby, 
we have summarized a few of PI3K/AKT inhibi-
tors which are currently under clinical trials to 
treat mCRPC patients either by administration 
alone or in combination with AR inhibitors as 
seen in Table  3. Specifically, BKM120 
(NCT01385293), a PI3K inhibitor, is adminis-
trated alone and is currently under phase II clini-
cal trial. GSK2636771 (NCT02215096) and 
AZD8186 (NCT01884285), two PI3K inhibitors, 
are treated in the combination with Enzalutamide 
or Abiraterone respectively and are under phase I 
clinical trials. LY3023414 (NCT02407054) is a 
dual inhibitor, which targets both PI3K and 
mTOR in an ATP-competitive manner [86]. 
AZD5365 [85] and MK2206 (NCT01251861) are 
two AKT inhibitors. Currently, AZD5363 is 
administrated alone and is under Phase I/phase II 
clinical trials. Interestingly, a preclinical study has 
found that AZD5363 significantly delayed 
Enzalutamide- resistant prostate cancer when it is 
combined with Enzalutamide [87]. MK2206 is 
under phase II clinical trial, and is administrated 
with or without Bicalutamide. Taken together, 
PI3K/AKT inhibitors appear to present a limited 
clinical outcome as single agents.

Table 3 PI3K/AKT inhibitors tested in prostate cancer [84]

Therapeutic 
regimen Indication Clinical trial status

Patient 
status

Reference or ClinicalTrials.
gov identifier

BKM120 PI3K inhibitor Phase II mCRPC NCT01385293
GSK2636771 PI3K inhibitor Phase I, GSK2636771 

± Enzalutamide
mCRPC NCT02215096

AZD8186 PI3K inhibitor Phase I, AZD8186 ± Abiraterone 
or AZD2014

mCRPC NCT01884285

LY3023414 PI3K + mTOR 
inhibitor

Phase II, 
Enzalutamide ± LY3023414

mCRPC NCT02407054

AZD5363 AKT inhibitor Phase I/phase II clinical trials mCRPC [85]
MK2206 AKT inhibitor Phase II, Bicalutamide ± MK2206 mCRPC NCT01251861
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 A Limitation of Monotherapy 
with the PI3K Inhibitors

In prostate cancer, PI3K and AR signaling path-
ways are the most frequently activated pathways 
in which a reciprocal feedback exists between 
these two pathways. The monotherapy with AR 
or AKT inhibitors often leads to activation of the 
other pathway to sustain the cell survival or drive 
acquired resistance in prostate cancer [5, 72]. In 
addition, both PI3K/AKT and AR signaling are 
extremely important for prostate pathogenesis, 
the combination treatment of PI3K/AKT inhibi-
tors and AR signaling inhibitors is required for a 
better therapeutic perspective [72, 88]. Indeed, as 
described above (section “PI3K/AKT Inhibitors 
Tested in Prostate Cancer”), several clinical trials 
have been conducted by using the combination of 
PI3K inhibitors (such as GSK2636771 and 
LY3023414) and AR-inhibitory agents (such as 
Enzalutamide and Abiraterone).

 Conclusions

The PI3K/AKT signaling pathway has been iden-
tified as a key driver of prostate tumorigenesis 
and drug resistance. Studies on the underlying 
mechanisms by which this pathway promotes 
prostate tumorigenesis have focused primarily on 
the phosphorylation of downstream target pro-
teins. Cross talk between AKT signaling and the 
other parallel pathways has been under- 
investigated. Thus, further exploration in this 
area could shed new light on our understanding 
of the molecular basis for prostate tumorigenesis 
and progression, and identify novel therapeutic 
targets for prostate cancer.
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Androgen Receptor Dependence
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 AR Structure and Function

AR is a member of the class I nuclear receptor 
transcription factor family, which includes the 
steroid receptors glucocorticoid receptor (GR), 
mineralocorticoid receptor (MR), estrogen recep-
tor (ER), and progesterone receptor (PR). It is a 
110  kDa phospho-protein encoded by the AR 
gene located on chromosome X at Xq11–12; 
hence XY males have 1 copy of AR. The AR gene 
comprises eight exons which encode four distinct 
functional domains of the full-length AR protein: 
(1) an intrinsically-disordered NH2-terminal 
domain (NTD) encoded by exon 1; (2) a 2-zinc 
finger DNA-binding domain (DBD) encoded by 
exon 2 and the 5′ end of exon 3; (3) a short flex-
ible hinge region harboring the nuclear localiza-
tion signal (NLS) encoded by the 3′ end of exon 
3 and 5′ end of exon 4; and (4) a ligand-binding 
domain (LBD) encoded by the 3′ end of exon 4 
along with exons 5–8 (Fig. 1) [1, 2].

The physiological ligands for AR include tes-
tosterone and dihydrotestosterone (DHT), which 
bind to the steroid binding site in the LBD. Like 
the other steroid receptors, there are two distinct 
transcriptional activation regions in AR: a strong 
activation function domain (AF-1) in the NTD 
and a weak activation function domain (AF-2) in 
the LBD, both of which can recruit various co- 
regulators of AR (Fig.  1). The relative roles of 
these two transcriptional activation domains have 
been studied extensively for AR as well as other 
steroid receptors. In the case of AR, it is AF-1 
that appears to be necessary and sufficient for 
transcriptional activity [3–6]. This knowledge 
has generated considerable interest in dissecting 
the mechanisms of AF-1 function, and has led to 
the finding that AF-1 can be further sub-divided 
into two discrete transcriptional activation units, 
termed TAU-1 and TAU-5 [7–9]. TAU-1 (amino 
acids 101–360) contains two motifs: (1) an 
LKDIL motif, which is similar to the nuclear 
receptor box sequence found in nuclear receptor 
co-regulator proteins; and (2) an LX7LL motif, 
which is evolutionarily conserved in AR, ERα 
and PR (Fig.  1). Deletion of the LKDIL motif 
causes significant loss in transcriptional activity 
of AR, whereas the LX7LL motif is required for 
de-repression of a cohort of genes in response to 
inflammatory cytokine signaling [10, 11]. TAU-5 
(amino acids 361–490) contains the WHTLF 
motif, which appears to play a selective transacti-
vation role under conditions of no/low androgens 
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[12, 13]. Additionally, as elaborated below, this 
WHTLF motif mediates an intramolecular inter-
action between the AR amino and carboxyl ter-
mini by binding the AR AF-2 domain, indicating 
that accessibility of this transactivation motif is 
regulated, whether or not it is bound to AF-2 [14, 
15].

The AR DBD is cysteine-rich and highly con-
served among steroid receptors. There are two 

clusters of four cysteine residues, each of which 
coordinate a single zinc ion to make up the two 
zinc fingers of the DBD. As shown in Fig. 1, the 
first zinc finger contains the P or proximal box 
(amino acids 577–581), which specifically recog-
nizes DNA androgen response elements (ARE). 
The second zinc finger contains the D or distal 
box (amino acids 596–600), which mediates 

Fig. 1 AR gene and protein structure: AR is located on 
the X chromosome at position q11.2. The AR gene is 
encoded by eight exons that are color coded to represent 
the domains of the full-length AR protein they encode. 
The full-length AR is comprised of an amino terminal 
domain (NTD, in blue), DNA binding domain (DBD, in 
orange), a short hinge region (in grey) and a ligand bind-
ing domain (LBD, in purple). The amino acid sequence of 

the two zinc finger units containing the P-box and D-box 
of the AR DBD are shown. The structure of human AR 
LBD domain with a DHT bound in its ligand binding 
pocket is represented (PDB: 2AMA). AR variants contain 
the AR NTD and DBD but lack the LBD. The C-termini 
of AR variants have variable lengths (V, in yellow) and 
sequences based on the splicing of the cryptic exons in the 
AR gene
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dimerization between two AR monomers 
[16–18].

Like LBDs of other nuclear receptors, the 
structure of the AR LBD is arranged in a three- 
layer, antiparallel α-helical sandwich fold that 
surrounds an interior hydrophobic ligand binding 
pocket (Fig. 1). The AF-2 domain in the LBD is a 
shallow, hydrophobic groove formed by helices 
H12, H3 and H4 in the agonist-bound conforma-
tion. A domain proximal to AF-2, which is com-
posed of a hydrophobic cleft made at the junction 
of H1 with the H3–H4 loop and H9 on the surface 
of the AR LBD, is referred to as binding func-
tion- 3 domain (BF-3). BF-3 can allosterically 
regulate the binding of co-activators at AF-2 [19, 
20]. The shallow AF-2 groove functions to bind 
LXXLL and LX7LL motifs found in nuclear 
receptor co-activator proteins, which are referred 
to as NR boxes [21]. As illustrated by AR LBD 
crystal structure 2AMA [22], deposited in The 
Protein Data Bank [23], agonists like testosterone 
or DHT, upon binding to the LBD re-position 
H12 to act as a lid and lock the agonist in the 
ligand-binding pocket. In contrast, when an 
antagonist binds the AR ligand binding pocket, it 
pushes H12 outwards to subsequently cause con-
formational changes in AF-2, thus rendering it 
incapable of binding co-activators [2, 19, 22]. In 
addition to binding NR boxes of co-activator pro-
teins, the AF-2 domain also mediates interactions 
with the AR NTD, an intramolecular interaction 
referred to as the N/C interaction. The WHTLF 
motif of TAU-5 and the FXXLF motif both bind 
to the AF-2 domain of AR [14, 24].

 Androgen Regulation of AR Nuclear 
Translocation and DNA Binding

AR shuttles between the cytoplasm and the 
nucleus in a manner that is regulated by binding 
to androgen ligand. In the un-liganded state, 
chaperones and co-chaperones, like members of 
the heat shock protein family, including Hsp23, 
Hsp40, Hsp56, Hsp70 and Hsp90, associate with 
the AR LBD and sequester AR in the cytoplasm 
in a conformation that is competent for ligand 
binding [1, 25, 26]. The principal androgen circu-

lating in the blood is testosterone, mostly pro-
duced by the Leydig cells in testes with a minor 
contribution from the adrenal cortex [27]. 
Synthesis of testosterone is regulated by the 
hypothalamus-pituitary-gonad and 
hypothalamus- pituitary-adrenal axes of the endo-
crine system. Several steroidogenic enzymes and 
isoenzymes are required to generate testicular 
and adrenal androgens from cholesterol in the 
canonical pathway. The hypothalamus secretes 
gonadotropin releasing hormone (GnRH) which 
acts upon the anterior pituitary to release the 
luteinizing hormone, subsequently signaling the 
release of testosterone from the testes [27, 28]. 
The anterior pituitary also releases the adreno-
corticotropin hormone (ACTH) that acts on the 
adrenal cortex where the action of CYP17A1 and 
other enzymes produces dihydroepiandrosterone 
(DHEA), androstenedione and androstenediol. 
These weak adrenal androgens can then be con-
verted to testosterone or DHT in peripheral tis-
sues through various pathways such as the 
5α-dione pathway or backdoor pathway [28, 29]. 
Although most of the testosterone in circulation 
is bound to sex hormone binding globulin 
(SHBG), ≤2% testosterone is free. When testos-
terone enters normal or cancerous prostate cells, 
it gets converted by 5α-reductase enzyme activity 
into DHT, which is a more potent androgen by 
virtue of it stabilizing the AR protein to a greater 
degree than testosterone and having a slower dis-
sociation rate from the AR LBD. The binding of 
androgens to the AR LBD induces a conforma-
tional change in AR, thereby exposing the NLS 
and promoting translocation to the nucleus via 
direct interactions with the importin-α adapter 
protein and importin-β carrier protein, leading to 
transit through the nuclear pore complex [30–32]. 
In the nucleus, AR binds as a dimer via DBDs to 
androgen response elements. These AR dimers 
provide a platform for recruitment of a variety of 
co-regulators that govern the transcriptional pro-
gram of AR. Androgen synthesis regulated by the 
hypothalamus-pituitary-gonad and 
hypothalamus- pituitary-adrenal axes and ulti-
mate transmission of this hormonal signal via AR 
to the nucleus and genome of target cells is 
broadly referred to as the AR signaling axis 
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(Fig.  2). This AR signaling axis provides the 
foundation for the biological property of 
androgen- dependence of PCa cells.

 AR Interactions with Chromatin

To understand the functional consequences of 
AR binding to AREs, researchers have focused 
their efforts on deciphering the AR transcrip-
tome (the sets of mRNAs regulated by tran-
scriptional activity of AR) and AR cistrome 
(the cis- regulatory elements in the genome to 
which AR binds). Genome-wide studies that 
have evaluated AR binding to AREs in various 
PCa models using ChIP-seq has provided fun-
damental information, although the exact num-
ber of AR binding events in PCa cells has not 
been clearly established. For instance, compari-
son of the number of AR-binding events in 
LNCaP cells (11,053) versus VCaP cells 
(51,811) demonstrated vastly different num-

bers. However, this is likely due to much higher 
expression of AR in VCaP cells due to AR gene 
amplification in this cell line. Nevertheless, 
despite this difference in number of AR binding 
events, the AR binding events observed in 
LNCaP cells displayed 90% overlap with the 
binding events observed in VCaP cells. In 
androgen-activated LNCaP cells, ChIP-seq 
studies have further revealed that recruitment of 
RNA Polymerase II to AR binding sites corre-
lated with transcription of AR-upregulated 
genes. These AR-upregulated targets include 
genes involved in glucose uptake and glycoly-
sis, biosynthetic pathways, regulators of cell 
cycle, and cellular metabolism [33].

Comparing and contrasting cistrome data 
from genome-wide ChIP-seq studies with struc-
ture/function studies of AR DNA binding has 
advanced the concept that there is flexibility with 
which AR binds ARE sites. For instance, global 
ChIP-seq studies have confirmed that the canoni-
cal ARE motif is a 15-mer sequence comprising 

Fig. 2 The AR signaling axis: The production of andro-
gens (e.g. testosterone) by the hypothalamus-pituitary- 
adrenal axis or hypothalamus-pituitary-gonadal axis is 
shown (left). In the bloodstream, testosterone is bound by 
sex-hormone binding globulin (SHBG), which releases 
free testosterone to enter cells where it is metabolized to 

DHT by 5α-reductase. AR bound to heat shock proteins 
(HSPs) in the cytoplasm binds DHT and translocates to 
the nucleus. In the nucleus, DHT-bound AR binds andro-
gen response elements as dimers. The recruitment of vari-
ous coactivators and corepressors determines the 
transcription profile of AR target genes
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of inverted repeats of a six base pair half-site 
(5′-AGAACA-3′) separated by three bases [34]. 
Structural studies have demonstrated that AR 
monomers engage with these ARE sequences as 
a homodimer arranged in a head-to-head sym-
metrical conformation. This leads to one AR 
monomer bound with high affinity to one ARE 
half-site, but the other AR monomer bound with 
lower affinity to the adjacent half-site. By reduc-
ing the stringency requirements for this adjacent 
half-site, AR can selectively bind its AREs [35]. 
This suboptimal binding of AR to its target DNA 
suggests an efficient way for AR to distinguish its 
various target genes and a mechanism to modu-
late transcription of ARE-driven AR target genes 
based on the strength of this binding interaction 
[17, 18]. Therefore, the way AR influences its tar-
get genes is non-uniform and heterogeneous, yet 
specific and strong.

Differential expression of AR target genes and 
variable occupancy of AR binding sites have 
been observed under different cellular contexts. 
For example, more than 50% of AR binding sites 
observed in CRPC tissue were not present in PCa 
cell lines, highlighting the divergence in AR sig-
naling pathways under these conditions [36]. 
Further, comparative analysis of ChIP-seq data 
from 13 PCa tissue specimens versus 7 histologi-
cally normal prostate tissue specimens (6 of 
which were pair-matched from the same patient) 
revealed that prostate epithelial cells undergo re- 
programming of the AR cistrome to achieve a 
neoplastic phenotype [37].

These genome wide studies reinforce the idea 
that under different cellular contexts and through 
different stages of PCa progression, AR displays 
alterations in the repertoire of transcriptional tar-
gets to which it binds and regulates. There are 
multiple mechanistic explanations for these alter-
ations, including changes in AR gene expression 
levels, AR protein structure, changes in expres-
sion or activity of AR co-regulators, and global 
changes in the epigenome that affect the chroma-
tin environment around AR binding sites [38]. 
Thus, global profiling of androgen-AR-ARE-co-
regulator complexes in clinical specimens pro-
vides an important framework for understanding 
the role of the AR cistrome and transcriptome in 

disease progression and identifying new thera-
peutic avenues that could be exploited.

 AR Interactions with Co-regulators 
and Other Transcription Factors

The co-regulators recruited as a result of AR-ARE 
interactions serve different roles in normal pros-
tate function and PCa by fine-tuning AR tran-
scriptional output. There is strong evidence that 
certain co-regulators display expression changes 
during PCa development and progression, and 
that these changes in expression re-direct or re- 
program AR chromatin binding and/or transcrip-
tional output [39]. Therefore, there has been great 
interest in identifying the roles and regulatory 
mechanisms of AR co-regulators to better under-
stand similarities and differences in regulation of 
AR action between normal and cancerous pros-
tate tissue. This is an ambitious undertaking, 
since more than 200 co-activators (enhance tran-
scription) and co-repressors (inhibit transcrip-
tion) affect AR transcriptional activity and/or 
chromatin binding, and at least 50 have expres-
sion patterns that correlate with important clini-
cal parameters in PCa specimens [40]. 
Mechanistically, co-regulators can affect stability 
and complex formation of AR, influence AR 
nuclear or cytoplasmic localization, DNA occu-
pancy, chromatin remodeling, chromatin loop-
ing, interactions with other transcription factors 
and complexes, as well as priming and assembly 
of the overall transcription complex [41].

Some of the best-defined classes of AR co- 
regulators play important roles in regulating tran-
scriptional output of many transcription factors. 
These co-regulators include molecular chaper-
ones like FKBP1 (FKBP1A), FKBP2 (FKBP2), 
FKBP5 (FKBP5) and HSP90 (HSP90AA1), the 
p160 family of steroid receptor co-activators like 
SRC-1 (NCOA1), SRC-2/TIF-2/GRIP1 (NCOA2), 
SRC-3/AIB1 (NCOA3), p300 (EP300), CBP 
(CREBBP), ARA70 (NCOA4), ARA54 (RNF14) 
and ARA55 (TGFB1I1), as well as pioneer tran-
scription factors like Oct1 (POU2F1) and 
GATA-2 (GATA-2) [42, 43]. AR-associated co-
regulators are crucial to AR dependence in PCa. 
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Several such co-regulators affect AR binding to 
DNA and/or AR-gene regulation in genome-wide 
associated studies (GWAS) or AR-cistrome anal-
ysis. BAF57 (SMARCE1), an accessory subunit of 
the SWI/SNF chromatin- remodeling complex is 
one such cofactor, which is dramatically upregu-
lated in metastatic PCa. Increased expression of 
BAF57 directed AR and the SWI/SNF complex to 
a distant intragenic region of the ITGA2 gene, 
which encodes integrin alpha 2. In vitro studies 
confirmed that elevated levels of integrin alpha 2 
protein results in an increased migratory and inva-
sive phenotype in cells, supporting a prometa-
static role for BAF57 [44].

FOXA1 and HOXB13 are key factors associ-
ated with growth and development of PCa 
through their binding interactions with AR [45, 
46]. Physical interactions between AR-FOXA1 
[47] and AR-HOXB13 [48] have been known for 
some time, but more recent global analyses have 
revealed that these interactions occur as a result 
of overlap with, and significant crosstalk between, 
the respective cistromes of AR, FOXA1 and 
HOXB13 to alter the transcriptional landscape of 
PCa cells. Furthermore, in a comparative analysis 
of FOXA1 and HOXB13 dependency across 102 
cell lines from various tissue types, the PCa cell 
line LNCaP scored very high (second for 
HOXB13 and fifth for FOXA1), underscoring the 
relative importance of these factors in PCa cells 
[37]. For example, ectopic expression of FOXA1 
and HOXB13 in immortalized LHSAR cells was 
sufficient to reprogram the AR cistrome to a state 
that was similar to that in a PCa cell line [37, 39, 
49]. Additionally, FOXA1 is important for prolif-
eration and cell cycle regulation in PCa, and 
knock down of FOXA1 expression in a PCa cell 
line led to an overall increase in other AR binding 
events. It is noteworthy that mutations in the cod-
ing sequence of FOXA1 occur in clinical PCa 
specimens, which are predicted to disrupt the 
forkhead DNA binding domain and thereby alter 
the affinity or specificity of FOXA1 for FOXA1 
binding sites across the genome [50–52]. The 
role of these FOXA1 mutations in regulating the 
AR cistrome is an ongoing area of investigation.

In a recent study that used an unbiased pro-
teomics technique termed RIME (rapid immuno-
precipitation and mass spectrometry of 
endogenous proteins), Grainyhead-like 2 
(GRHL2) was identified as a co-activator of AR 
with dichotomous roles in PCa development and 
progression. GRHL2 is pro-tumorigenic in early 
stages of PCa growth, but suppresses stromal 
invasion, intravasation of tumor cells, and sur-
vival of circulating tumor cells to reduce 
epithelial- mesenchymal transition and hence 
progression to metastatic PCa [53]. Another 
study used RIME and ChIP-seq to identify 66 
known and novel interacting proteins of AR in 
LNCaP cells stimulated by a synthetic androgen 
R1881. These interaction partners were found to 
be members of the DNA repair machinery, chro-
matin remodeling factors, cell cycle regulators, 
cytoskeletal remodelers, and other transcriptional 
factors. These proteomics findings were subse-
quently followed by ChIP-seq studies to reveal 
that certain AR binding sites are co-occupied by 
AR and these interacting partners, including 
ARID1A, BRG1, FOXA1, HOXB13, TLE3, 
TRIM28 and WDHD1 [54].

Within PCa cells, co-regulators can modulate 
distinct sets of genes to affect AR regulated path-
ways. This is illustrated by a study wherein 18 
clinically important AR co-regulators were selec-
tively inhibited in a PCa cell line using siRNA 
knock-down. Inhibition of specific co-regulators 
was found to selectively activate or repress dis-
crete sets of genes within a 452-AR-target gene 
panel. This demonstrated specific, context- 
dependent effects of individual AR co-regulators, 
providing a mechanistic basis for intracellular 
heterogeneity in AR gene regulation [55]. A pre-
cise definition of the mechanisms by which co- 
regulators affect AR target gene expression based 
on the availability of androgens, presence of dif-
ferent drugs, cell line under investigation, and 
other factors influencing PCa growth and pro-
gression, could ultimately enable a better assess-
ment of this disease through various stages of 
PCa progression and enable the development of 
more effective therapeutics.
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 Therapeutic Targeting of the AR 
Signaling Axis

The concept of AR-dependence was first intro-
duced by Charles Huggins and Clarence 
V. Hodges almost 75 years ago [56]. Since then, 
androgen depletion therapy (ADT) has remained 
the principal treatment strategy for locally 
advanced, metastatic, or relapsed PCa. ADT tar-
gets various points of the AR signaling axis, 
with the goal of inhibiting transcriptional activ-
ity of the AR, which is the most widely accepted 
driver of PCa development and progression 
[57]. The earliest implementation of ADT 
included orchiectomy to eliminate the testicular 
source of androgens, or treatment with the oral 
synthetic estrogen diethylstilbestrol. These 
castration- based ADT modalities, and benefit 
for advanced PCa patients, formed the basis for 
the 1966 Nobel Prize in Medicine being awarded 
to Charles Huggins. Gonadotropin-releasing 
hormone (GnRH) agonists and antagonists like 
leuprolide, goserelin, triptorelin, and histrelin 
have replaced diethylstilbestrol as the main cas-
tration-based therapies, due to increased risk of 
cardiovascular mortality with estrogen therapy. 
Additionally, AR antagonists including bicalu-
tamide, flutamide, and nilutamide function as 
competitive antagonists by binding the testos-
terone binding site in the AR LBD [58]. These 
drugs, collectively referred to as “first-genera-
tion” ADT, lead to suppression of circulating 
testosterone levels and blockade of AR signal-
ing. This is best exemplified by the ensuing 
reduction in serum levels of prostate specific 
antigen (PSA), an AR transcriptional gene tar-
get in PCa cells. The main limitation of ADT is 
that it is not curative, and the duration of the 
therapeutic response of patients varies from a 
few months to several years. This stage of the 
disease, where patients have stopped responding 
to ADT, is referred to as CRPC. This stage of 
the disease is lethal and often progresses quickly 
due to a lack of durable treatment options [58]. 
Progression to CRPC is usually indicated by 
rising serum PSA levels despite ADT, sug-

gesting re-engagement of the AR signaling axis. 
This has driven efforts to understand the mecha-
nisms by which AR signaling can resume under 
conditions of ADT, and develop new therapies 
that can counteract these mechanisms in patients 
with CRPC [58, 59].

 AR Gene Amplification in CRPC

An early comparative genomic hybridization 
study with matched PCa tissues from patients 
collected pre-ADT and post-ADT demonstrated 
that 30% of patients displayed AR gene amplifi-
cation, specifically in post-ADT tissues [60]. A 
follow-up study using fluorescence in situ hybrid-
ization confirmed these initial findings, and also 
demonstrated that AR mRNA expression was 
higher in tumors displaying AR gene amplifica-
tion [61]. Comparing the global gene expression 
profiles of seven isogenic pairs of hormone sensi-
tive and castration-resistant PCa xenografts 
revealed that the CRPC phenotype is consistently 
associated with increased expression of AR [62]. 
Mechanistically, this study further showed that 
higher expression of AR is sufficient for transi-
tion from hormone-sensitive PCa to a CRPC phe-
notype. For example, hormone sensitive LNCaP 
cells engineered to express a two- to threefold 
higher level of AR display increased growth 
under castrate conditions, as well as bicalutamide- 
stimulated growth. Consistent with these func-
tional data, more contemporary DNA sequencing 
studies of localized PCa and CRPC-stage tumors 
demonstrated that AR gene amplification is the 
most frequent event in CRPC genomes, occur-
ring in approximately 55–60% of CRPC cases 
but almost never in  localized PCa [63]. Whole 
genome sequencing of multiple metastases from 
CRPC patients revealed that persistent selective 
pressure of ADT drives separate cancer cell 
clones within the same patient to undergo distinct 
AR amplification events in distinct metastatic 
lesions. This study reinforces the importance of 
AR amplification as a key mechanism of resis-
tance to ADT in CRPC [64].
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 AR Somatic Mutations in CRPC

Primary PCa typically shows less mutational 
burden than other solid tumors, but upon progres-
sion of the disease, about 20% of patients pro-
gressing with CRPC show somatic mutations in 
the AR gene [65, 66]. Similar to AR gene amplifi-
cation, AR point mutations are exceedingly rare 
in ADT- naïve PCa. The best-described AR muta-
tions are T878A, H875Y, W742C and L702H in 
the AR LBD, which play a key role in promoting 
resistance to ADT. For example, T878A confers 
resistance to ADT by enabling AR activation in 
response to alternative ligands, including proges-
terone and the antiandrogen flutamide. Similarly, 
H875Y and W742C mutations enable AR activa-
tion in response to the antiandrogens bicalu-
tamide and flutamide [52, 67, 68]. The L702H 
mutation, alone or in combination with T878A, 
also broadens the agonist repertoire of AR, 
enabling AR activation by glucocorticoids [69]. 
The frequency of these somatic AR point muta-
tions appears to be enriched in CRPC patients 
treated with antiandrogens, indicating this is a 
major mechanism of resistance in patients under 
continuous selective pressure from AR 
antagonists.

 Amplification of an Upstream AR 
Enhancer in CRPC

Three recent studies integrated whole genome 
sequencing datasets or copy number microarrays 
with epigenetic datasets to reveal an important 
enhancer region regulating expression of the AR 
in CRPC. One study analyzed genome-wide copy 
number alterations from 149 tumors and identi-
fied an amplification hotspot encompassing the 
AR gene body, and another amplification hotspot 
located 650 kb centromeric to the AR gene body 
[70]. This upstream genomic region coincides 
with a region of DNaseI hypersensitivity in 
LNCaP cells that is essential for LNCaP cell via-
bility. Further analysis of H3K27ac ChIP-seq 
data in this study revealed that this upstream 
genomic region resembles a developmental 
enhancer that is selectively acetylated in CRPC, 

indicating potential reactivation [70]. In a related 
study using linked read whole genome sequencing 
(WGS), 70–87% of metastatic CRPC patient 
samples showed tandem duplication events lead-
ing to amplification of this upstream AR enhancer 
region compared to only 2% of ADT naïve PCa 
cases [71]. Another study employed integrative 
deep WGS coupled with RNA-seq to find that 
81% of 101 CRPC specimens displayed increased 
AR gene expression correlated with amplification 
of this enhancer region [72]. Collectively, these 
studies have demonstrated that amplification of 
an enhancer located ~650 kb upstream of the AR 
gene plays an important role in increasing the 
expression of AR mRNA in CRPC-stage tumors.

 AR Variants in CRPC

Alternative splicing of AR mRNA to create AR 
variant (AR-V) proteins that lack the LBD repre-
sents a resistance mechanism where AR can 
function independent of androgen ligands to 
bypass ADT [73]. To date, several AR-Vs have 
been discovered and reported in PCa cell lines, 
xenograft tumors, primary tumors, metastatic 
lesions, and circulating tumor cells [74, 75]. 
However, the most widely-studied AR-V is 
termed AR-V7, composed of contiguously- 
spliced AR exons 1, 2, 3 and cryptic exon 3 
(CE3). Development of antibodies specific to 
AR-V7 led to the finding that AR-V7 protein is 
rarely expressed (<1%) in primary PCa but 
detectable in >75% of CRPC cases. Expression 
of AR-V7 was homogenous within a tumor sam-
ple but was heterogeneous between different 
metastatic lesions from the same patient [76]. 
These studies aimed at evaluating the expression 
profiles of AR-V7 have suggested the potential to 
develop AR-Vs as biomarkers for resistance [77–
79]. For example, detection of AR-V7 mRNA or 
protein in circulating tumor cells from patients 
with CRPC has been evaluated as a treatment 
selection biomarker that predicts poor treatment 
outcomes with second-generation AR targeted 
therapies abiraterone and enzalutamide, but bet-
ter treatment outcomes with taxane chemother-
apy [80–82]. Another AR-V expressed in clinical 
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tissues that has been correlated with resistance to 
abiraterone acetate is AR-V9, composed of con-
tiguously spliced AR exons 1/2/3/CE5 [79, 83]. 
Importantly, many AR-Vs are co-expressed in 
clinical CRPC [84, 85], raising the question of 
whether AR-Vs function alone, or cooperatively 
with other AR-Vs to promote resistance. More 
than 20 such variants have been reported in PCa 
models and clinical tissues in the last several 
years [86]. It also remains unresolved whether 
the functional effects of AR-V7  in CRPC cells 
requires the activity of full-length AR.  For 
instance, knock-down of full-length AR in 
LNCaP cells engineered to overexpress AR-V7 
inhibited androgen-independent growth [87]. 
Similarly, antisense oligonucleotides that blocked 
expression of full-length AR inhibited the growth 
of an AR-V7 positive LNCaP model of acquired 
resistance to enzalutamide [88]. Conversely, anti-
sense oligonucleotides that blocked the expres-
sion of AR-V7 had no effect on growth of this 
enzalutamide-resistant LNCaP model. In light of 
these findings, it is important to note that AR-V7 
is co-expressed with full-length AR, and the main 
mechanism underlying AR-V7 expression 
appears to be amplification of the AR gene [89]. 
These findings underscore the context-dependent 
roles of AR-Vs in PCa and point to a need to 
understand the interplay between full length AR 
and AR-Vs in disease staging, developing predic-
tive biomarkers, and devising strategies for new 
therapies.

AR-V transcriptome and cistrome studies 
have provided important insights into the system- 
wide influence of these numerous AR isoforms in 
PCa. Gene expression profiling has shown that 
AR-Vs can activate many of the same transcrip-
tional targets as full-length AR, while also dis-
playing unique and distinct transcriptional 
targets. However, these differences may reflect 
different thresholds of activation between AR-Vs 
and full-length AR, and not absolute differences 
in transcriptional targets [87]. For example, 
AR-Vs were reported to uniquely activate genes 
involved in G2/M phase cell cycle progression 
like UBE2C and CCNA2 [90]. However, a subse-
quent study demonstrated that UBE2C and 
CCNA2 were also full-length AR targets that 

were induced depending on whether cells were 
maintained under conditions of low or high 
androgens [87]. In addition to differences in cell 
cycle regulation, differences in metabolic pro-
grams have been noted in cells expressing full- 
length AR vs. AR-V7 [91], with AR-V7-expressing 
cells displaying increased dependence on gluta-
minolysis and reductive carboxylation. One 
mechanism explaining differential regulation of 
transcriptional targets is differences in chromatin 
binding affinity, with AR-Vs having lower affin-
ity for canonical AREs than full-length AR [92, 
93].

 AR Cross-Talk with Other Signaling 
Pathways

The AR signaling axis displays extensive cross-
talk with other oncogenic pathways that are 
highly relevant in PCa. One such relevant path-
way is the PI3K/AKT/PTEN pathway. About 
20% of primary PCa samples display loss-of- 
function genomic alterations in PTEN, which 
increases to over 40% in CRPC.  These PTEN 
alterations are in addition to somatic mutations or 
gene amplification of PIK3CA and PIK3CB in 
PCa [63, 68]. AR-mediated non-genomic activa-
tion of PI3K in the cytosol promotes cell survival 
and inhibits apoptosis in androgen-sensitive cells 
[94]. Mouse xenografts of LNCaP cells overex-
pressing AKT show accelerated tumor growth 
relative to control xenografts [95]. 
Mechanistically, AKT mediates direct phosphor-
ylation of AR at Ser-213 and Ser-791, although 
the clinical relevance of these post-translational 
modifications has not yet been deciphered [96]. 
Collectively, these studies indicate that the PI3K 
signaling pathway positively regulates AR activ-
ity in PCa. However, PI3K signaling can nega-
tively regulate AR and AR can negatively regulate 
PI3K.  For example, FOXO3a binds to the AR 
promoter to upregulate AR expression, while 
FOXO1 recruits histone deacetylase 3 to decrease 
AR activity [97–99]. Further, PTEN loss results 
in suppression of androgen responsive transcrip-
tion, while active expression of AR results in 
increased expression of FKBP5 and 
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 dephosphorylation of AKT, thereby suppressing 
AKT activity [100]. Using a PTEN-deficient 
murine PCa model, it was shown that this nega-
tive crosstalk between PI3K and AR is reciprocal, 
such that inhibition of one pathway leads to the 
activation of another to maintain tumor cell sur-
vival [101]. All these studies suggest that a com-
bined therapeutic regimen targeting both AR and 
PI3K signaling would be more effective than tar-
geting either pathway alone.

The role of AR in directing PCa cells towards 
distinct microenvironments like bone in advanced 
PCa provide an insight into the role of AR in 
tumor metastasis. Regulation of chemokine sig-
naling via the Kruppel-Like Factor 5 (KLF5) 
transcription factor, chemokine receptor 4 
(CXCR4), and the CXCR4 ligand CXCL12 is 
one such proposed mechanism in PCa cells [102]. 
The normal prostate gland expresses CXCR4, 
which becomes upregulated in response to andro-
gens. Expression of CXCR4 is further elevated in 
bone metastatic lesions of PCa [103]. The ligand 
CXCL12 is a soluble chemoattractant highly 
enriched in bones. Upregulation of CXCR4 at the 
surface of LNCaP cells promotes cellular migra-
tion towards a CXCL12 gradient. Mechanistically, 
CXCR4 is indirectly regulated by AR via KLF5, 
which is an androgen-induced transcription fac-
tor necessary and sufficient for upregulation of 
CXCR4 and subsequent cellular functions in 
LNCaP cells [102]. The concept of increased 
androgen signaling, leading to increased CXCR4 
expression to cause cellular migration to distant 
bony sites provides a foundation for future work 
to explore the roles and therapeutic vulnerabili-
ties of chemokine signaling in aggressive meta-
static PCa [46].

Recent studies have reported bidirectional 
cross-talk between AR and the nuclear receptor 
super family member peroxisome proliferator 
activated receptor gamma (PPAR-γ). PPAR-γ can 
either activate or repress the activity of AR, and 
AR can also repress the activity of PPAR-γ [104, 
105]. These interactions between AR and PPAR-γ 
are mediated through PPAR coactivator 1 alpha 
(PGC1α) or through fatty acid binding proteins 4 
and 5 (FABP4, FABP5), but also other, yet to 
be defined mechanisms [106–108]. Thus, 

AR-dependent control of metabolic pathways 
appears to be central to PCa development and 
progression. PPAR-γ expression varies among 
PCa cell lines, with lower PPAR-γ expression in 
castration-sensitive cell lines like LNCaP and, 
higher PPAR-γ expression in castration resistant 
cell lines like C4-2 [109]. Although previous 
studies using PPAR-γ agonists suggested its role 
as a tumor suppressor in PCa [110], later 
transposon- based ‘sleeping beauty’ screen found 
that increased expression of PPAR-γ coupled 
with loss of PTEN promotes prostate tumorigen-
esis [111]. Further studies showed that PPAR-γ 
agonists increase AR signaling through an 
androgen- dependent and PPAR-γ-dependent 
mechanism [112, 113]. In larger studies using tis-
sue microarray, RT-PCR and immunohistochem-
istry, PPAR-γ expression was found to be 
positively correlated with advanced PCa suggest-
ing a more oncogenic role for PPAR-γ and its 
ligands [114, 115]. Gene set enrichment analysis 
of AR target genes regulating metabolism and 
biosynthetic pathways, showed enrichment for 
carbohydrate metabolism and PGC1α gene sets, 
further underscoring the relevance of this path-
way in regulating AR and metabolic pathways in 
PCa cells [33]. As more ligands of AR and 
PPAR-γ enter clinical development, the intricacy 
of the bidirectional crosstalk between AR and 
PPAR-γ needs to be fully characterized in 
castration- sensitive PCa and CRPC.

 Therapeutic Advances in AR 
Targeting for CRPC-Stage Disease

Studies of a cohort of CRPC tissues collected 
from PCa patients indicated that intra-tumoral 
levels of androgens were persistently high, 
despite castrate levels of androgens in the blood. 
This suggested that intracrine steroidogenesis in 
tumors could bypass the low levels of circulating 
androgens [116–118]. Understanding the mecha-
nisms of AR re-activation in response to ADT in 
CRPC led to the development of second- 
generation AR-targeted therapies abiraterone 
acetate and enzalutamide [119–121]. Abiraterone 
acetate targets CYP17A1, an enzyme involved in 
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conversion of cholesterol to the androgen precur-
sor pregnenolone by blocking its 17,20 lyase and 
17α-hydroxylase activities, thus inhibiting syn-
thesis of DHT and hence reducing de novo pro-
duction of androgens in the tumor tissue. 
Additionally, abiraterone acetate inhibits these 
CYP17A1 activities in the adrenal cortex, thus 
preventing the synthesis of adrenal androgens. 
More recently, AR antagonist activity was 
reported for a metabolite of abiraterone, 
Δ4-abiraterone, which provides further basis for 
its anti-tumor activity [122]. Enzalutamide 
(MDV-3100) acts as a competitive antagonist of 
the AR LBD, which reduces AR nuclear translo-
cation and chromatin binding, and thereby blocks 
expression of AR target genes. As with first- 
generation ADT, development of resistance rep-
resents a major limitation of therapy with both 
abiraterone and enzalutamide. As discussed ear-
lier, expression of AR-V7 and perhaps other 
AR-Vs is associated with resistance to both of 
these agents. Additionally, mechanisms like 
increased expression of steroidogenic enzyme 
AKR1C3 and activation of the 5α-dione pathway 
have been implicated in developing resistance to 
abiraterone [119, 123, 124]. Somatic mutations 
such as F876L in the AR LBD are associated 
with resistance to enzalutamide in models of 
CRPC progression, although the prevalence of 
F876L AR in clinical specimens appears to be 
low [125, 126].

 Emerging Therapeutic Strategies 
to Target AR in CRPC

The ongoing durability of AR signaling in CRPC, 
which includes patients that have been treated 
with potent inhibitors such as enzalutamide and 
abiraterone, indicates an ongoing need to develop 
novel AR-targeted therapies. Broadly speaking, 
the current arsenal of AR-targeted therapies for 
PCa patients all exert their action by preventing 
androgen production, or by binding to the AR 
LBD. Given the importance of additional func-
tional domains of the AR protein, one emerging 
strategy is to develop therapeutics that targets the 
AR NTD or the AR DBD. Additionally, there are 

currently no approved PCa therapies that degrade 
or block expression of AR protein, which may be 
important for counteracting the widespread over-
expression of AR observed in CRPC tumors har-
boring AR amplification. Below, we highlight 
experimental therapies that are being developed 
to target alternative domains on the AR protein, 
or block AR expression in PCa cells.

One strategy for targeted degradation of AR is 
using proteolysis targeting chimeric (PROTAC) 
technology. A PROTAC that has been developed 
to target AR is a bifunctional drug-like small 
molecule with one chemical moiety that binds 
the Von-Hippel-Lindau (VHL) E3 ubiquitin 
ligase complex and the other chemical moiety 
representing DHT, which binds the AR LBD 
[127, 128]. In treated PCa cells, these PROTACs 
bind to AR and recruited VHL E3 ligase, which 
induces AR polyubiquitination and degradation, 
leading to reduced levels of AR protein in cells 
and G1 growth arrest. Although these compounds 
are cell permeable and specific to AR, prolonged 
treatment with these PROTACs leads to cytotox-
icity [128]. Recently, a more potent enzalutamide- 
based PROTAC called ARCC-4 has been 
developed and compared to enzalutamide under 
different cellular conditions. ARCC-4 selectively 
degraded about 95% of cellular AR in LNCaP 
cells. ARCC-4 was also very effective in LNCaP 
cells overexpressing AR point mutations F876L 
and T877A, as measured by reduced PSA levels 
in these cells upon treatment with ARCC-4. 
Unlike enzalutamide, ARCC-4 was able to block 
proliferation of VCaP cells under high androgen 
conditions, further demonstrating the advantage 
of this PROTAC over its parent compound [129]. 
The development of these AR degraders for ther-
apeutic benefit in CRPC offers a new treatment 
strategy that can be tailored to create additional 
PROTACs targeting other proteins like bromodo-
main and extraterminal (BET) family proteins. 
Recently, the BET degrader ARV-771 was shown 
to indirectly target expression and activity of the 
AR-V7 splice variant [130].

A pressing challenge in the CRPC field is the 
development of agents that selectively target 
expression or activity of AR-Vs. Recently, selec-
tive AR degraders (SARDs) were developed that 
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lead to efficient reduction in the activity of full 
length AR and AR-Vs even at sub-micromolar 
doses. SARDs UT-69 and UT-155 reduce AR 
expression and downstream transcription in 
LNCaP cells more effectively than enzalutamide. 
These SARDs are competitive antagonists of the 
AR LBD, but also bind the AR NTD domain at 
the AF-1 region. Further modification of UT-155 
led to the development of R-UT-155, which could 
directly bind the AF-1 domain, but did not bind 
the AR LBD. Consistent with an AF-1-directed 
mechanism of action, R-UT-155 inhibited expres-
sion of AR and AR-Vs in the AR-V7-positive 
CRPC cell line 22Rv1. Moreover, R-UT-155 
inhibits the growth of 22Rv1 xenografts in mice. 
These SARD compounds may provide a new 
avenue to inhibit AR by binding to and reducing 
expression of AR and AR-V proteins in CRPC 
cells [131].

In addition to the development of novel 
molecular entities for blocking AR expression, 
recent efforts have involved screening FDA- 
approved drugs for efficacy in CRPC cells. This 
led to the identification of niclosamide, an anti- 
helminthic drug, as a possible therapeutic that 
could be re-purposed for inhibition of AR in PCa 
[132]. Functional studies with niclosamide 
showed this drug could re-sensitize CRPC cells 
to treatment with both abiraterone and enzalu-
tamide [133, 134]. Further, niclosamide was able 
to overcome the ability of AR-V7 to promote 
resistance to bicalutamide [135]. Based on these 
encouraging pre-clinical findings, niclosamide is 
being tested in combination with enzalutamide in 
a phase I clinical trial (NCT02532114).

Mutational hot spots that reside near the AR 
LBD, such as the binding function-3 (BF-3) 
pocket located near the AF-2 domain, have also 
been explored as targets in PCa cells resistant to 
enzalutamide. The BF-3 domain has functional 
significance in nuclear translocation of AR 
through interactions with cytoplasmic (like 
SGTA) and nuclear (e.g. FKBP52, BAG1L) co- 
chaperones [136–139]. VPC-13566 was devel-
oped as a potent and selective small molecule 
inhibitor of AR that binds specifically to the AR 
BF-3 domain [139]. In cells treated with VPC- 
13566, reduced AR transcriptional activity was 

observed. Mechanistically, this appears to be due 
in part to impaired translocation of AR to the 
nucleus. Because this compound inhibits AR BF- 
3 binding to cytoplasmic SGTA and nuclear 
BAG1L factors, it could be perceived to affect 
two separate pathways and therefore have less 
likelihood of promoting resistance. In xenograft 
studies, mice treated with VPC-13566 showed 
reduced tumor growth [139]. However, due to 
pharmacokinetic limitations, VPC13566 needs to 
be optimized for better in vivo stability and bio-
availability before it can advance in clinical 
development [139].

Given that the AR NTD is responsible for the 
majority of AR transcriptional activity, the AR 
NTD represents an attractive therapeutic target to 
block activity of full length AR as well as AR-Vs. 
However, the AR NTD represents a challenging 
therapeutic target, because it is an intrinsically 
disordered domain of the AR [13]. Two classes of 
molecules, the EPI-series of bisphenol-like com-
pounds, as well as Sintokamides, bind the AR 
NTD directly [140–142]. The compounds EPI- 
001 and EPI-002 engage and covalently bind to 
the AR NTD in treated cells, and thereby block 
the ability of the AR NTD to recruit co-activators 
such as CBP [140]. In NMR studies, EPI-001 
was shown to bind to the AR TAU5 domain in the 
AR NTD, which is presumed to precede forma-
tion of a covalent bond between TAU5 via a 
chlorhydrin moiety on EPI-001. However, the 
specificity of EPI-series compounds for binding 
the AR NTD is debatable, given that the highly- 
reactive chlorhydrin moiety of EPI-series com-
pounds is required for the anti-AR action in cell 
models [140]. Indeed, EPI-001 was shown to 
have general non-specific alkylating activity in a 
pH-dependent manner, and also have PPAR-γ 
agonist activity, two properties which could also 
account for the anti-AR action of these com-
pounds [143]. A pro-drug formulation of EPI- 
002, termed EPI-506, recently advanced to a 
Phase I/II clinical trial for metastatic PCa 
(NCT02606123) [99], but this trial was recently 
discontinued.

An additional domain of AR that could pro-
vide a therapeutic targeting opportunity is the 
DBD.  Small molecule inhibitors have been 
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designed to target a small pocket exposed at the 
surface of the AR DBD and block the ability of 
the AR DBD to bind DNA. One such molecule 
termed VPC-14449 inhibits activity of full length 
AR and induced regression of LNCaP xenografts 
in mouse studies [144]. Mechanistically, VPC- 
14449 affects the chromatin binding interactions 
of wild-type and mutant forms of full length AR 
as well as AR-Vs. As a result, transcriptional pro-
grams mediated by full length AR, AR-Vs, or AR 
mutants such as F876L are all repressed. 
Interestingly, additive effects of VP-14449 and 
enzalutamide co-administered simultaneously 
suggest an attractive pre-clinical rationale for the 
development of combination therapies [145]. 
These studies led to the development of another 
lead compound termed VPC-17005, which binds 
selectively to the D-box of the AR DBD, thereby 
blocking AR dimerization. Consequently, this 
compound inhibits transcription of AR target 
genes [146].

 Conclusions

AR is a master regulator in PCa that is crucial to 
disease development, progression and treatment. 
The presence of full-length AR along with gen-
eration of multiple AR-Vs creates intra-tumoral 
and intra-cellular heterogeneity of AR expression 
and activity in CRPC. There are myriad complex-
ities to these heterogeneous transcriptomes and 
cistromes that are important for the field to deci-
pher and understand. The biphasic nature of 
androgen signaling, escape from ADT, and rapid 
progression of aggressive CRPC present many 
variables that impact the androgen dependence 
and therapeutic responsiveness of PCa. The fail-
ure of several single-agent drug targets and path-
way inhibitors in clinical trials that showed 
promising results in pre-clinical studies could be 
attributable to this vast heterogeneity. Efforts 
aimed at carefully selecting patients based on the 
presence of AR gene mutations, AR amplifica-
tion, expression of AR-Vs, and status of related 
pathways including PTEN, could all impact the 
success of novel AR-targeted therapies in clinical 
trials. The myriad challenges also bring new and 

interesting solutions to target AR, AR-Vs, and 
AR target genes with potent and selective inhibi-
tors that work alone or in combination with cur-
rent anti-androgens.
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 Introduction to CRPCa and NEPCA

 Prostate Cancer Progression

Prostate cancer (PCa) is the most common non- 
skin cancer and the second leading cause of 
cancer- related deaths among American men. 
Over 164,000 new cases and 29,000 deaths were 
reported in 2018. Large efforts have been made to 
study prostate carcinogenesis and to improve the 
strategies of treatment in the hopes of achieving 
complete remission of the disease. Currently, the 
localized disease, which is when there are no 
cancer cells identifiable in regional lymph nodes 
or distant organ metastasis, is treated with active 
surveillance, surgery, and radiation.

Metastatic or advanced PCa, on the other 
hand, is primarily treated with hormone therapy. 
In 1966, Charles B. Huggins received the Nobel 
Prize in Physiology for his discovery that PCa 
depends on the androgen hormone for tumor 
growth [1]. Since then, androgen deprivation 
therapy (ADT) has been the standard of care for 
treating metastatic or locally advanced PCa. This 
treatment can be achieved by administering either 
anti-androgen agents or androgen synthesis 
inhibitors and is largely based on the assumption 
that PCa cells will not survive in an androgen- 
depleted microenvironment. However, despite 
the initial effectiveness of this treatment, most 
advanced PCa patients develop resistance to ADT 
and the disease eventually progresses to castrate- 
resistant prostate cancer (CRPCa), which is 
defined by the following criteria [2]:

 1. Castrate serum levels of testosterone <50 ng/
dl or 1.7 nmol/l.

 2. Three consecutive rises of PSA.
 3. Anti-androgen withdrawal for at least 

4 weeks.
 4. Progression of pre-existing disease.
 5. Two or more osseous or soft tissue lesions.

CRPCa is an incurable and highly lethal dis-
ease. Approximately 90% of the CRPCa patients 
develop distant organ metastases, and the mean 
survival period of CRPCa patients after diagnosis 
is only 16–18 months.
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 Mechanisms Driving CRPCa 
Progression

The prostate is an androgen-dependent organ. 
Androgens and androgen receptor (AR) signaling 
regulate the physiological development and 
growth of normal prostates. In the absence of 
androgens, cytoplasmic heat-shock proteins bind 
to and retain AR. Upon the binding of androgen, 
AR dissociates from the heat-shock proteins, 
translocates to the cell nucleus, and binds to andro-
gen response elements in the DNA, activating 
genes important for cell survival, growth, and pro-
liferation [3, 4]. These include genes that are 
involved in androgen biosynthesis, DNA synthesis 
and repair, cell cycle regulation, and proliferation.

Similar to normal prostate epithelial cells, 
prostate cancer cells are also dependent on andro-
gens for cell proliferation, which is the basis for 
ADT.  However, during the progression to 
castrate- resistance, PCa cells develop ways to 
survive, grow, and proliferate despite androgen 
ablation [5]. Several mechanisms, both 
AR-dependent and AR-independent, have been 
proposed to drive this [3, 6]. Studies have shown 
that many CRPCa cases retain AR signaling [7], 
and that AR alterations, including AR amplifica-
tions and mutations, play a significant role in the 
development of CRPCa [8]. A subset of therapy- 
resistant PCa, however, develop AR-independent 
mechanisms for survival after androgen depriva-
tion, including cross talk with alternative signal-
ing pathways and the acquisition of stem cell 
features and the neuroendocrine (NE) phenotype. 
Frequently, these different pathways are concur-
rently involved in the pathogenesis of CRPCa.

 AR-Dependent Mechanisms
AR signaling is believed to remain active in most 
CRPCa cases [3, 4, 9]. AR-stimulated genes that 
are initially repressed during ADT subsequently 
rebound and promote cancer progression [10, 
11]. Studies have identified several mechanisms 
that drive the persistence of AR signaling in 
CRPCa. It has been shown that despite androgen 
deprivation, intratumoral levels of androgen in 
patients with CRPCa are similar to those of 
patients that did not undergo hormone therapy 

[12]. One reason is that enzymes which are 
involved in androgen biosynthesis were upregu-
lated in the tumor microenvironment [12–14]. 
Also, studies have found significant heterogene-
ity in the expression of various steroidogenic 
enzymes and alternative androgen biosynthesis 
pathways in CRPCa patients [15, 16]. These 
mechanisms could continue to supply testoster-
one and sustain AR signaling in PCa cells follow-
ing androgen deprivation.

Alterations of AR provide another way to 
compensate for androgen deprivation and pro-
mote cancer progression. Alterations occur either 
through mutations or amplifications, resulting in 
PCa cells being activated by other ligands or 
hypersensitive to low levels of androgens. For 
example, AR mutations allow for decreased 
ligand specificity, leading to AR activation by 
alternate steroids, such as estrogens, corticoste-
roids, and progesterone [17]; and AR amplifica-
tions sensitize PCa cells to castrate-levels of 
androgens [11]. Meanwhile, AR variants, which 
lack the C-terminus ligand binding domains, are 
constitutively active [18–25]. Moreover, a 
5-amino-acid WHTLF motif located in the NH2 
terminal region of AR can mediate androgen- 
independent AR activation [26]. Although AR 
mutations or AR variants are not the principal 
driver of primary PCa, studies have found that 
treating PCa with AR antagonists increases the 
burden of AR mutations and the expression of 
AR variants [27–29]. This suggests that androgen 
deprivation acts as a selective pressure for muta-
tions and splicing variants in the AR gene in 
advanced PCa.

AR signaling can also be activated in the 
absence of androgens by growth factors and cyto-
kines, as well as the elevated expression of AR 
co-activators [3]. These mechanisms act on the 
transcriptional activity of AR, upregulating the 
transcription of downstream target genes that 
promote cell growth and proliferation. For exam-
ple, chromatin immunoprecipitation analyses 
have revealed enhanced activities of the AR co- 
activators MED1, FOXA1 and GATA2 in CRPCa 
cells [30]. These results indicate that the distinc-
tive pattern of AR transcriptional activity in 
castrate- resistant cells is determined to a large 
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extent by coactivator stimulation and accompa-
nying chromatin modifications.

Additionally, a recent study from our labora-
tory has shown that, Foxa2, a forkhead transcrip-
tion factor downstream of Wnt/β-Catenin 
signaling, sustains the expression of AR target 
genes in PCa after castration [31]. This study was 
conducted using TRAMP SV40 T-antigen trans-
genic mice where the expression of T-antigen is 
driven by an androgen-responsive, prostate- 
specific Probasin promoter. It was found that 
T-antigen is expressed in prostatic tumors even 
after the castration of these mice and that Foxa2 
is co-expressed in T-antigen positive cells. A sub-
sequent functional study found that ectopic 
expression of Foxa2 is sufficient to drive the 
expression of T-antigen in prostate epithelial 
cells after androgen deprivation. Chromatin 
immunoprecipitation assays showed that Foxa2 
binds to the promoter regions of AR target genes, 
regardless of the presence of androgens and con-
current with the occupancy of active transcription 
marks, H3K27Ac3. This indicates that Foxa2 
provides an alternate mechanism for retaining 
AR signaling after ADT.  Further identification 
and exploration of other alternative survival path-
ways could provide critical data on PCa biomark-
ers and combined therapies.

Because of the central role of AR signaling in 
CRPCa progression, many studies have focused 
on targeting AR signaling. This has led to the 
development of the second generation of the anti- 
androgen drug, enzalutamide, which inhibits 
nuclear localization and chromatin binding of AR 
[32], as well as abiraterone, which blocks the 
production of testosterone and other androgens in 
the testis, adrenal cortex, and tumor tissue [33]. 
Though these therapies are effective in treating 
symptoms of advanced PCa and prolonging life, 
they nevertheless remain ineffective in curing 
CRPCa and the tumors eventually progress.

 AR-Independent Mechanisms
Although the newer and more potent treatments 
that block AR signaling in PCa have significantly 
improved patient survival, there remains a sub- 
population of PCa that do not respond to the 
AR-targeted treatment. Even in patients who do 

respond initially, these drugs only extend life for 
several months and eventually fail. A possible 
reason for this is that some tumors, under selec-
tive pressure during ADT, develop mechanisms 
to bypass their dependency on AR signaling. 
Such mechanisms include the upregulation of 
glucocorticoid receptor expression, inactivation 
of tumor suppressor genes such as PTEN, and 
activation of oncogenic pathways such as PI3K/
Akt and Wnt/β-Catenin signaling [34–36]. Also, 
late stage PCa cells display cellular plasticity, 
resulting from genetic and epigenetic alterations 
[37, 38]. The re-programmed transcriptome 
could cause the loss of expression of prostate dif-
ferentiation genes such as AR, FOXA1, and 
SPDEF and the gain of expression of stemness 
genes in late stage PCa cells. These changes pro-
mote the PCa cells to undergo NE differentiation 
and/or acquire stem cell features, enabling the 
growth of PCa cells independent of AR signaling. 
The mechanisms that override AR signaling in 
PCa are the focus of this section and will be fur-
ther discussed in the remainder of this chapter, 
beginning with an overview of NE 
differentiation.

 Neuroendocrine Differentiation 
of Carcinoma Cells

An increasingly recognized mechanism of resis-
tance to ADT in PCa involves epithelial plastic-
ity, in which cancer cells lose prostate epithelial 
differentiation, express no or low levels of AR 
and AR targets, and display neuroendocrine (NE) 
features [39]. Although most human PCa cases 
are adenocarcinomas, NE differentiation in PCa 
is common after the failure of ADT [39–43]. 
With the use of new, more potent anti-androgens 
and drugs that block androgen synthesis in pros-
tate, “therapy-induced” progression to NEPCa is 
seen in 25–30% of patients [39–43]. Similar to 
prostate small-cell carcinomas, which are typi-
cally castrate-resistant and highly aggressive, 
PCa exhibiting NE differentiation is associated 
with poor prognosis, as these tumors rapidly 
become resistant to hormone therapy, 
 chemotherapy and radiotherapy [42]. Currently, 
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there are no effective treatments for PCa with 
prominent NE differentiation.

Histologically, a normal adult prostate is com-
prised of epithelial components embedded in a 
background of fibromuscular stroma. The epithe-
lial components consist of luminal secretory cells, 
basal cells, and NE cells, which account for less 
than 1% of the prostatic epithelial cells. In PCa, 
approximately 5% of early stage of PCa show NE 
differentiation. However, after long- term ADT, up 
to 40–100% of late stage prostatic tumors have an 
increase in NE cells [39–54]. Different from small 
cell carcinomas, which are sheets of poorly-dif-
ferentiated cancer cells, PCa that have NE differ-
entiation maintain glandular architecture with 
cells that express NE markers such as chromo-
granin A, synaptophysin, and/or enolase scattered 
among the adenocarcinoma cells.

NE cells, which express little or no AR, are 
more commonly observed in AR-independent 
than in AR-dependent tumors. It is likely that NE 
differentiation provides an escape mechanism for 
cancer cells to survive in a microenvironment of 
androgen deprivation [48]. Moreover, data from 
clinical studies suggest that androgen withdrawal 
induces a NE phenotype in human PCa [39, 40, 
47, 48]. A similar phenomenon has also been 
observed in cell culture and animal models. 
Studies have shown that androgen depletion or 
knocking down AR induces NE differentiation in 
androgen-dependent LNCaP PCa cells [55–57]. 
In animal models, castration accelerates the 
emergence of NE tumors in TRAMP mice [58–
60]. Additionally, androgen withdrawal through 
the castration of host mice induces NE differen-
tiation in human PCa xenografts [61–63]. Taken 
together, these findings suggest that androgen 
deprivation selects for, or even accelerates, the 
process of NE differentiation.

In addition to ADT, a number of other mecha-
nisms can induce NE differentiation in PCa, 
including exposure to db-cAMP [64] or IL-6 
[65], over-expression of PCDH-PC [66] or 
MYCN [67, 68], inactivation of RB1 and TP53 
[69, 70], hypoxia condition through the down- 
regulation of Notch signaling [71], and the coop-
eration of FOXA2 and HIF1a [72]. Increased NE 
differentiation is also observed in PCa after a 

treatment with ionizing radiation or receptor 
tyrosine kinase inhibitors [44, 73]. It has been 
speculated that therapy-induced cellular stress 
reprograms the transcriptome in cancer cells, 
enabling them to develop alternative mecha-
nisms, such as NE differentiation, for survival.

Not only are the NE cells resistant to thera-
pies, studies suggest that they also promote the 
progression of non-NE PCa cells. For example, 
prostatic NE cells often preferentially reside in 
close proximity to non-NE proliferating cells, 
suggesting that NE cells may promote the prolif-
eration of adjacent cells through the secretion of 
growth-modulating neuropeptides [74]. In line 
with this view, it has been shown that serotonin, a 
neuropeptide, promotes the proliferation and 
migration of PCa cells [75]. It has also been 
shown that co-culturing LNCaP cells with 
NEPCa cells promotes the androgen-independent 
growth of the former as well as their metastatic 
ability [75–79]. Taken together, results from 
these studies support that NEPCa cells release 
neuropeptides to promotes CRPCa progression.

 The Cell of Origin of NEPCa

The cell of origin of NEPCa is not yet fully 
defined. During development, normal NE cells in 
prostates are derived from the neural crest [80]. 
However, NE cancer cells may arise via a differ-
ent route. A recent lineage tracing study in mice 
found that NEPCa cells arise from the trans- 
differentiation of adenocarcinoma cells in Trp53 
and Pten compound mutant PCa mouse models 
[81]. This suggests that normal NE cells and NE 
cancer cells have different origins. In humans, 
genetic data also support the concept that NEPCa 
cells arise from the trans-differentiation of pros-
tate adenocarcinoma. For example, the same 
mutation of TP53 was found in both non-NE and 
NE areas on a prostatic tumor but not in the nor-
mal adjacent epithelia, indicating that this muta-
tion is not a somatic mutation and that the two 
morphologically different types of cancer share 
the same cell of origin [82]. Moreover, it has been 
shown that the NEPCa and prostate adenocarci-
noma cells which were micro-dissected from 
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radical prostatectomy specimens shared all of the 
microsatellite markers examined, further sup-
porting that NEPCa cells have common origin 
with non-NE PCa [83]. Finally, androgen- 
stimulated TMPRSS2-ERG fusions, which are 
frequently observed in prostate adenocarcinoma 
[84], are also detected in NEPCa [50, 85], sug-
gesting that NEPCa arises from AR-positive 
prostate adenocarcinoma.

Similar indications of NE trans-differentiation 
have been observed in other types of cancer, after 
patients are heavily treated with chemo- or tar-
geted therapies. For example, while small cell 
lung cancer (SCLC, a type of neuroendocrine 
cancer) predominantly arise from transformed 
pulmonary NE cells, a subset of SCLC tumors 
arise via trans-differentiation. One study found 
that 5/37 (14%) non-small cell lung cancer 
(NSCLC) cases progressed to SCLC after they 
developed resistance to EGFR-targeted therapies 
[86]. These SCLC tumors retained the original 
EGFR mutations, suggesting that the SCLC cells 
have the same origin as the NSCLC and that NE 
tumors can arise from epithelial cells via 
trans-differentiation.

 Epigenetic Reprogramming Leads 
to NEPCa

Next-generation sequencing studies using DNA 
and RNA isolated from PCa patients indicate that 
NEPCa tumors exhibit a similar mutation burden 
but a different transcriptome profile from non-NE 
CRPCa [87]. This suggests that the acquisition of 
the NE phenotype is driven by epigenetic, tran-
scriptional reprogramming but not genetic altera-
tions. These epigenetically dysregulated 
pathways include the master regulators of neural 
lineage, cell-cell adhesion, epithelial-to- 
mesenchymal transition, and stem cell program-
ming, all of which are thought to be involved in 
the development of NEPCa. For example, NEPCa 
tumors express neural markers Chromogranin A, 
Synaptophysin, and neuron specific enolase. 
BRN2, a master transcription factor that controls 
neuronal differentiation, is induced in NEPCa 
[7]. The expression of REST, a transcriptional 

repressor that represses the expression of neural 
genes, is reduced/lost in NEPCa. SRRM4, an 
RNA splicing factor, is induced in NEPCa. 
Studies have shown that SRRM4 is involved in 
regulating the alternative splicing of REST and 
that ectopic expression of SRRM4 promotes NE 
differentiation [88].

Concurrent with the increased expression of 
neural markers, NEPCa tumors display reduced 
expression of genes that regulate prostate differ-
entiation such as AR and its co-factor, FOXA1, 
as well as SPDEF, an ETS transcription factor 
that is highly expressed in the luminal epithelial 
cells of normal prostates [87, 89]. While the 
expression of prostate-differentiation genes is 
reduced, genes that are expressed during embry-
onic prostate development or in stem cells such 
as FOXA2 and SOX2 are up-regulated in NEPCa 
[54, 90, 91].

The altered transcriptome in NEPCa may 
result from epigenetic reprogramming by altered 
expression of key DNA and histone modification 
enzymes. This is supported by the observation 
that the DNA methylation profile of NEPCa is 
quite different from that of prostate adenocarci-
noma [87]. In line with this, the expression of 
DNA modification enzymes including DNA 
methyltransferases (DNMT1 and DNMT3) and a 
putative DNA demethylase (TET1) is altered in 
NEPCa [87, 92]. Concordantly, promoter meth-
ylation is observed in 22% of the dysregulated 
genes, including SPDEF, in NEPCa. Additionally, 
NEPCa cells often exhibit altered expression of 
key histone modification enzymes such as the 
Polycomb Group (PcG) proteins and histone 
demethylases [92–94].

The most notable epigenetic regulator that is 
elevated in NEPCa is EZH2 [92–94]. EZH2 is 
the catalytic subunit of the Polycomb repressive 
complex 2 that regulates histone methylation 
and silences the expression of target genes. 
Polycomb proteins are highly expressed in 
embryonic stem cells and play critical roles in 
stem cell maintenance and cell lineage determi-
nation [95–101]. Aberrant expression of 
Polycomb proteins can cause misregulation of 
genes that are involved in controlling cell dif-
ferentiation, preserving cell identity, and modu-

Wnt/Beta-Catenin Signaling and Prostate Cancer Therapy Resistance



356

lating the cell cycle [95–102]. A recent genomic 
profiling study identified EZH2, together with 
CBX2, another component of the Polycomb 
complex, as the most overexpressed genes in 
NEPCa [92]. In correlation with the elevated 
expression of EZH2, many target genes of 
EZH2, including DKK1, a Wnt inhibitor, and 
some key prostate differentiation genes such as 
HOXA13 and NKX3-1, are down regulated in 
NEPCa [87]. Together, these studies suggest 
that the elevated expression of EZH2 and other 
epigenetic regulators reprogram the transcrip-
tome in therapy-resistant PCa cells, resulting in 
cellular plasticity and NE differentiation. In line 
with this concept, studies have shown that AR 
signaling suppresses the expression of EZH2 
and inversely, androgen deprivation activates 
the CREB/EZH2 axis, promoting NE differen-
tiation in PCa [103, 104]. Moreover, inhibition 
of EZH2 induces the re-expression AR and sup-
presses the growth of NEPCa [105], indicating 
that epigenetic reprogramming plays an impor-
tant role in the induction and/or maintenance of 
the NE phenotype in PCa [106].

Finally, genetic alterations in the tumor sup-
pressor genes RB1 and TP53 frequently occur 
in NEPCa [87, 107–111]. Loss of RB1, TP53, 
or concurrent loss of function of both genes, 
was detected with higher frequency in NEPCa 
compared with non-NE CRPCa [87]. The func-
tional involvement of RB1 and TP53 in NEPCa 
has been well established. In genetically engi-
neered mice, inactivation of Trp53 and Rb, 
either by the expression of SV40 T-antigen 
[112] or through genetic deletions of both 
Trp53 and Rb alleles [113], is sufficient to 
cause metastatic PCa with NE features. It is 
noteworthy that loss of RB1 and TP53 leads to 
the induction of EZH2 [114–117]. For exam-
ple, studies have found that the expression of 
EZH2 is associated with inactivation of TP53/
RB1  in SCLC and breast cancer [114, 117]. 
EZH2 is induced by altered E2F/Rb [116, 117], 
and TP53 binds directly to EZH2 promoter and 
suppresses its expression [115]. This suggests 
that the loss of function of RB1 and TP53 is 
mediated by epigenetic reprogramming in 
NEPCa.

 Conclusion

In summary, ADT is the gold standard for treat-
ing advanced PCa. However, over time, these 
tumors inevitably become resistant to androgen 
deprivation and begin to regrow. After ADT 
fails, there is often an increase in the aggressive 
NE phenotype. It is suggested that epigenetic 
reprogramming plays a role in inducing cellular 
plasticity and the acquisition of NE features. 
During this process, stem cell signaling path-
ways can be re-activated and become involved 
in the induction of NE differentiation. In the 
following section, we will introduce a key stem 
cell signaling pathway, Wnt/β-Catenin signal-
ing, and discuss how it contributes to PCa 
progression.

 Wnt/Beta-Catenin Signaling 
Pathway Overview

One of the mechanisms that PCa cells use to 
bypass their dependency on AR signaling, resist 
chemotherapy, and progress to CRPCa/NEPCa 
is the activation of Wnt/β-Catenin signaling, 
which plays important roles in embryonic devel-
opment and carcinogenesis of several types of 
cancer. Accumulating evidence indicates that 
Wnt/β- Catenin signaling is active in late stage 
PCa and promotes castrate-resistant growth 
[35]. This section will provide an overview of 
the components of the Wnt/β-Catenin pathway 
(Fig. 1).

Wnts are a family of secreted cysteine-rich 
glycoproteins that regulate cell fate determina-
tion, cell proliferation, and differentiation [118]. 
The binding of Wnt ligands to cell surface recep-
tors activates signal transduction pathways. 
Transmembrane Frizzled (FZD) receptors and 
co-receptor Low-Density Lipoprotein Receptor- 
Related Proteins (LRPs) mediate Wnt signaling. 
Transmembrane E3 ligases, ZNRF3 and RNF43, 
promote the lysosomal degradation of the FZD 
receptors, negatively regulating the Wnt pathway. 
R-spondins, secreted proteins that are positive 
regulators of Wnt signaling, bind to Leucine Rich 
Repeat Containing G Protein-Coupled Receptors 
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(LGRs) and inhibit the activities of the ZNRF3/
RNF43 E3 ligases, leading to increased 
 expression of FZD receptors on the cell surface 
and enhanced activation of Wnt signaling. The 
Wnt pathway is also modulated by endogenously 
secreted inhibitors including sFRPs, DKKs, and 
WIF [119]. These antagonists act on the Wnt 
ligands or the Wnt receptors/co-receptors to pre-
vent the activation of the signaling pathway.

Activation of the Wnt pathway involves the 
canonical Wnt/β-Catenin pathway and the non- 
canonical Wnt/Ca2+ and Wnt/polarity pathways 
[118]. In the canonical pathway, β-Catenin is the 
main mediator of Wnt signaling in the nucleus. 
This section will focus on the involvement of 
canonical Wnt/β-Catenin pathway in PCa 
progression.

A hallmark of active Wnt/β-Catenin signal-
ing is the stabilization of β-Catenin levels in the 
cell [120]. β-Catenin exists in two cellular 
pools: the membrane-bound pool and the cyto-
plasmic/nuclear pool. On the cell membrane, 
β-Catenin is a component of the E-Cadherin/α-
Catenin/β- Catenin complex, which is an 

E-Cadherin-based adherens junction at the cell 
surface. E-Cadherin negatively regulates cyto-
plasmic/nuclear β-Catenin signaling by seques-
tering adherens junction-bound β-Catenin to 
the cell membrane. When the E-Cadherin com-
plex is internalized or when its expression level 
is reduced, such as when the cells are induced 
to undergo EMT, β-Catenin is released to the 
cytoplasm. Tyrosine phosphorylation of 
β-Catenin can also release β-Catenin from the 
cell membrane by inducing the breakdown of 
the E-Cadherin/α-Catenin/β- Catenin complex 
[121, 122].

In the absence of Wnt signaling, cytoplas-
mic β-Catenin is rapidly degraded by a destruc-
tion complex that contains the adenomatous 
polyposis coli (APC) protein, AXIN, Casein 
Kinase, β-Transducin-Repeat-Containing 
Protein (β-TrCP), and Glycogen Synthase 
Kinase 3 (GSK3). YAP and TAZ, two tran-
scriptional regulators of the Hippo pathway, 
are also involved in this destruction complex. 
In the absence of Wnts, β-Catenin is phosphor-
ylated by GSK3 after first being primed 

Fig. 1 Wnt/β-Catenin signaling. In the absence of Wnts, 
cytoplasmic β-Catenin is degraded through the protea-
some. Wnt signaling prevents β-Catenin degradation and 
causes the cytoplasmic and nuclear accumulation of 

β-Catenin. In the nucleus, β-Catenin functions as a co- 
activator to activate the transcription of TCF/LEF targets, 
such as Myc and cyclin D1, as well as AR target genes
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through phosphorylation by Casein Kinase in 
the degradation complex. YAP/TAZ recruit 
β-TrCP to the destruction complex, causing the 
ubiquitination and subsequent  degradation of 
β-Catenin by proteasomes. This constitutive 
proteasomal degradation of β-Catenin prevents 
its accumulation in the cytoplasm and main-
tains low cellular β-Catenin levels [118].

In the presence of the Wnt signal, the Wnt 
ligand forms a complex with cell-surface recep-
tor FZD and co-receptor LRP5/6. LRP5/6 are 
phosphorylated by Casein Kinase and GSK3β. 
Dishevelled proteins, important regulators of 
Wnt/β-Catenin signaling, are then recruited to 
the cell membrane where they are hyperphos-
phorylated and bind to the FZD receptors. This 
results in the dissociation of the β-Catenin 
destruction complex, the displacement of YAP/
TAZ and β-TrCP from the AXIN complex, and 
the inactivation of GSK3, all of which impairs 
the phosphorylation, ubiquitination, and protea-
somal degradation of β-Catenin. The inactiva-
tion of the degradation complex causes 
cytoplasmic accumulation and nuclear translo-
cation of β-Catenin [118].

In the nucleus, β-Catenin does not directly 
bind to DNA. Instead, it acts as a transcriptional 
co-activator by replacing co-repressor protein 
Groucho and forming a complex with transcrip-
tion factors T-Cell Factors (TCFs) and 
Lymphoid Enhancer-Binding Factor 1 (LEF1). 
Many other co-factors are recruited to the TCF/
β-Catenin complex such as Pygopus proteins 
and histone modification factors CBP/P300 to 
activate the transcription of downstream target 
genes, including ABCB1, AXIN2, CD44, 
CCND1, ISL1, LEF1, LGR5, MYC, MYCN, 
NEUROG1, NEUROD1, PLAU, SOX2, 
SUZ12, TWIST, and YAP [123]. Through these 
genes, many of which are oncogenes, aberrant 
Wnt/β-Catenin signaling contributes to the 
development of cancers. In the prostate, 
β-Catenin is also a co-activator of AR. It physi-
cally interacts with AR and enhances androgen- 
stimulated transcription of AR target genes 
[124]. In the next section, we will explore the 
role of β-Catenin in AR signaling and, more 
generally, its role in PCa progression.

 Wnt/Beta-Catenin Signaling Is 
Involved in Prostate Carcinogenesis 
and Cancer Progression

 Wnt/β-Catenin Signaling and Cancer

Wnts and their downstream effectors regulate 
multiple processes important for carcinogenesis 
including cancer initiation, tumor growth, and 
cell death. Active Wnt/β-Catenin signaling also 
promotes cancer progression through the induc-
tion of EMT, cancer metastasis, therapy resis-
tance, and genome instability [118, 125].

Though Wnt genetic alterations have not been 
found to be directly involved, mutations of Wnt 
pathway components occur frequently in cancer. 
For example, APC, which binds AXIN and 
β-Catenin in the β-Catenin destruction complex, 
is mutated in more than 80% of sporadic colorec-
tal adenomas and carcinomas [126]. In a mouse 
model, adenomas regressed to normal tissues 
once APC function was restored, indicating that 
continuous Wnt signaling is required for tumor 
maintenance [127]. In addition to APC, muta-
tions in other Wnt/β-Catenin component genes 
such as RNF43 and R-spondin3 are often detected 
in colorectal cancer [128, 129].

Wnt/β-Catenin activity is also substantially 
increased in most leukemias and drives tumor 
development. In acute lymphoblastic leukemia 
(ALL), canonical Wnt signaling drives tumori-
genesis in a subset of T-cell ALL.  In acute 
myelogenous leukemia (AML) mouse models, 
active Wnt/β-Catenin signaling is essential for 
the development of cancer stem cells and their 
self-renewal [130, 131]. In chronic lymphocytic 
leukemia (CLL), canonical Wnt signaling is 
active in most CLL cells, often accompanied with 
somatic mutations in the Wnt pathway [132]. 
Knockdown of the mutated Wnt pathway pro-
teins reduced the viability of those CLL cells 
[133], indicating that CLL cells depend on these 
mutations for survival.

Components of the Wnt/β-Catenin pathway 
are also frequently found to be altered in breast 
cancers and activation of this pathway is associ-
ated with reduced survival [134, 135]. For exam-
ple, active Wnt/β-Catenin is enriched in and 
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essential for the development of triple-negative 
breast cancers [136, 137]. In mice, overexpres-
sion of Wnt1  in mammary gland is oncogenic 
[138]. Also, overexpression of R-spondin2, a 
positive regulator of Wnt signaling, is sufficient 
to initiate mammary tumors [139]. Together, 
these studies show that canonical Wnt signaling 
contributes to breast cancer development and 
progression.

 Wnt/β-Catenin Signaling in PCa

Accumulating evidence indicates that Wnt/β- -
Catenin signaling is active in late stage PCa and 
activation of this signaling pathway is oncogenic, 
enables castrate-resistant growth, induces EMT, 
and promotes NE differentiation in PCa cells 
[140–147]. For example, it has been shown that 
APC, the scaffold protein for the β-Catenin deg-
radation complex, is among the top genes that are 
recurrently mutated in metastatic castrate- 
resistant PCa [28]. In line with this, increased 
nuclear β-Catenin levels are strongly correlated 
with metastatic CRPCa [145], indicating that this 
signaling pathway is active in these late stage 
tumors. Moreover, a recent study identified Wnt/
β-Catenin signaling as a major mechanism for 
the development of enzalutamide resistance in 
PCa [148]. Inversely, antagonizing the Wnt path-
way through small molecule inhibitors, knocking 
down β-Catenin, or ectopically expressing Wnt 
antagonists reverses enzalutamide resistance and 
inhibits the proliferation and invasion of PCa 
cells [148–152].

In mouse models, activation of the Wnt/β- -
Catenin signaling pathway either through the 
inactivation of APC or the deletion of exon 3 of 
β-Catenin, which prevents its phosphorylation by 
GSK3 and subsequent degradation, is oncogenic 
in prostates [35, 36, 153–155]. In both the APC- 
null and the β-Catenin exon 3-deleted mice, the 
tumors with active Wnt/β-Catenin signaling con-
tinued cell proliferation after castration, indicat-
ing that active Wnt/β-Catenin signaling enables 
the PCa cells to circumvent their dependence on 
AR signaling and progress to castrate-resistance. 
Furthermore, compound activation of the SV40 

T-antigen and Wnt/β-Catenin pathways resulted 
in the development of invasive prostate adenocar-
cinoma with increased NE differentiation, linking 
this signaling pathway with the acquisition of the 
NE phenotype in PCa [156]. Taken together, these 
studies indicate that active Wnt/β-Catenin signal-
ing provides a mechanism for PCa cells to survive 
androgen deprivation and progress to CRPCa.

 Wnt/β-Catenin Signaling and PCa 
Metastasis

Metastasis is the major cause of cancer-related 
death. Cancer cells disseminate from the primary 
tumor site, invade into stroma, intravasate, travel 
to distant organs, extravasate, invade the paren-
chyma of secondary tissues, and establish colo-
nies at distant sites. Wnt/β-Catenin signaling is 
involved in most steps of the cancer metastasis 
cascade. At the primary site, activation of Wnt/β- -
Catenin signaling induces EMT and enables can-
cer cells to invade. After the cancer cells 
disseminate, they often enter a dormant state 
before they develop ways to eventually grow into 
macroscopic lesions. It has been suggested that 
active Wnt/β-Catenin signaling provides a mech-
anism for dormant cancer cells to survive, be 
released from dormancy, and form macro- 
metastatic lesions [157, 158].

PCa cells preferentially metastasize to the 
bone. Wnt/β-Catenin signaling is involved in the 
establishment of PCa bone metastasis by mediat-
ing the reciprocal communication between PCa 
and bone cells, mainly osteoclasts and osteo-
blasts. PCa cells secrete factors that stimulate 
bone resorption mediated by osteoclasts. As 
osteoclasts resorb the bone matrix, they liberate 
growth factors, including Wnts, to support PCa 
growth and stimulate osteoblasts to form new 
bone. This process is important for creating a 
‘fertile’ environment to support the metastatic 
PCa cell to escape apoptosis and survive, result-
ing in a vicious cycle of bone destruction, tumor 
growth, and new bone formation. High levels of 
Wnt-1 expression and nuclear β-Catenin were 
detected in 85% of PCa bone metastases [145]. 
Wnt7b, the expression of which is not detected in 
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normal prostates, was present in 3/9 primary PCa 
and 16/38 PCa bone metastasis samples [159]. 
These data support the concept that Wnt/β- -
Catenin signaling is involved in PCa bone 
metastasis.

 Wnt/β-Catenin Signaling and Therapy 
Resistance

Wnt/β-Catenin signaling has also been shown to 
be involved in the development of therapy resis-
tance and likely endows PCa cells with a selec-
tive advantage during ADT.  Although earlier 
studies found that activating mutations of the 
β-Catenin gene occur in only 5% of primary PCa 
[160, 161], data from patients who failed ADT 
indicate that mutations in the Wnt/β-Catenin 
pathway occur in roughly 18% of castrate- 
resistant PCa [28, 162]. RNA-seq analyses per-
formed on paired pre- and post-ADT PCa 
samples have indicated that the Wnt signaling 
pathway is one of the top pathways that are sig-
nificantly enriched in post-ADT PCa, containing 
the largest number of upregulated genes [162].

In a recent study, gene expression data col-
lected from patients with hormone therapy- 
sensitive and enzalutamide-resistant PCa 
demonstrated that Wnt/β-Catenin signaling is 
active in enzalutamide-resistant tumors [148]. 
Further functional study indicates that activation 
of Wnt/β-Catenin conferred enzalutamide resis-
tance and inhibition of Wnt/β-Catenin resensi-
tized PCa cells to enzalutamide treatment [148]. 
In agreement with this, in another study that was 
conducted using samples from 101 mCRPC 
patients, Wnt/β-Catenin signaling was identified 
as the top pathway enriched in enzalutamide- 
resistant PCa [163]. Genomic DNA sequencing 
analysis revealed missense mutations in 
CTNNB1, the β-Catenin encoding gene, in four 
patients. Although the patient number is small, 
CTNNB1 mutations are significantly associated 
with enzalutamide-resistance [163].

Wnt/β-Catenin signaling pathway has also been 
implicated in PCa’s resistance to abiraterone [164]. 
In a prospective clinical trial, mCRPCa patients 
were grouped into responders and non- responders 

based on their response to the treatment of abi-
raterone acetate/prednisone. Whole-exome 
sequencing and RNA sequencing were conducted 
on metastatic biopsies before the tumors developed 
resistance to the treatment. This study found that 18 
out of 32 non- responders harbored mutations in the 
Wnt/β-Catenin network, compared to a lower 
mutation frequency (7/41) in responders. 
Functional annotation analysis revealed that genes 
which downregulate Wnt/β-Catenin signaling were 
lost more frequently in non-responders.

A similar phenomenon was also observed in 
PCa resistance to radiation. Wnt/β-Catenin sig-
naling is one of the top pathways enriched in 
radio-resistant PCa progenitor cells. Activation 
of this signaling pathway increases the expres-
sion of ALDH1A1, a marker of PCa progenitor 
cells, and blocking this signaling pathway causes 
a reduction of the progenitor cell population and 
re-sensitizes PCa cells to radiation. This points to 
an essential role of active Wnt/β-Catenin signal-
ing in the maintenance of radio-resistant PCa 
progenitor cells [165].

Finally, inducing the expression of ATP- 
binding cassette (ABC) transporters to enhance 
efflux is one of the major mechanisms of cancer 
drug resistance. It has been shown that the che-
motherapy drug cisplatin induces the expression 
of canonical Wnt7b, leading to the up-regulation 
of ABCB1 and ABCG2 transporters [166]. Wnt/
β-Catenin inhibition has been shown to decrease 
the expression of ABCB1 and ABCG2 [166], 
both of which have been involved in PCa therapy 
resistance [167, 168]. Taken together, these stud-
ies indicate that the activation of Wnt/β-Catenin 
signaling provides a mechanism for PCa cells to 
survive and develop resistance to cancer 
therapies.

 Conclusion

Wnt/β-Catenin signaling has been implicated in 
essentially every stage of PCa progression 
including the development of CRPCa and ther-
apy resistance. In agreement with data from 
other types of cancer, multiple studies have 
shown an upregulation of nuclear β-Catenin 
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expression and Wnt/β- Catenin target genes in 
metastatic and therapy resistant PCa. With this 
overview of the importance of Wnt/β-Catenin 
signaling in PCa, we will next review how this 
pathway functionally contributes to PCa 
progression.

 Wnt/Beta-Catenin Signaling 
Functionally Contributes 
to Prostate Cancer Progression

Animal studies indicate that active Wnt/β-Catenin 
signaling allows PCa to bypass its dependence on 
AR signaling. Studies have shown that activation 
of this signaling pathway promotes NE differen-
tiation in PCa, induces cancer cells to undergo 
EMT, and contributes to the acquisition of stem-
ness and therapy resistance [140–147]. Through 
these mechanisms, active Wnt/β-Catenin signal-
ing promotes PCa progression.

 Activation of Wnt/β-Catenin 
Signaling Bypasses PCa’s 
Dependency on AR Signaling

As a central player in mediating CRPCa, AR sig-
naling has been extensively examined to under-
stand how active Wnt/β-Catenin signaling 
promotes castrate-resistant progression. 
β-Catenin is an AR co-activator. It physically 
interacts with AR and increases AR-dependent 
transactivation [169]. By enhancing the function 
of AR, β-Catenin makes PCa cells hypersensitive 
to androgens, resulting in the activation of AR 
signaling at low, post-castration levels of andro-
gens [170]. Additionally, studies have shown that 
expression of LEF1, an effector of Wnt/β-Catenin 
signaling, increases 100-fold when LNCaP cells 
progress into an androgen-independent state. 
Moreover, ectopic expression of LEF1 induced 
AR-mediated cell proliferation and invasion, 
while knocking down LEF1 decreased AR 
expression and subsequent cell proliferation and 
invasion [171]. These studies indicate that active 
Wnt/β-Catenin signaling provides a mechanism 
to sustain AR signaling in CRPCa.

In mouse models, the activation of Wnt/β- -
Catenin signaling was found to increase the 
expression of AR target genes, as well as AR 
itself, in PIN lesions developed in 12-week-old 
dominant active β-Catenin mice [35]. However, 
as the tumors progressed to high-grade PIN and 
the tumor cells lost prostate differentiation, both 
AR and AR signaling were downregulated in the 
Wnt/β-Catenin active tumors [35]. This indicates 
that active Wnt/β-Catenin signaling negates the 
dependence of these tumor cells on AR signaling. 
Furthermore, it was found that in SV40 large 
T-antigen and Wnt/β-Catenin compound trans-
genic mice, there was increased NE differentia-
tion in the invasive PCa that developed, but the 
expression of AR as well as large T-antigen, 
which was driven by an AR-responsive Probasin 
promoter, was reduced in these tumors compared 
to T-antigen alone tumors [156]. Taken together, 
these studies suggest that the activation of Wnt/β- -
Catenin in PCa has dual roles: enhancing AR sig-
naling in PCa cells that still retain prostatic 
differentiation, but overriding AR signaling and 
providing a survival mechanism for the cells, 
such as NEPCa, that have lost prostate 
differentiation.

 Wnt/β-Catenin Signaling Induces NE 
Differentiation

The Wnt/β-Catenin pathway is implicated in the 
acquisition of the NE phenotype in PCa. In pros-
tates, active Wnt/β-Catenin signaling induces the 
expression of Foxa2 [35], a transcriptional factor 
that is expressed in NEPCa [90, 172, 173]. 
Additionally, the expression of other Wnt/β- -
Catenin target genes such as SOX2 [54, 174], 
CD44 [175–177], and MYCN [85, 178] is often 
increased in NEPCa, further supporting the 
involvement of Wnt/β-Catenin signaling in 
NEPCa. Furthermore, studies have shown that 
the elevated expression of these downstream tar-
gets of Wnt/β-Catenin signaling, such as FOXA2 
[72], SOX2 [70], and MYCN [67, 68], could 
facilitate or lead to NEPCa progression, 
 supporting the functional role of this signaling 
pathway in NEPCa.
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In line with this concept, animal studies indi-
cate that the activation of Wnt/β-Catenin signaling 
promotes the NE phenotype in PCa. When domi-
nant active β-Catenin mice were bred with 12T-7S 
mice, which are SV40 large T-antigen transgenic 
mice that display slow tumor progression and 
develop PIN but not NEPCa in their lifetimes, the 
compound β-Catenin/T-antigen mice developed 
invasive PCa with increased NE differentiation 
[156]. This indicates a NE-promoting role of Wnt/
β-Catenin signaling. A similar observation was 
reported in the human LNCaP PCa cell line, where 
expression of stabilized β-Catenin induced the 
expression of NE markers, NSE and chromogranin 
A [66, 179]. Inversely, blocking Wnt/β-Catenin by 
transfection of LNCaP cells with dominant nega-
tive TCF or with siRNA against β-Catenin attenu-
ated NE differentiation induced by androgen 
deprivation or by the expression of 
Protocadherin-PC [66]. Together, these studies 
indicate that Wnt/β-Catenin signaling is function-
ally involved in NE differentiation in PCa.

 Wnt/β-Catenin Signaling 
and Epithelial to Mesenchymal 
Transition

An important phenomenon in cancer metastasis 
is EMT. Studies have shown that EMT is associ-
ated with poor clinical outcomes in multiple 
types of cancers including PCa. During EMT, 
cancer cells lose epithelial characteristics, includ-
ing cell polarity and the cell-cell adhesion com-
plex that hold epithelial cells together, and 
acquire mesenchymal features, including spindle- 
shaped morphology, increased expression of 
mesenchymal genes such as N-Cadherin and 
Vimentin, and increased cell motility and inva-
siveness [180].

In addition to the increased mobility and inva-
sive ability, cancer cells that undergo EMT dis-
play stem cell features and are more resistant to 
therapy [180–182]. For example, it has been 
shown that breast cancer cells that survive con-
ventional therapies express many EMT-associated 
genes and exhibit stem cell features [183]. It has 
also been shown that EMT confers resistance to 

UV-induced apoptosis in mammary epithelial 
cells [182]. Additionally, lineage tracing experi-
ments indicate that cells which undergo EMT are 
enriched in recurrent lung metastases after che-
motherapy [184], suggesting that EMT cells have 
a selective advantage under the pressure of che-
motherapy. In pancreatic cancer mouse models, 
suppression of EMT sensitizes tumors to gem-
citabine treatment [185]. Moreover, inducing 
EMT generates stem-like cells, and these EMT- 
derived cells have the capacity to transdifferenti-
ate into multiple mesodermal lineages [186, 187]. 
This suggests that the EMT-inducing signals con-
fer a reprogramming of the transcriptome and 
activate the expression of stemness genes in these 
cancer cells, which could lead to their trans- 
differentiation into new lineages.

Wnt/β-Catenin signaling is implicated in EMT 
in several aspects. First, there is a multifaceted 
cross talk between Wnt/β-Catenin signaling and 
the loss of E-Cadherin, a critical step in EMT. 
β-Catenin is involved in both the adherens junc-
tion and Wnt signaling. The β-Catenin protein 
shuttles between the membrane and cytoplasm 
pools. During EMT, the loss of E-Cadherin 
releases β-Catenin from the membrane-bound 
adherens complex, resulting in an increase in the 
cytoplasmic and nuclear β-Catenin levels and the 
induction of Wnt/β-Catenin signaling [188]. 
Conversely, active Wnt/β-Catenin signaling 
induces the expression of transcription factors 
that promote EMT such as SNAIL, SLUG, and 
TWIST. These in turn downregulate the expres-
sion of E-Cadherin and activate the expression of 
N-Cadherin, resulting in the activation of EMT 
reprogramming [189–192].

Moreover, active Wnt/β-Catenin signaling 
induces the expression of proteases that degrade 
the extracellular matrix as well as adhesion mole-
cules. For example, MMP7, a membrane type 
matrix metalloproteinase that is involved in induc-
ing EMT and correlates with PCa pathological 
stage and PCa progression, is a direct down-stream 
target of Wnt/β-Catenin signaling [193]. Also, 
LEF-1, one of the downstream  effectors of Wnt/β-
Catenin signaling, induces EMT [194]. Together, 
these studies indicate that Wnt/β-Catenin signal-
ing helps regulate and promote EMT.
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 Wnt/β-Catenin Signaling and Cancer 
Stem Cells

Late stage cancer cells resemble stem cells in 
several aspects including self-renewal ability, dif-
ferentiation plasticity, and resistance to therapies. 
Master stem cell pathways such as Notch, Wnt, 
and Hedgehog that are involved in regulating the 
balance between stemness and differentiation in 
stem cells are frequently altered in late stage can-
cers, including PCa [195]. Although the cancer 
stem cell theory has not been fully tested, dys-
regulation of these stem cell pathway could 
induce a stem-like state in cancer cells and enable 
them to evade anti-cancer treatment.

There are many pieces of evidence pointing to 
the critical role of Wnt/β-Catenin signaling in 
stem cell self-renewal [196, 197] and the mainte-
nance of adult stem cells [198]. This signaling 
pathway is also involved in somatic cell repro-
gramming [199, 200]. For example, it has been 
well established that the combined expression of 
Oct4, Sox2, c-Myc, and Klf4 induces adult tissue 
cells to become pluripotent stem cells. Wnt/β- -
Catenin signaling has been shown to cross talk 
with these reprogramming factors and enhance 
the reprogramming of somatic cells [199, 200]. 
One important feature of pluripotency is the telo-
mere extension by telomerase. β-catenin has been 
shown to directly regulate the expression of 
TERT, the protein subunit of the telomerase com-
plex [201]. Additionally, many other stem cell 
markers such as Sox2, Lgr5, CD133, and CD44 
are targets of or regulated by Wnt/β-Catenin sig-
naling [201–203]. All these studies point to the 
connection of Wnt/β-Catenin signaling with stem 
cell features.

In the prostate, Wnt/β-Catenin signaling tar-
gets are also associated with stem and progenitor 
cell features. For example, Lgr5, which is 
expressed in prostate stem/progenitor cells, is a 
positive regulator and downstream target of Wnt/
β-Catenin [204]. Axin2, a direct target of Wnt/β- -
Catenin signaling, is co-expressed with the 
prostate progenitor cell marker, Sca-1 [205]. 
Taken together, these studies indicate an impor-
tant role of Wnt/β-Catenin signaling in stem cell 
biology.

In many cancers, Wnt/β-Catenin is function-
ally involved in promoting the acquisition of 
stemness, which is believed to contribute to EMT 
and therapy resistance [206]. Active Wnt/β- -
Catenin signaling promotes the self-renewal of 
hematopoietic stem cells and leukemic stem and 
progenitor cells in acute myeloid leukemia [207, 
208]. In PCa, Wnt3a treatment increases the pop-
ulation of cancer stem cells, spheroid formation, 
and the self-renewal ability of PCa cells [209]. 
Additionally, high TERT-expressing cells, which 
are enriched in the cancer stem cell population of 
PCa, display nuclear β-Catenin and elevated 
expression levels of Wnt/β-Catenin target genes, 
including Axin2, c-Myc, and cyclin D1 [210]. 
Moreover, this study found that the expression of 
β-Catenin is essential for TERT-mediated cancer 
stemness and therapy resistance [210], indicating 
that Wnt/β-Catenin signaling plays a role in pro-
moting the stemness of PCa cells and that target-
ing Wnt/β-Catenin offers a way to overcome 
therapy resistance.

Importantly, accumulating evidence indicates 
that NEPCa tumors have stem cell features [211]. 
Genes that are expressed in stem cells (SOX2, 
OCT3/4, MYC, and CD44) or during embryonic 
prostate development (FOXA2 and SOX2) are 
often activated in NEPCa [54, 91, 176, 212, 213]. 
A similar connection of NE cells with stemness is 
also observed in small cell lung cancer (SCLC). 
SCLC cells are located in the lung stem cell niche 
and displayed stem cell features [214]. Given the 
discussed importance of the Wnt/β-Catenin path-
way in NE differentiation, the stem cell features 
of NEPCa provide further indirect evidence of 
the involvement of Wnt/β-Catenin signaling in 
promoting stemness in PCa.

As for the mechanisms that drive the acquisi-
tion of stemness in cancer cells, a recent study has 
shown that chemotherapy-induced cellular senes-
cence converts cancer cells into therapy- resistant 
stem-like cells [215]. This study also showed that 
the activation of canonical Wnt/β- Catenin signal-
ing is involved in this process [215]. They found 
that cells undergoing senescence acquired stem 
cell features, expressed the signature genes of 
stem cells, and gained higher clonogenicity. 
Canonical Wnt/β-Catenin signaling was activated 
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in these stem-like cells and blocking Wnt/β-
Catenin diminished the enhanced tumor-initiating 
capacity, further indicating that the activation of 
Wnt/β-Catenin signaling is essential for maintain-
ing the stemness in these therapy-resistant cells.

Taken together, these studies suggest that 
active Wnt/β-Catenin signaling, along with other 
key stem cell genes, enables cancer cells to tran-
sit into a stem-like state. This not only allows 
cancer cells to survive and accumulate additional 
genetic and epigenetic alterations that drive can-
cer progression, such as the loss of tumor sup-
pressor genes RB1 and TP53, but also gives 
cancer cells the capacity to differentiate into dif-
ferent lineages and evade cancer therapies.

 Mechanisms that Activate Wnt/
Beta-Catenin Signaling in Prostate 
Cancer

Understanding the mechanisms through which 
the Wnt/β-Catenin signaling pathway is activated 
in PCa cells may help identify new targets for 
PCa therapy. In addition to mutations in the Wnt/
β-Catenin pathway, such as mutations in APC, 
β-Catenin, and components of the β-Catenin 
destruction complex, other regulatory mecha-
nisms appear to play important roles in its activa-
tion as well. These include androgen deprivation, 
reactive stroma, cross talk with other pathways, 
and abnormal expression of Wnt ligands, recep-
tors, and inhibitors. In this section, we will review 
some of these mechanisms.

 Activating Mutations of Wnt/β- -
Catenin Components in PCa

In PCa, mutations that activate the Wnt/β-Catenin 
signaling pathway are rare in primary tumors but 
enriched in late stage PCa. In a whole-exome and 
transcriptome sequencing study conducted on a 
cohort of 150 mCRPC specimens, 18% of CRPCa 
tumors carried mutations in the component genes 
of the Wnt/β-Catenin signaling pathway, includ-
ing mutations in APC, β-Catenin, R-spondin, and 
RNF43 and ZNRF3, the ligases involved in the 

ubiquitination and degradation of Wnt receptors 
[216]. In another study, whole exome sequencing 
was conducted on 1013 PCa specimens [217]. 
Because of the large patient number, this study 
was able to identify mutations of low frequency. 
The study found that mutations in the Wnt path-
ways occur in 10% of PCa specimens, including 
mutations in APC (5%), CTNNB1 (3%), RNF43 
(1.3%), ZNRF3 (0.9%), AXIN1 (0.6%) and 
AXIN2 (0.5%), key components of the β-Catenin 
degradation complex. Loss-of-function muta-
tions occurred in APC and RNF43, and missense 
mutations occurred in ZNRF3 and the N-terminal 
domain of CTNNB1. Overall, mutations in the 
Wnt/β-Catenin pathway were enriched in meta-
static PCa (19%) compared to primary tumors 
(6%). Moreover, activating mutations in the 
β-Catenin gene were found to be enriched in 
enzalutamide-resistant PCa [163, 218]. Together, 
these studies suggest that activation of Wnt/β- -
Catenin signaling provides a mechanism that 
drives PCa progression.

 Loss of Wnt/β-Catenin Signaling 
Inhibition

The activity of Wnt/β-Catenin signaling is modu-
lated by secreted endogenous inhibitors, includ-
ing sFRPs, DKKs, and WIF [119]. These 
inhibitors block the interactions between Wnt 
ligands and their receptors or co-receptors. 
Expression of these inhibitors is frequently 
downregulated in PCa [149, 219–221]. Promoter 
methylation is a major mechanism for silencing 
the expression of the genes that encode these 
inhibitors. For example, promoter methylation of 
sFRP1 and DKK3 was detected in 83% and 68% 
of PCa, respectively [149]. Concurrent with pro-
moter methylation, sFRP1 protein expression 
was downregulated or lost in 29 of 39 PCa cases 
[149]. The promoter of sFRP2 was found to be 
hypermethylated in PCa versus benign tissues 
[220]. Inversely, ectopic expression of sFRPs, 
DKKs, or WIF1 in PCa cells suppresses cell pro-
liferation, invasion and EMT [149–152].

Despite these studies, it is important to note that 
secreted Wnt inhibitors also sometimes function to 
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activate Wnt/β-Catenin signaling. For example, 
sFRP1 has been shown to function as a pro-prolif-
erative signal in prostate epithelial cells [222]. 
Moreover, although the expression of sFRP2 is 
decreased or lost in low grade PCa, moderate to 
strong sFRP2 expression has been detected in a 
subset of high grade PCa [223]. Nonetheless, 
decreased expression of these endogenous inhibi-
tors could provide a mechanism to activate Wnt/β-
Catenin signaling in PCa.

 Reactive Stroma Activates  
Wnt/β– Catenin Signaling

Reactive stroma is associated with PCa in the 
tumor microenvironment. Recent studies have 
indicated that the growth factors and inflamma-
tory factors secreted by fibroblasts and macro-
phages in the microenvironment activate 
Wnt/β-Catenin signaling. For example, 
carcinoma- associated fibroblasts (CAFs) produce 
Wnt ligands, growth factors, prostaglandins, and 
chemokines to directly or indirectly activate Wnt/
β-Catenin signaling in epithelial cells [224, 225]. 
Immune cells such as macrophages in the tumor 
microenvironment can also secret growth factors 
and cytokines that activate Wnt/β-Catenin signal-
ing and promote cancer progression [226, 227].

Additionally, therapy-induced inflammatory 
responses in the tumor microenvironment pro-
vide another mechanism to activate Wnt/β- -
Catenin signaling. One study identified a 
mechanism connecting treatment-induced tissue 
damage with therapy-resistance. It was found 
that cytotoxic therapy-induced tissue damage 
promotes the NF-κB-dependent expression of 
WNT16B in stromal cells, which in turn acti-
vated canonical Wnt signaling in PCa epithelial 
cells, promoted the survival of cancer cells, and 
conferred chemotherapy resistance.

 Androgen Deprivation Activates 
Wnt/β-Catenin Signaling

Recent data from clinical studies support the 
hypothesis that inhibiting AR signaling promotes 

Wnt/β-Catenin signaling in PCa [146, 156]. For 
example, nuclear β-Catenin was detected in 10 of 
27 metastatic castrate-resistant PCa cases and the 
nuclear expression of β-Catenin was inversely 
associated with AR expression, indicating that 
Wnt/β-Catenin signaling is active in these 
AR-negative tumors and that androgen depriva-
tion possibly activates Wnt/β-catenin signaling in 
PCa [146]. This is further supported by animal 
studies that indicate androgen withdrawal induces 
the expression of canonical Wnts in the prostate 
[228]. Additionally, Axin2, a direct target of Wnt/
β-Catenin signaling, is induced in the prostate by 
castration but repressed by androgen replacement 
[229]. Moreover, it has been shown that activa-
tion of Wnt/β-Catenin signaling is associated 
with resistance to enzalutamide. In a study that 
characterized the molecular features of PCa cells 
which survive enzalutamide treatment, AR and 
Wnt/β-Catenin were identified as the top path-
ways activated in the resistant cells [230]. 
Consistent with this, another study found that 
when LNCaP cells were grafted in vivo, castra-
tion of the host mice increased the mRNA levels 
of both AR and β-Catenin [231]. Similarly, the 
protein levels of cytoplasmic and nuclear 
β-Catenin were elevated in LNCaP tumors after 
castration and further increased in the tumors that 
developed resistance to castration. Concurrent 
with the nuclear localization of β-Catenin, the 
expression of multiple Wnt component genes 
was altered, including increased expression of 
canonical WNT2B as well as YES1 and LYN, 
tyrosine kinases that phosphorylate β-Catenin, 
and decreased expression of Wnt inhibitory genes 
[231]. Furthermore, it has been shown that block-
ing Wnt/β-Catenin signaling sensitizes therapy- 
resistant LNCaP-abl cells to enzalutamide [232]. 
Taken together, these studies indicate that 
 Wnt/β- Catenin signaling is active in PCa cells 
which have survived androgen deprivation and 
targeting Wnt/β-Catenin offers a treatment option 
for CRPCa.

A possible mechanism underlying the activation 
of Wnt/β-Catenin signaling after androgen depriva-
tion is the competition between AR and Wnt/β-
Catenin signaling. In the presence of active AR 
signaling, AR competes with TCF for interaction 
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with β-Catenin in the nucleus, sequestering 
β-Catenin and resulting in low Wnt/β- Catenin sig-
naling activity in PCa cells [233–236]. After andro-
gen deprivation, β-Catenin is released from the AR 
complex, resulting in its increased interaction with 
TCF and elevated expression of Wnt/β-Catenin tar-
get genes.

It must be noted that androgen deprivation has 
also been found to suppress Wnt/β-Catenin sig-
naling by inducing the expression of Wnt inhibi-
tory genes like sFRP1 [237]. Furthermore, it has 
been found that the Wnt/β-Catenin pathway is 
activated during androgen-induced prostate 
regeneration [238], suggesting a stimulatory role 
of AR on Wnt/β-Catenin signaling. Given the 
complexity of the Wnt/β-Catenin pathway, as 
well as the different gene expression and biologi-
cal readouts that were used in these studies, it is 
possible that androgen deprivation modulates 
Wnt/β-Catenin signaling in a context-dependent 
manner. Further studies are needed to decipher 
whether androgen deprivation modulates Wnt/β- -
Catenin signaling differently at various stages of 
PCa progression.

 Activation of Wnt/β-Catenin 
Signaling via Cross Talk with Other 
Signaling Pathways

In addition to the presence of activating muta-
tions in genes that positively regulate the Wnt 
pathway and the downregulation of endogenous 
inhibitors, Wnt/β-Catenin signaling can also be 
activated via a number of other mechanisms, 
including cross talk with the PTEN/Akt, COX-2/
PGE2, TGF-β, NF-κB, Hippo pathways, and 
SOX9 [226, 239, 240]. The following is a brief 
discussion of the PTEN/Akt pathway.

Loss of function mutations of phosphatase and 
tensin homolog (PTEN) can activate Wnt/β- -
Catenin signaling. PTEN is a tumor suppressor 
gene that encodes for a lipid phosphatase that 
counteracts the activity of PI3K and negatively 
regulates PI3K/Akt signaling. Loss of PTEN 
occurs frequently in late-stage PCa, and loss of 
PTEN or activation of PI3K signaling can activate 
the Wnt/β-Catenin pathway [241, 242]. Nuclear 

β-Catenin, a hallmark of active Wnt/β- Catenin, is 
associated with a PTEN-null phenotype in PCa 
cells, and restoration of PTEN in these cells sup-
presses Wnt/β-Catenin signaling [242].

Animal studies have shown that nuclear 
expression of β-Catenin is increased in intestinal 
tumors in PTEN null mice [243]. Similarly, mice 
that have PTEN knocked out in prostates develop 
PCa and display increased Wnt/β-Catenin signal-
ing [242]. Moreover, overexpression of stabilized 
β-Catenin in combination with PTEN loss pro-
motes the development of invasive PCa [155, 
244]. However, deletion of β-Catenin in PTEN 
KO prostates did not prevent disease progression 
[155]. Thus, a detailed mechanism that explains 
how the interaction contributes to PCa progres-
sion remains unclear. Nevertheless, these data 
suggest that loss of PTEN promotes Wnt/β- -
Catenin signaling.

 Loss of YAP/TAZ Expression Activates 
Wnt/β-Catenin Signaling

YAP/TAZ are transcriptional co-activators and the 
main effectors of the Hippo signaling pathway 
[245]. The Hippo signaling pathway is involved in 
regulating organ size by modulating multiple cel-
lular functions, including cell proliferation and 
apoptosis. The Hippo pathway responds to a vari-
ety of signals, including cell- cell contact, mech-
ano-transduction, cell polarity and growth factors. 
YAP/TAZ are usually inhibited by cell-cell con-
tact in normal tissues. When the Hippo pathway is 
activated, canonical kinases MST1/2 and 
LATS1/2 mediate the phosphorylation and inacti-
vation of YAP and TAZ. Upon phosphorylation by 
MST and LATS kinases, YAP and TAZ are 
sequestered in the cytoplasm, ubiquitylated by 
β-TrCP ubiquitin ligase, and marked for degrada-
tion by the proteasome (Fig. 2).

Over-activation of YAP/TAZ through aberrant 
regulation of the Hippo pathway has been noted in 
many solid tumors and associated with the acqui-
sition of malignant traits, including resistance to 
anticancer therapies, maintenance of cancer stem 
cells, distant metastasis, and, in prostates, adeno-
carcinoma progression. When the Hippo core 
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kinases are “off,” YAP/TAZ translocate into the 
nucleus, bind to TEAD1–4, which are four paral-
ogous transcription factors, and activate the tran-
scription of TEAD downstream target genes. 
YAP/TAZ also cross talk with Wnt, MAPK, 
Hedgehog, AR, and Notch pathways, leading to 
multiple oncogenic activities, including the loss 
of contact inhibition, increased cell proliferation, 
EMT, and resistance to apoptosis [245].

However, the role of YAP/TAZ in cancer pro-
gression is highly complex, as revealed through 
their many differing functions in different can-
cers [245]. While the pro-oncogenic function of 
YAP/TAZ has been well established in multiple 
types of cancer, YAP functions as a tumor sup-
pressor in multiple myeloma and leukemias by 
regulating the apoptosis of cancer cells and is 
often found downregulated. In liver cancer, both 
activation and inactivation of YAP are oncogenic 
[246]. In non-small cell lung cancer, YAP is over-
expressed, but in small-cell lung cancer, YAP 
expression is reduced [247].

In PCa, YAP is a binding partner of AR and pro-
motes CRPCa [248]. YAP is up-regulated in 
LNCaP cells and, when expressed ectopically, acti-
vates AR signaling and confers castrate- resistance. 

Knocking down YAP greatly reduces the rates of 
migration and invasion of LNCaP cells and blocks 
cell division under androgen deprivation [249]. 
However, in NEPCa, YAP might play an inhibitory 
role. We recently found that, similar to the 
decreased levels of YAP expression in SCLC, the 
expression of YAP and TAZ is reduced in both 
human and mouse NEPCa. This suggests that YAP 
and TAZ function to suppress the progression of 
prostate adenocarcinoma to NEPCa and that loss of 
YAP/TAZ expression promotes the development of 
the NE phenotype in PCa.

The complexity of the role of YAP/TAZ in 
PCa may be explained by the multi-faceted cross 
talk between the Hippo pathway and Wnt/β- -
Catenin signaling. On the one hand, YAP and 
TAZ function as the positive downstream effec-
tors of Wnt/β-Catenin signaling [250]. In the 
absence of Wnt signaling, cytoplasmic YAP/
TAZ bind to the AXIN protein, a component of 
the β-Catenin destruction complex, and aid in 
recruiting β-TrCP ubiquitin ligase to induce 
β-Catenin degradation. The complex in turn 
serves as a cytoplasmic sink for YAP/TAZ and 
blocks their transcriptional activities. In the 
presence of Wnt signaling, YAP/TAZ are 

Fig. 2 Cross talk of the Hippo pathway with Wnt/β- -
Catenin signaling. (a) YAP and TAZ as effectors of Hippo 
signaling. In the Hippo-off condition, YAP and TAZ are 
stabilized and translocate to the nucleus. In the nucleus, 
YAP and TAZ interact with TEADs to activate the tran-
scription of target genes such as CTGF and CYR61. (b) 
Mechanisms by which YAP and TAZ suppress Wnt/β- -

Catenin signaling. YAP/TAZ are essential for the recruit-
ment of β-TrCP to the β-Catenin degradation complex. 
Also, YAP/TAZ inhibit Wnt-mediated phosphorylation of 
DVL and the subsequent dissociation of β-Catenin degra-
dation complex. Furthermore, YAP/TAZ retain β-Catenin 
and DVL in the cytoplasm, inhibiting the activation of 
Wnt/β-Catenin signaling
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released from the β-Catenin degradation com-
plex, which in turn blocks the recruitment of 
β-TrCP to the complex. This impairs the degra-
dation of both β-Catenin and YAP/TAZ, leading 
to the activation of Wnt/β- Catenin signaling as 
well as the nuclear accumulation of YAP/TAZ 
and the activation of YAP/TAZ-dependent tran-
scription, a branch of Wnt transcriptional effects 
that are independent of the Hippo signaling path-
way [250]. In the nucleus, YAP can also interact 
with β-Catenin and function to activate the tran-
scription of Wnt target genes [251, 252].

On the other hand, YAP and TAZ suppress 
Wnt/β-Catenin signaling via multiple mecha-
nisms (Fig.  2). First, YAP and TAZ retain 
β-Catenin in the cytoplasm and inhibit the activa-
tion of Wnt/β-Catenin signaling [253]. Second, 
TAZ binds to and inhibits the activity of 
Dishevelled (DVL) proteins, crucial regulators of 
the Wnt/β-Catenin pathway. The binding of TAZ 
to DVL inhibits Wnt-induced phosphorylation of 
DVL, stabilizing the β-Catenin degradation com-
plex and inhibiting Wnt/β-Catenin signaling 
[254]. Third, YAP and TAZ sequester DVL in the 
cytoplasm, resulting in the suppression of nuclear 
Wnt/β-Catenin signaling. Fourth, YAP and TAZ 
are essential components of the β-Catenin 
destruction complex and facilitate the degrada-
tion of β-Catenin. Loss of YAP and TAZ could 
enable β-Catenin to escape proteasomal 
degradation.

In line with the role of YAP and TAZ in 
repressing Wnt/β-Catenin signaling, a recent 
study found that YAP or TAZ knockout induces 
the expression of Lgr5, a positive regulator and 
downstream target of Wnt/β-Catenin signaling 
[255]. Additionally, loss of Yap results in hyper-
active Wnt/β-Catenin signaling during intestinal 
regeneration, whereas ectopic Yap expression 
dampens Wnt/β-Catenin signaling [256]. Finally, 
knocking down YAP/TAZ activates Wnt/β- -
Catenin responsive promoters in HEK293 cells 
[253]. Taken together, these studies indicate that 
loss of YAP and TAZ can augment Wnt/β- Catenin 
signaling. Further research is needed to decipher 
the role of YAP and TAZ in NEPCa progression.

 Targeting Wnt/β-Catenin 
for the Treatment of CRPCA

Conventional chemotherapy prolongs patient sur-
vival, but often only for a short time and accompa-
nied by severe side effects. Targeted therapies have 
been shown to offer durable clinical responses and 
fewer side effects in patients selected based on 
molecular markers. The high frequency of Wnt/β-
Catenin pathway mutations, activation of Wnt/β-
Catenin signaling in different cancers, and the 
important role of this signaling pathway in cancer 
survival, metastasis, and the development of ther-
apy resistance underscore the importance of Wnt-
targeted treatment [120, 257, 258].

In PCa, patients can be stratified based on the 
mutations of Wnt/β-Catenin components, the 
expression of nuclear β-Catenin, and/or the ele-
vated expression of Wnt/β-Catenin target genes 
such as FOXA2. Many agents have been devel-
oped and tested to block the various mechanisms 
that activate the Wnt/β-Catenin signaling. Small 
molecular inhibitors form a major category of 
drugs used in targeted therapies since they can 
penetrate the cell membrane and function inside 
cells. Many of these small-molecule inhibitors 
have been tested in clinical trials for cancer treat-
ments. These inhibitors are shown to suppress 
different targets in Wnt/β-Catenin signaling, 
including Porcupine (PORCN), FZD, AXIN, 
GSK3, TCF/β-Catenin, and CBP/β-Catenin. In 
this section, we will briefly discuss some of these 
small-molecule inhibitors that may prove to be 
highly effective in targeting Wnt/β-Catenin 
signaling.

PRI-724: PRI-724 is a second-generation 
small molecule inhibitor that blocks the interac-
tion of β-Catenin with its co-activator CBP [259, 
260]. Clinical safety and efficacy studies on PRI- 
724 have shown promising results.

Niclosamide: Wnt signaling is activated when 
the Wnt ligands bind to the seven-transmembrane 
FZD receptors. It has been shown that niclosamide, 
an antihelminthic agent, blocks the signaling path-
way by depleting upstream FZD and Dishevelled 
protein levels [261]. Niclosamide exerts its inhibi-
tory action by promoting FZD1 endocytosis, 
downregulating Dishevelled-2 protein, and sup-
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pressing LEF/TCF transcriptional activity. Phase I 
clinical trials have included a study of best dosage 
and side effects of niclosamide plus enzalutamide 
in treating recurrent or metastatic castrate-resistant 
prostate cancer. A separate phase II trial has initi-
ated a study of niclosamide in combination with 
abiraterone acetate and prednisone. One of the 
objectives of this study is to evaluate progression-
free survival and the overall survival of castrate-
resistant prostate cancer patients treated with the 
combined drugs.

NSC668036: The dishevelled protein modu-
lates Wnt signaling by binding to the intracellular 
domain of FZD. NSC668036, an organic mole-
cule, was designed to target the PDZ domain of 
dishevelled, an essential domain for interacting 
with FZD, and thereby inhibit the activation of 
the Wnt signaling pathway [262].

Quercetin: Quercetin (3,3′,4′,5,7- pentahydro
xyflavone) interrupts Wnt signaling by interfer-
ing with the formation of the β-Catenin/TCF 
complex in the nucleus, thereby downregulating 
the expression of the downstream oncogenic 
genes [263]. It is a natural bioflavanoid and is 
abundant in onions, apples, and green tea. It is 
considered nontoxic and effectively inhibits 
growth of a variety of cancer cells including 
breast, colon, lung, and prostate cancers. 
Quercetin inhibits the proliferation of PCa cell 
lines by inducing cell cycle arrest in the G2 
phase. It also arrests the cell cycle by downregu-
lating cyclin D and E, CDK, and cdc25c, and 
upregulating p21, p53, p18, and p27. Quercetin 
also induces apoptosis of PC3 and LNCaP cells 
by increasing pro-apoptotic Bax and by decreas-
ing anti-apoptotic Bcl-2 proteins. Additionally, 
quercetin exerts its anti-androgenic effect by 
inhibiting 5 alpha-reductase and suppressing the 
androgen receptor (AR) complex in prostate can-
cer cells. AR expression was found to be signifi-
cantly decreased in LNCaP cells treated with 
quercetin in a dose-dependent fashion.

Tegavivint (BC2059): Tegavivint (BC2059), 
an anthraquinone oxime-analog, is a potent inhib-
itor of the Wnt/β-Catenin pathway [264]. When 
acting alone, Tegavivint decreases β-Catenin lev-
els by enhancing its degradation process and 
attenuating LEF/TCF4 transcriptional activity. As 

a result, the expression levels of downstream tar-
gets such as cyclin D1, MYC are significantly 
decreased. Synergistic activities can be achieved 
when Tegavivint is administered in combination 
with the HDAC inhibitor panobinostat to treat pri-
mary acute myelogenous leukemia [264]. 
Co-treatment with BC2059 and JAK2-targeted 
tyrosine kinase inhibitor TG101209 induced syn-
ergistic apoptotic effect in myeloproliferative 
neoplasia. Synergism has also been shown in 
combined treatment of BC2059 with BCR-ABL-
targeted tyrosine kinase inhibitor nilotinib in 
chronic myelogenous leukemia [264]. Phase I 
clinical trials are currently evaluating the safety of 
Tegavivint in treating patients with primary and 
recurrent unresectable desmoid tumors. 
Symptomatic and progressive desmid tumors are 
also included in the study.

Calphostin C (PKF115-584): Calphostin C 
(PKF115-584) inhibits many cancer cell lines by 
targeting β-Catenin/TCF (LEF) interaction [265] 
Calphostin disrupts the β-Catenin/TCF4 complex 
and inhibits binding of TCF proteins to protein 
kinase C in colon cancer.

Inhibitor of Wnt Production (IWP): 
Porcupine (PORCN), a membrane-bound 
O-acyltransferase family, produces functional and 
secretory Wnt proteins by transferring a palmitoyl 
group to Wnt ligands. IWP, including IWP-1 and 
IWP-2, inactivate PORCN function by binding to 
the critical functional determinant of the benzo-
thiazole group of PORCN. Other IWP associated 
proteins (IWP-PEG-Biotin, IWP-PB) display sim-
ilar mechanisms of inhibiting PORCN by com-
petitive binding of benzothiazole group of PORCN 
to IWP-PB [266]. An alternate route of inhibiting 
the Wnt/β-Catenin signaling pathway by PORCN 
inhibitors has been hypothesized. In addition to 
binding to PORCN, IWPs intervene the signaling 
pathway by interacting with the isoforms of casein 
kinase (CK) family [267]. CK1δ/ε isoforms are 
involved in the Wnt signaling pathway and regu-
late cell growth by interacting with various pro-
teins including DVL1-3, CTNNB1, AXIN1, and 
APC. It has been demonstrated that IWP-2 inhibits 
CK1δ/ε by binding to the selective ATP- binding 
site of the isoforms and exerting its anticancer 
activities in various cancer cell lines [267].
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LGK974 (WNT974): LGK974 is a potent 
inhibitor of PORCN and blocks Wnt signaling in 
vitro and in vivo [268]. A phase I, dose escalation 
clinical trial has been initiated to test the efficacy 
of LGK974 in treating various cancers including 
pancreatic cancer, melanoma, breast cancer, and 
lung cancer. A phase II clinical trial of patients 
with squamous cell carcinoma of the head and 
neck is also underway.

Wnt-C59: Wnt-C59 targets PORCN and 
downregulates Wnt/β-Catenin signaling [269]. It 
is a potent inhibitor that exerts its biologic activ-
ity at nanomolar concentrations. Wnt-C59 pre-
vents progression of mammary cancer in 
MMTV-WNT1 transgenic mice. No prominent 
cytotoxicity has been found, suggesting that it 
may be a safe molecule for treating cancer.

Inhibitor of Wnt Response (IWR): The tar-
gets of Inhibitor of Wnt Response (IWR) com-
pounds are the tankyrase enzymes, 
intracytoplasmic poly-ADP-ribosylating 
enzymes that interact with Axin and regulate its 
ubiquitination and degradation. IWR compounds 
inhibit tankyrase enzymes, thereby promoting 
the accumulation of Axin. The excess Axin binds 
to the destruction complex and accelerates the 
degradation process of β-Catenin.

XAV939: XAV939 exerts its potent inhibitory 
activity on Wnt signaling through suppressing 
tankyrase 1 and tankyrase 2 [270]. Axin is then 
stabilized, stimulating the degradation of 
β-catenin and antagonizing Wnt signaling.

 Conclusion

Dysregulation of the Wnt/β-Catenin signaling 
pathway is involved in the tumorigenesis and 
progression to therapy resistance of many types 
of cancer including PCa. Accumulating evidence 
indicates that epigenetic reprogramming induces 
cellular plasticity and a stem-like state in PCa 
cells, promoting EMT and/or the acquisition of 
NE phenotype. During this process, Wnt/β- -
Catenin signaling is activated and enables PCa 
cells to survive cancer therapies. Small mole-
cules are designed to target specific proteins and 
regulators of Wnt/β-Catenin signaling. So far, 

they have shown promising results of inhibiting 
tumor cell growth. Clinical trials are currently 
being conducted in the hope of achieving clinical 
remission of advanced PCa.
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 Introduction

Prostate Cancer (PCa) is a disease characterized 
by genetic and epigenetic alterations. 
Accumulation of somatic genomic alterations 
such as mutations and chromosomal rearrange-
ments and global changes to the chromatin land-
scape contribute to prostate cancer initiation, 
progression, and therapy resistance. Specifically, 
genomic alterations in genes that encode chroma-
tin regulators and chromatin-remodeling factors 
are enriched in advanced, metastatic castration 
resistant prostate cancer (mCRPC). Epigenetic 
reprogramming of chromatin alters the accessible 
regions of the genome resulting in differential 
transcriptional output during prostate oncogene-
sis and progression.

Within the cell nucleus, the linear genomic 
DNA is organized into a highly compact form 
called chromatin, which helps fit the entire 
2-m-long genomic DNA into a cell nucleus mea-
suring only ~10 μm in diameter. This compaction 
is reversible and is mediated by interactions 

between the negatively charged DNA and a set of 
four proteins called histones. The fundamental 
unit of chromatin is a nucleosome that contains 
145–147 bp of DNA wrapped about 1.65 times 
around a globular octamer complex formed from 
homo-dimers of the core histone proteins H2A, 
H2B, H3, and H4. This chromatin conformation 
resembles a “beads on a string” structure [1, 2]. A 
fifth histone protein H1 binds to the DNA 
between two adjacent nucleosomes and acts as a 
nucleosome-linker and further promotes com-
paction and stabilization of the chromatin into a 
30 nm fiber representing a higher order chroma-
tin structure [3, 4]. This higher order chromatin 
structure can be further classified into “hetero-
chromatin” that represents a highly condensed 
“transcriptionally inactive” state not accessible to 
the transcriptional machinery, and “euchromatin” 
that represents an open “transcriptionally active” 
state containing most of the active genes and 
accessible to the transcription machinery.

Recent advances in chromosome conforma-
tion capture technologies (e.g., 4C, HiC, and its 
derivatives) [5, 6] to study the three dimensional 
(3D) organization of chromatin have shown that 
the chromatin architecture is complex and is 
organized in a less-random fashion, resulting in a 
higher order 3D organization of genome with 
heterochromatic and euchromatic compartments 
[7]. At the sub-chromosomal level, the gene regu-
latory regions are classified into promoters that 
are located near the Transcription Start Site (TSS) 
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of genes, and enhancers that are typically located 
at a considerable distance from the TSS [8]. Upon 
activation by tissue-specific transcription factors, 
these enhancers modulate gene expression by 
physically interacting with their target gene pro-
moters through chromatin looping. This looping, 
which facilitates the physical interaction between 
distal enhancers and gene promoters, is further 
propagated by proteins that promote this contact, 
thereby constituting gene-modulatory landscape 
[9]. Based on such high levels of internal interac-
tions, chromatin structure is sub-divided into 
many domains known as topologically associat-
ing domain (TAD). They are the chromatin 
domains with high levels of internal interactions 
and are separated from each other by regions of 
low interaction called boundary elements. TADs 
constitute fundamental units of the 3D organiza-
tion of the genome, promoting enhancer- promoter 
interactions [10]. Characterization of these gene 
regulatory units like promoters, enhancers and 
their 3D interactions has opened avenues for 
understanding mechanisms of transcriptional 
control of genes. Chromosomal architecture is 
primarily mediated by the CCCTC-binding fac-
tor (CTCF)/cohesin complex. CTCF is an 
11-zinc-finger transcription factor that is enriched 
at boundary elements of TADs and loop domains 
and is essential for the recruitment of cohesin to 
chromatin [11, 12]. This suggests that the micro-
scopic structures of chromatin configurations are 
much more complex, and that the dynamic, yet 
controlled modulations of these chromatin con-
formations are essential for timely, tissue- 
specific, and coordinated gene expression. 
Efficient regulation of gene expression and cel-
lular processes are mediated through modulating 
chromatin structure by three mechanisms involv-
ing the DNA and histones: (1) Covalent modifi-
cations of DNA, (2) Post-translational 
modifications of histone tails by histone modify-
ing enzymes, and (3) Disruption of histone-DNA 
contacts by ATP dependent chromatin remodel-
ing proteins. These epigenetic regulatory mecha-
nisms work independently or in unison to 
modulate chromatin architecture, which in turn 
regulates gene expression, thereby governing cel-
lular function.

 DNA Methylation as an Epigenetic 
Code for Prostate Tumor 
Development

Methylation patterns of cytosine residues within 
CpG dinucleotide sequences play an important 
role in key cellular process such as DNA repair, 
recombination and replication, and regulation of 
gene expression [13, 14]. DNA methylation 
based regulatory mechanisms are highly dynamic 
where in nearly 60–80% of CpG sites in the 
mammalian genome display altered methylation 
patterns. Cytosine methylation is catalyzed by 
DNA methyltransferases DNMT1, DNMT3A, 
and DNMT3B that transfer a methyl group from 
S-adenosylmethionine to the 5′ carbon of the 
cytosine ring to form 5-methylcytosine (5-mC). 
CpG dinucleotide sequences are enriched at 
active gene promoters and hypermethylation of 
these regions leads to the preferential binding of 
methyl CpG binding domain (MBD) proteins, 
such as MBD1, MBD2, MBD3, MBD4, Kaiso, 
and MECP2 [15]. These MBD proteins contain 
transcriptional repression domains, which in 
association with histone deacetylases (HDACs), 
repress target gene transcription. In prostate can-
cer development, aberrant hypermethylation is 
commonly observed in the promoter regions of 
genes associated with tumor-suppressor activity 
(e.g.  APC, RARβ, RASSF1A, p16), DNA-repair 
(e.g. GSTP1, MGMT, GSTM1), cell cycle control 
(e.g.  CCNA1, CDKN2A, CCND2, H1C1, SFN), 
apoptosis (e.g.  PYCARD, DAPK, SLC5A8, 
SLC18A2, TNFRSF10C, RUNX3), and mainte-
nance of cell-cell contacts (e.g.  CDH1, CD44), 
whose repression enables the growth and stabili-
zation of neoplastic phenotypes [13, 16, 17]. 
Additionally, DNA hypermethylation represses 
the transcription of microRNAs leading to upreg-
ulation of their oncogenic targets that can drive 
tumorigenesis [18]. DNA demethylation pro-
ceeds primarily through oxidative reactions cata-
lyzed by the TET family oxygenases that convert 
5-methylcytosine → 5-hydroxymethylcytosine → 
5-formylcytosine → 5-carboxylcytosine, which is 
then converted to cytosine through the action of 
thymine DNA glycosylase [19]. DNA hypometh-
ylation, which activates gene transcription 
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 primarily at the promoter regions of oncogenes, 
is observed more frequently in mCRPC com-
pared to PCa [13]. Genes regulated by aberrant 
DNA hypomethylation in prostate cancer include 
MYC, RAS, uPA, PLAU, HPSE, CYP1B1, 
WNT5A, S100P, and CRIP1. More details on the 
role of DNA methylation in Pca and their poten-
tial for use as diagnostic and prognostic biomark-
ers may be found in several excellent reviews on 
this topic [13–18, 20].

 Histone Post-translational 
Modifications

Amino acid residues in the unstructured 
N-terminal tails of histone proteins H3 and H4, 
and both N- and C-termini tails of H2A and H2B, 
display a variety of covalent, reversible, post- 
translational modifications (PTMs) that define 
the epigenetic code. PTMs are strongly associ-
ated with specific amino acid residues. Some of 
the well-studied PTMs include methylation 
(occurring on K and R residues), acetylation (K, 
S, T), phosphorylation (S, T, Y, H), ubiquitination 
(K), sumoylation (K), ADP ribosylation (K, E), 
succinylation (K), 2-hydroxyisobutyrylation (K) 
formylation (K), malonylation (K), propionyl-
ation (K), butyrylation (K), crotonylation (K), 
hydroxylation (Y), citrullination, a.k.a. deamina-
tion (R), O-GlcNAcylation (S, T), and proline 
isomerization [21–25]. The highly dynamic his-
tone PTMs regulate cell function by altering 
DNA-histone interactions, nucleosomal assem-
bly, and global/local higher order structures of 
chromatin, all of which in turn directly control 
the accessibility of genes to transcription factors. 
The major cellular processes regulated by the his-
tone PTM epigenetic code include gene tran-
scription, gene-repair, metabolism, replication, 
and chromatin condensation [23].

The vast number and combinations of histone 
modifications define highly complex epigenetic 
regulatory states of chromatin. Unlike the CpG 
specific DNA methylation discussed earlier, his-
tones can be methylated at any of the lysine or 
arginine residues. Hence, the position and state 
of methylations, and in effect that for all 

PTMs, represents integral part of the epigen-
etic code. For example, tri-methylations 
H3K9me3 and H3K27me3 are primarily linked 
to compact and closed chromatin conformations 
(heterochromatin) that repress gene transcription 
[26] (see Fig.  1a), while H3K4me1/me2/me3, 
and H3K36me3 are associated with relaxed chro-
matin conformations (euchromatin) that activate 
gene transcription [11] (see Fig. 1b).

In PCa, histone methylation and acetylation 
are often associated with progression and metas-
tasis. Compared to non-malignant phenotypes, 
the levels of H3K4me1, H3K9me2, H3K9me3 
are often reduced in primary prostate cancer and 
increased in mCRPC.  Acetylation of H3K9, 
H318, and H4K12 also often display a similar 
trend [3, 17, 27]. Similarly, acetylation of the his-
tone variant H2A.Z at active promoter sites is 
often associated with oncogene activation in PCa 
[28].

Factors governing epigenetic regulation can 
be broadly classified into three distinct groups 
namely readers—proteins that recognize a PTM, 
writers—enzymes that catalyze the addition of a 
PTM, and erasers—enzymes that catalyze the 
removal of a PTM. Each histone PTM has a spe-
cific set of reader, writer, and eraser proteins. In 
this chapter, we will specifically focus on the 
well-studied enzymatic machineries governing 
histone acetylation and methylation in PCa. 
Histone methylation and demethylation are medi-
ated by histone methyltransferases (HMTs) and 
demethylases (HDMs), while acetylation and 
deacetylation are mediated by histone acetyl-
transferases (HATs), histone deacetylases 
(HDACs) and sirtuins. A significant number of 
these epigenetic readers, writers and erases are 
dysregulated and mutated in PCa.

 Histone Methylation in Prostate 
Cancer

Histone methylation occurs primarily on the side 
chains of all basic amino acid residues, i.e. lysine 
(K), arginine (R) and histidine (H). Lysines can 
be mono (me1), di (me2), or tri (me3) methylated 
on their ε-amine group, Arginines can be mono 
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(me1), symmetrically dimethylated (me2s), or 
asymmetrically dimethylated (me2a) on their 
guanidinyl group, whereas histidines have been 
reported to be monomethylated, although this is a 
rare form of methylation. Interestingly, unlike 
acetylation, histone methylation does not alter 
the charge of the histone protein [29]. Rather, the 
position and the state of methylation (me1/me2/
me3) define different regulatory states. Histone 
methylation plays a central role in (1) transcrip-
tional activation/silencing via chromosomal 
looping and chromatin remodeling, (2) recruit-
ment of cell specific transcription factors via 
interactions with initiation and elongation fac-
tors, as well as (3) RNA splicing [30, 31]. Histone 
methylation dynamics regulates a variety of cell 
functions including cell-cycle regulation, DNA 
damage and stress response, development and 
differentiation. Thus, aberrations in histone 
methylation patterns and the enzymes regulating 
histone methylation play major roles in cancer 
development and growth.

Histone lysine methyltransferases (HMTs) 
catalyze the transfer of a methyl group from 
S-adenosylmethionine (SAM) to a lysine ε-amino 
group on the N-terminal tails of histones. Since 
the discovery of the first HMT, SUV39H1 that 
catalyzes H3K9me3, a variety of methyltransfer-
ases that target lysine on H3 and H4 histones 
have been identified [21]. A characteristic feature 
of all lysine methylating HMTs is that they con-
tain a SET domain, which harbors the enzymatic 
activity, except for DOT1L, which lacks a SET 

domain. HMTs are further classified into the 
SUV39, EZH, SET1, SET2, PRDM, and SMYD 
sub-families based on the sequence homology in 
and around the SET domain [32]. Some of the 
most extensively studied histone methylation 
sites include H3K4, H3K9, H3K27, H3K36, 
H3K79, and H4K20. The enzymatic machinery 
that regulates the methylation of these residues is 
shown in Fig. 2. Generally, H3K4, H3K36, and 
H3K79 methylations mark sites of active tran-
scription, while methylations of H3K9, H3K27, 
and H4K20 are associated with sites of silenced 
transcription [31]. Arginine methylation is cata-
lyzed by arginine methyltransferases, which are 
divided into two subclasses—Class I and Class II 
enzymes. Together, these two types of arginine 
methyltransferases constitute a relatively large 
protein family with a total of 11 members that are 
referred to as PRMTs.

The highly stable methyl bonds on methylated 
lysines are removed through an oxidative mecha-
nism catalyzed by Histone lysine demethylases 
(KDMs). Demethylases are classified into two 
major families: (1) those with an amine oxidase 
domain that use Flavin adenine dinucleotide 
(FAD) as a cofactor, and (2) those containing a 
Jumonji C (JmJC)-domain that use iron and 
α-ketoglutarate as cofactors to catalyze their oxi-
dative reactions [31, 33, 35–37]. The first type 
belongs to the KDM1 family of KMTs, with two 
members LSD1/KDM1A and LSD2/KDM1B, 
that only catalyze demethylation of mono- and 
di-methyl groups. The JmJC family of KDMs 
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contain 28 members that are further subdivided 
into the KDM2, KDM3, KDM4, KDM5, 
JARID2, KDM6, KDM7, and KDM8 subfami-
lies. Each subfamily is characterized by the simi-
larities in their DNA binding, DNA recognition 
domains, and specific histone and non-histone 
substrates. The JmJC KDMs demethylate all 
mono-, di-, and tri-methylated histone lysines.

The following section will focus on the H3 
and H4 lysine methylations/demethylations dis-
played in Fig. 2. It should be noted that in addi-
tion to these well studied marks, histone 
methylation has also been detected in all basic 
residues in all the four nucleosomal histones [29] 
and their specific roles in cell function remain to 
be elucidated.

 H3K4 Methylation

A genome-wide study of H3K4 methylation at 44 
loci in the human genome selected by the 
ENCODE consortium showed that H3K4me1 is 
a mark for active or poised enhancers, H3K4me3 
is a mark for promoter regions of genes poised 
for or undergoing active transcription, while 
H3K4me2 marks both enhancer and promoter 
regions [38]. These findings were also verified in 
genome-wide studies of a panel of five human 
cell lines [39]. Though these marks are evolution-
arily conserved, their exact role in active tran-
scription of a specific gene depends on a number 
of factors such as the transcription frequency, 
elongation rate, and COMPASS activity [40]. 
H3K4me3 is highly enriched at TSSs, but totally 
depleted in the elongation regions [41] and 
CpG islands [42]. A majority of the highly 
transcribed genes have a gradient of 
H3K4me3  >  H3K4me2  >  H3K4me1 along the 
gene body from the 5′ end to the 3′ end, but the 
exact methylation patterns are gene-specific [40]. 
While observations on the function of a H3K4 
mark holds true in most of the cases, its exact 
function is determined by the activity of the 
reader protein that recognizes the mark. For 
example, both H3K4me2 and H3K4me3 marks 
bound by plant homeodomain (PHD)-domain 
containing ING2 (inhibitor of growth family 

member 2) proteins are associated with transcrip-
tional repression. Also, H3K4 methylation levels 
correlate with DNA damage signaling [43].

A large body of evidence points to the impor-
tance of H3K4 methylation in PCa tumorigenesis 
and metastasis. Tissue microarray analysis of 
prostate tumor tissues revealed that patients with 
reduced H3K4me2 levels were at an increased 
risk for relapse [27, 44], and these results were 
verified through analysis of patient microarray 
data [45]. Studies using CRPC cell lines and tis-
sues found that H3K4me1 and H3K4me2 marks 
were selectively enriched at androgen receptor 
(AR)-regulated enhancers of cell cycle genes 
such as UBE2C and CDK1 that promote CRPC 
growth [46]. Further, an increase in H3K4me3 
marks correlated with activation of cell growth 
and survival genes FGFR1 and BCL2 [47]. A 
genome-wide ChIP-seq study using LNCaP cells 
showed that H3K4me2 precisely marked the 
nucleosomes flanking AR binding motifs at distal 
enhancers regulating the transcription of key AR 
target genes such as TMPRSS2, and PSA [48]. 
Alteration in H3K4 levels are also a result of dys-
regulation/mutations in the enzymatic machinery 
that regulates methylation. For example, the 
tumor suppressor gene PTEN is frequently 
deleted in primary PCa, and is lost to a greater 
extent in the mCRPC tumors [49], leading to 
deregulated PI3K signaling. This is turn affects 
the subcellular localization of the KDM5A 
demethylase [50] leading to genome-wide altera-
tion of H3K4 levels. Reduced H3K4me2 levels in 
primary PCa was shown to be associated with 
increased risk for recurrence and metastasis [29]. 
Whole exome sequencing studies identified AR 
interactions with proteins of the KMT2 complex 
[51], specifically with Menin and ASH2L [52]. In 
the following section we will briefly describe the 
major methylation writers, and erasers that gov-
ern the dynamics of H3K4 methylation and their 
known role in the development of PCa.

 H3K4 Methylation Writers
In mammalian cells, methylation of H3K4 is 
catalyzed by the KMT2/MLL/COMPASS family 
of methyltransferases; MLL1/KMT2A, MLL2/
KMT2D, MLL3/KMT2C, MLL4/KMT2B, 
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MLL5/KMT2E, SETD1A/KMT2F,  andSETD1B/
KMT2G; SMYD family methyltransferases; 
SMYD1, SMYD2, and SMYD3; SETD7, and 
PRDM9 (see Fig. 2) [29, 31, 53].

KMT2/MLL/COMPASS family 
Methyltransferases: COMPASS (Complex pro-
teins associated with Set1) proteins in mammalian 
cells are a family of six methyltransferases. All pro-
teins in this family of methyltransferases contain a 
SET1 domain in complex with four common sub-
units—namely, WDR5, ASH2L, RbBP5, and 
DPY30—and other protein specific subunits cho-
sen from CXXC1, WDR82, HCF1, HCF2, Menin, 
PTIP, PA1, and NCOA6 [31, 54]. The 130–140 
amino acid long SET1 (Suppressor of variegation, 
Enhancer of Zeste, Trithorax) domain is conserved 
across all KMT2 family methyltransferases and is 
responsible for catalyzing lysine methylation activ-
ity [54–56]. An analysis of 12 different cancers in 
the cancer genome atlas (TCGA) dataset revealed 
that KMT2 family methyltransferases are fre-
quently dysregulated and mutated in nearly all can-
cers, and prominently in bladder, lung, and 
endometrial cancers [57, 58].

KMT2A and KMT2B (MLL1 and MLL4) 
writers: MLL1/KMT2A is the founding member 
of the KMT2 family of methyltransferases, which 
was originally observed in the 11q23 chromo-
somal translocation known to be the key driver of 
acute lymphoblastic leukemia (ALL) and acute 
myeloid leukemia (AML). This family of meth-
yltransferases carries the unique COMPASS pro-
tein subunits Menin, and HCF1 or HCF2. MLL1 
and MLL4 both contain a N-terminal CXXC 
domain and a C-terminal SET domain. MLL1, 
which also contains an AT-hook, stably binds to 
mitotic chromatin at both enhancer and promoter 
regions through multivalent interactions of its 
AT-hook and CXCC domains with AT-rich and 
unmethylated CpG dinucleotides, respectively 
[58]. It remains bound to the chromatin during 
DNA replication and mitosis to ensure the propa-
gation of a cell’s transcription state to the daugh-
ter cells. MLL1 and MLL4 catalyze high levels 
of mono-, di-, and low levels of tri- methylation 
of H3K4, and MLL1 is localized to regions of 
RNA polymerase II activity, specifically at the 5′ 
end of actively transcribed genes [59]. MLL1 is 

also associated with microRNAs involved in 
cancer and hematopoiesis. Loss of MLL1 affects 
embryogenesis, transcriptional elongation and 
cancer development. Both MLL1 and MLL4 
harbor cleavage sites for threonine aspartase, 
taspase1, hence their activity is also regulated by 
Taspase1. Furthermore, MLL1 is regulated by 
histone H2B ubiquitination. While the role of 
11q23 translocations impacting MLL1 is well 
established in ALL and AML, analyses of the 
Catalogue of Somatic Mutations in Cancer 
(COSMIC) database showed that greater than 
60% of lung, breast, bladder, endometrium, and 
large intestine cancer patients harbored one or 
more mutations in MLL1, but fewer in MLL4.

KMT2C and KMT2D (MLL3 and MLL2) 
writers: MLL2 and MLL3 primarily catalyze 
mono-methylation of H3K4 at enhancer regions 
[60, 61]. The unique COMPASS protein subunits 
in MLL2 and MLL3 are PTIP, PA1, NCOA6, and 
UTX. The stable binding of MLL2 and MLL3 to 
chromatin is mediated by their high mobility 
group I (HMG-I) and LXXLL binding motifs 
that are common in most transcription factors and 
coactivators [58]. Both MLL2 and MLL3 contain 
seven PHD domains via which they bind to argi-
nine residues H3R3me0 and H3R3me2a within 
intergenic regions [62]. MLL2 is a known co- 
activator of the estrogen receptor (ER)-, and is 
required for ER-α transcriptional activity as well 
as proliferation of ER-α positive breast cancer 
cell lines, such as MCF7 [63]. MLL3 mono- 
methylation is essential for IgG class switching, 
adipogenesis, and nuclear receptor co-activators 
[54]. Loss of MLL3 results in developmental 
defects, reduction in white adipose tissue, 
embryogenesis and growth [58]. Analysis of the 
COSMIC database showed that MLL2 and MLL3 
were mutated in >60% of lung, large intestine, 
breast, endometrium, and bladder cancers, and 
~25% of non-Hodgkin lymphoma, medulloblas-
toma, and primitive neuroendodermal cancers. A 
recent clinical study on 46 Chinese PCa patients 
revealed that MLL2 is mutated in 63% of the 
samples and drives PCa progression by activating 
LIFR and KLF4 [64]. Whole exome sequencing 
studies of 50 mCRPC samples identified recur-
rent MLL2 mutations in 8.6% of patients [51].
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KMT2F and KMT2G (SETD1A and 
SETD1B) writers: SETD1A and SETD1B cata-
lyze mono-, di-, and tri-methylation of H3K4. In 
most cells, these enzymes catalyze the bulk of 
H3K4me3 methylations. They are the smallest 
subgroup of the KMT2 family and contain a SET 
domain that catalyzes methylation, an RNA rec-
ognition motif (RRM) at the N-terminal, a N-SET 
domain at the C-terminal, a WD-repeat 82 
domain that interacts with RNA Pol II, and a 
CXXC finger domain that preferentially binds to 
CpG dinucleotides. Genome-wide ChIP-seq 
analysis of SETD1A and SETD1B binding pat-
terns reveal that they preferentially bind to gene 
promoter regions justifying their strong prefer-
ence for H3K4 tri-methylation [58, 65]. SETD1A 
is recruited in a transcription factor dependent 
manner and is essential for development, cell 
proliferation, and induced pluripotency [58]. 
Analysis of lung, large intestine, endometrium, 
liver and skin datasets in the COSMIC database 
found that ~62% of the chosen cancers harbored 
SETD1A mutations and ~60% harbored muta-
tions in the SETD1B enzyme [58]. However, a 
similar analysis for the prostate adenocarcinoma 
dataset showed no evidence of SETD1A or 
SETD1B mutations (<0.5%) or dysregulation in 
PCa, consistent with other reports [54].

SMYD family methylation writers: SET and 
MYND domain-containing proteins (SMYD) are 
another family of five histone and non-histone 
substrate methyltransferases, of which only 
SMYD1, and SMYD3 are known to catalyze 
mono-, di-, and tri-methylation of H3K4 [66–68] 
(also see Fig. 1). SMYD2, on the other hand cata-
lyzes H3K36 methylation [68]. SMYD3 mono-
methylates H4K5 [69] and trimethylates H4K20 
[70]. SMYD family KMTs contains a bi-lobal 
architecture with the SET and MYND domains 
on the N-terminal lobe and a TPR-like domain on 
the C-terminal lobe. The interface between the 
N- and C-terminal lobes act as cavernous binding 
sites for protein substrates, which bind a wide 
variety of proteins including p53 (protein data 
bank ID: 3TG5), and ER-α (protein data bank ID: 
406F) [67]. SMYD family proteins are key regu-
lators of development and function of skeletal 
and cardiac muscles, and specifically SMYD1 is 

essential for thick filament organization of myo-
sin [71].

SMYD3 is overexpressed in a broad range of 
cancers, including prostate, breast, and many 
colorectal and hepatocellular carcinomas. It reg-
ulates transcriptional activity of nearly 80 genes 
by forming a complex with RNA pol II and bind-
ing to their promoter regions. A well-studied 
example is the SMYD3 regulation of homeobox 
gene NKX2.8 that is commonly upregulated in 
hepatocellular carcinoma. The role of SMYD3 in 
oncogenesis was demonstrated by its siRNA- 
mediated knockdown, which suppressed prolif-
eration in HCC, while its introduction into 3T3 
cells enhanced cell growth [72]. IHC staining in 
paired normal prostate and prostate tumor sam-
ples showed that SMYD3 was highly upregulated 
in tumors, and was primarily localized to the 
cytoplasm (in 92% of samples) compared to the 
nucleus (32% of samples) [73]. These findings 
suggest that the role of SMYD3 in cellular func-
tion extends beyond its methyltransferase activ-
ity. AR signaling was downregulated upon siRNA 
and shRNA mediated knockdown of SMYD3 
leading to increased apoptosis and S phase accu-
mulation, and decreased proliferation, colony 
formation, transwell cell migration, and invasion 
[73]. Interestingly, MMP-9, which is transcrip-
tionally regulated by AR and associated with 
invasiveness in PCa cells, was upregulated by 
SMYD3 activity. This points to a cross-talk 
between the SMYD3 and AR regulatory net-
works [74, 75].

Currently, much research is focused on devel-
oping strategies to effectively inhibit SMYD3 
[76]. For instance, one group synthesized a small 
molecule inhibitor BCl-121, that interrupts the 
SMYD3-substrate interaction at the histone pep-
tide binding channel and thus prevents SMYD3 
chromatin localization. Treatment with a high 
dose of 100 μM was able to induce S-phase arrest 
and thereby inhibit growth of cancer cells that 
specifically overexpress SMYD3. Noteworthy, 
this growth inhibitory effect of BCl-121 was 
observed in the LNCaP and DU145 prostate can-
cer cell lines, where proliferation was reduced by 
approximately 70% [77]. Epizyme has developed 
sulfonamides and sulfamides that inhibit the 
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enzyme, including the orally bioavailable 
EPZ031686 [78]. GSK designed a small mole-
cule, GSK2807, based on the crystal structure of 
SMYD3/MEKK2/SAH that can compete with 
SAM to link SMYD3 with its substrate [79]. 
H3K4 methylation is also catalyzed by other 
KMTs such as SETD7, and RMTs such as 
PRDM9. For detailed reviews on this topic see 
reference [67].

 H3K4 Methylation Erasers
H3K4 demethylation is primarily catalyzed by 
KDM1A, KDM1B, KDM5A, KDM5B, KDM5C, 
KDM5D, and MAPJD KMTs [31, 33].

KDM1 family H3K4 methylation erasers: 
The KDM1 family consists of KDM1A/LSD1 
and KDM1B/LSD2, both of which demethylate 
H3K4me1 and H3K4me2 residues (see Fig.  2) 
and is one of the well-studied lysine demethyl-
ases. LSD1 is a known activator of AR, and its 
overexpression is essential for the maintenance 
of malignant phenotypes in mCRPC, and also in 
other cancers including bladder, colorectal, 
AML, neuroblastoma, and estrogen-receptor- 
negative breast cancer [36, 66, 80]. LSD1 dys-
regulation is an oncogenic driver of PCa due to 
its ability to: (1) control phenotypic plasticity of 
PCa cells [81, 82], (2) promote AR-independent 
survival in mCRPC cells in a non-canonical, 
demethylase-independent manner [83], (3) regu-
late expression of the AR-V7 splice variant [84], 
(4) activate mCRPC gene networks independent 
of its demethylase activity [83], and (5) control 
metastasis of CRPC [85]. It also demethylates 
p53 and represses p53 function, inhibits differen-
tiation of neuroblastoma and leukemia, and inter-
acts with EWS/FLI1 in osteosarcoma [35]. LSD2 
is a homolog of LSD1, but little is known about 
its role in cancer.

KDM5 family H3K4 methylation erasers: 
The KDM5/JARID1 family of lysine methyl-
transferases, KDM5A/JARID1A, KDM5B/
JARID1B, KDM5C/JARID1C, and KDM5D/
JARID1D, catalyze demethylation of di-, and tri- 
methylated H3K4. The JARID1 family of pro-
teins is unique among all JmJc family KDMs in 
that they contain a DNA binding ARID domain 
and a methylation binding PHD domain inter-

secting their JmJN and JmJC domains [86]. The 
KDM5 clusters are primarily associated with the 
removal of the active H3K4me2 and H3K36me2 
marks that leads to gene silencing and are impor-
tant for neuronal and hematopoietic develop-
ment, as well as drug resistance [87]. KDM5A, 
KDM5B, and KDM5C function as oncogenic 
drivers [88] and are overexpressed in prostate 
cancer [33, 89], while KDM5D functions as a 
putative tumor suppressor and is down-regulated/
deleted in prostate cancer [88]. KDM5A, origi-
nally identified as a retinoblastoma-binding pro-
tein (RBP) [90], is an integral part of the Notch/
RBP-J repressor complex mediated gene silenc-
ing machinery that regulates Notch-signaling 
pathways. KDM5A plays an important role in 
homeostasis and carcinogenesis [35, 91] and is 
implicated in dysregulated Notch signaling with 
concomitant increase in Notch family proteins 
such as Jagged2, Notch3, and Hes6. KDM5A has 
been observed in highly invasive, high grade 
prostate cancer [92–94]. KDM5A overexpression 
has been linked to chemoresistance in both pros-
tate and lung cancer cell lines [33, 80]. KDM5B, 
also known to demethylate H3K4me1 [29], is 
associated with normal development since it pro-
tects developmental genes from aberrant 
H3K4me3 modifications [36]. Overexpression of 
KDM5B attenuated transcription of genes related 
to melanoma progression [33] and promoted the 
aggressiveness of non-small cell lung cancer 
[95], while its knockdown inhibited tumor growth 
[33]. KDM5B is also regulated by AKT levels 
where it was recently shown that AKT inhibition 
in PTEN knockout mice reduced expression of 
KDM5B [96]. Analysis of Oncomine data 
showed that KDM5C expression was elevated in 
mCRPC and PCa, and could be used as a bio-
marker to predict the metastatic potential of pri-
mary tumors [88]. Furthermore, KDM5B has 
been shown to regulate a number of genes includ-
ing BRCA1, CAV1, and HOXA5 and as a result 
is one of most altered KDMs in a number of can-
cers [31, 97]. The KDM5C gene, found on the X 
chromosome, is overexpressed in prostate cancer 
and is a prognostic marker for tumor relapse post 
radical prostatectomy [98]. Moreover, BRD4 
mediated transcription of KDM5C led to mCRPC 
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cell sensitivity to BET inhibitors [99]. Its inacti-
vation triggered genomic instability in sporadic 
renal cancer [100]. KDM5C, independent of its 
enzymatic activity, functions as an oncogene by 
repressing the TGFβ-dependent transcription fac-
tor SMAD3 which in turn promotes PCa tumori-
genesis [88]. KDM5D, a homolog of KDM5C 
found on the Y chromosome, is a putative tumor 
suppressor that is downregulated in prostate can-
cer. A recent analysis of the Oncomine datasets 
showed that prostate tumors with high Gleason 
score expressed lower levels of KDM5C, its loss 
lead to docetaxel resistance, and could be used as 
a marker for prostate cancer invasion and metas-
tasis [101]. Analysis of whole exome sequencing 
data of metastatic prostate tumors showed that 
KDM5D was deleted in 25% of cases and per-
turbed nearly three times more frequently than 
other KDMs and KMTs [101]. An earlier study 
on prostate tumor samples obtained through radi-
cal prostatectomy found that 52% of prostate epi-
thelial cells had a deletion of the genomic region 
containing KDM5D [102].

NO66 (nucleolar protein 66) is another JmJC- 
domain containing demethylase of H3K4me1 
and H3K4me3. It is an oncogenic driver in pros-
tate cancer that regulates genes associated with 
survival, invasion and metastasis [103].

 Epigenetic Therapies Targeting H3K4 
Methylation
Due to the high prevalence of mutations in many 
cancer types, there have been many efforts to tar-
get the MLL complex as a therapeutic target 
[104]. One group developed MM-401, the first 
small molecule inhibitor to block the KMT2A/
WDR5 interaction, which was shown to ablate 
KMT2A HMTase activity while not affecting 
other KMT2 family members [105]. Recent stud-
ies have focused on peptidomimetic and small 
molecules that interrupt KMT2A/WDR5 bind-
ing, as well as small molecules that target the 
KMT2A/menin interaction [106–108]. Recently 
it was discovered that prostate cancer can specifi-
cally be targeted by using a small-molecule that 
inhibits this MLL1/menin interaction [52]. 
Additionally, a number of compounds have been 
developed to target the activity of KDM1A/LSD1 
(see reference [109] for the complete list). In 

Table 1 we provide a list of drugs in development 
and in clinical trials for epigenetic targeting of 
H3K4 methylation writers and erasers.

 H3K9 Methylation

H3K9me1 is enriched at active promoters thus 
marking active gene transcription, while both 
H3K9me2, and H3K9me3 are significantly 
enriched within silent genes thus serving as a 
mark for heterochromatin and gene silencing 
[11]. Microarray analysis of PCa tumor samples 
showed that patients with increased levels of PSA 
also displayed elevated levels of H3K9me2 and 
H3K9me3 [3]. Methylated H3K9 preferentially 
recruits Heterochromatin protein 1 (HP1), which 
is known to repress transcription of euchromatic 
genes and promote the formation of heterochro-
matin [33].

 H3K9 Methylation Writers
Methyltransferases known to be involved in the 
methylation of H3K9 belong to the KMT1 
(SUV39H1/KMT1A, SUV39H2/KMT1B, G9a/
EHMT2/KMT1C, GLP/EHMT1/KMT1D, 
SETDB1/KMT1E, and SETDB2/KMT1F), and 
the KMT8 (PRDM2) family of methyltransfer-
ases. Both of these families of methyltransferases 
contain a SET domain that mediates enzymatic 
activity. The SET domain in the KMT1/SUV39 
(Suppressor of variegation 3–9) subfamily of 
KMTs are flanked by two cysteine-rich domains 
called pre-SET and post-SET.  These domains 
bind to three zinc ions, a crucial step required for 
the enzymatic activity of the SET domain [110].

KMT1A/B (SUV39H1/2) writers: The 
SUV39 homologs SUV39H1 and SUV39H2 
were the first SET domain containing methyl-
transferases identified. These enzymes primarily 
function within highly compact and transcrip-
tionally silent chromatin regions called pericen-
tric heterochromatin [111]. They are known to 
di- or trimethylate H3K9me1 substrates and their 
activity is critical for the establishment and main-
tenance of heterochromatin structure and genome 
stability [112–114]. SUV39H1/2 function as 
tumor suppressors that tightly control the repres-
sion of oncogenes within heterochromatin. They 
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are aberrantly expressed in many cancers includ-
ing prostate, AML, lung, liver and colorectal can-
cers. SUV39H1/2 both contain a chromatin 
modifier domain (chromodomain) that recog-
nizes and binds to methylated lysines. SUV39H2 
is a known co-activator of AR that is overex-
pressed in prostate cancer. It colocalizes with the 
AR coregulator melanoma antigen-11 
(MAGE-A11) [99] that enhances AR transcrip-
tional activity.

KMT1C and KMT1D (G9a and GLP) writ-
ers: G9a and GLP (G9a-like protein) are also 
members of the SUV39 KMT subfamily that 
catalyze mono- and di-methylation of H3K9  in 
euchromatin and facultative heterochromatin 
regions. Unlike SUV39H1/2, which are involved 
in stable repression, G9a and GLP proteins play 
central roles in dynamic transcriptional repres-
sion [110]. They form homo- and hetero-dimers 
and share 80% sequence identity in their catalytic 
domains [115]. G9a and GLP methylate both his-
tone and non-histone substrates. For instance, 
G9a- and GLP-catalyzed methylation of 
LaminB1 plays an important role in regulating 
H3K9me2-marked heterochromatin anchorage to 
the nuclear periphery [116]. In addition to the 
SUV39 specific SET domain, G9a and GLP also 
contain seven ankyrin repeat domains that medi-
ate protein–protein interactions [117, 118]. 
Interestingly, G9a can act both as a coactivator 
and a corepressor of transcription. For instance, 
G9a association with mediator complex MED1 
leads to transcriptional activation whereas G9a 
association with the K3K4 demethylase KDM5A 
leads to transcriptional repression [119]. The 
activity of G9a is essential for prostate differen-

tiation. Its interactions with the homeobox gene 
NKX3.1 form a highly regulated transcriptional 
network comprised of NKX3.1, G9a, and the 
H3K27me3 demethylase UTY, which regulates 
normal prostate differentiation. Dysregulation of 
this network results in predisposition to prostate 
cancer [120]. Similarly, G9a activity promotes 
coactivation of Runx2-induced expression of 
genes involved in processes such as epithelial to 
mesenchymal transition to induce prostate cancer 
progression and metastasis [121]. G9a is overex-
pressed in many types of cancers, including pros-
tate cancer [122], esophageal squamous cell 
carcinoma, hepatocellular carcinoma, aggressive 
lung cancer, brain cancer, multiple myeloma, and 
aggressive ovarian carcinoma. Higher expression 
levels of G9a correlate with poor prognosis.

 H3K9 Methylation Erasers
Enzymes demethylating mono-, di-, and tri- 
methylation marks on H3K9 belong to the KDM/
JHDM2, KDM4/JMJD2, and KDM7 subfamilies 
of lysine demethylases [34]. Additionally, the 
H3K4 demethylase, LSD1/KDM1A associates 
with AR and de-represses AR target genes by 
demethylating H3K9 without altering the status 
of the H3K4 methylations [123].

KDM3 methylation erasers: The KDM3 
subfamily of demethylases only contain the cata-
lytic JmJC domain and consist of three members, 
namely KDM3A/JHDM2A, KDM3B/JHDM2B, 
and KDM3C/JHDM3C. JHDM2A/B  demethylate 
H3K9me1 and H3K9me2 [124]. However, there 
is no direct evidence of JHDM2C demethylating 
H3K9. JHDM2A is overexpressed in colorectal 
cancer and renal cell carcinoma [33]. In the for-

Table 1 Epigenetic therapeutic drugs targeting H3K4 methylation writers and erasers

Drug class/name
Target 
protein Clinical phase

Status in 
CRPC Status in other cancers Reference

KO-539 MLL/
menin

In 
development

– – Kura Oncology, 
Inc.

BCI-121 SMYD3 Pre-clinical – Colorectal, lung, pancreatic, 
prostate, ovarian cancer

[77]

EPZ031686 SMYD3 Pre-clinical – – [78]
Seclidemstat 
(SP-2577)

LSD1 Phase I – Advanced solid tumors NCT03895684

GSK2879552 LSD1 Clinical – Phase I AML,
Phase I SCLC

NCT02034123,
NCT02177812

INCB059872 LSD1 Phase I/II – Advanced cancer NCT02712905
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mer, higher expression of JHDM2C correlated 
with poor prognosis [33].

KDM4 methylation erasers: The KDM4 
subfamily of KDMs consists of five members, 
KDM4A–E/JMJD2A–E, all of which contain the 
N-terminal JmJN and the catalytic JmJC domain. 
The KDM2A-C proteins also contain two PHD 
domains and two Tudor domains, that are essen-
tial for their function as histone methylation read-
ers. These three proteins share higher than 50% 
sequence identity. KDM4A-D preferentially 
demethylate H3K9me2 and H3K9me3 while 
KDM4E only catalyzes the demethylation of 
H3K9me3 to H3K9me1 through the removal of 
two methyl groups [37]. Analysis of expression 
data for diseased and normal tissues showed that 
the KDM4 family is expressed in 6–9 diseased 
tissues, with the highest expression in the testes 
and spleen, making them highly relevant to pros-
tate cancer [37]. Similarly, analysis of cancer 
mutation datasets from the CBio portal and 
TCGA showed that the KDM4 encoding genes, 
particularly KDM4C, harbor a variety of struc-
tural variations in prostate, lung, breast, and 
esophageal cancers, as well as lymphoma [37]. 
KDM4A interaction with activating protein tran-
scription factors plays a major role in controlling 
proliferation, apoptosis and differentiation. 
KDM4B interacts with nuclear receptors and is 
particularly important in prostate and breast can-
cers. It is highly expressed in estrogen-positive 
breast cancer and regulates ER mediated tran-
scription in an estrogen dependent manner [125]. 
In prostate cancer, KDM4B enhances AR stabil-
ity through inhibition of AR ubiquitination [126]. 
Similarly, KDM4C strongly associates with AR 
and the H3K4 demethylase KDM1A/LSD1 and 
promotes H3K9me3 demethylation in an 
AR-ligand dependent manner, which in turn acti-
vates AR transcription [127].

 Epigenetic Therapies Targeting H3K9 
Methylation
There are currently no ongoing clinical trials tar-
geting H3K9 methylation enzymes. However, 
several drugs are under development as shown in 
Table  2. Furthermore, compounds targeting 

LSD1 (GSK2879552, and INCB059872, see 
Table 1) are known to affect H3K9 levels in cells.

 H3K27 Methylation

H3K27 methylation is a well-studied repressive 
histone PTM and is a hallmark of facultative 
chromatin [132]. H3K27 is either di- or tri- 
methylated by the enzymatic activity of the 
Polycomb group (PcG) protein complexes. Apart 
from its role as transcriptional repressor, H3K27 
methylation is critical in regulating genes essen-
tial for cellular differentiation and proliferation. 
H3K27 methylation is dysregulated in a large 
number of cancers, including prostate cancer, 
particularly due to mutations and aberrations in 
its reader, writer, and eraser enzymes.

 H3K27 Methylation Writers
KTM6A/B (EZH2/1) writers of H3K27: EZH1 
(Enhancer of Zeste Homolog 1) and EZH2 
(Enhancer of Zeste Homolog 2) are methyltrans-
ferases that catalyze the tri-methylation of 
H3K27. EZH1 or EZH2 constitute the catalytic 
subunit of the Polycomb repressor complex 
PRC2, that also contain the Suz12 zinc finger 
domain, and the EED domain that recognizes tri- 
methylated peptides [133]. EZH1- and EZH2- 
containing PRC2 complexes are found in 1:1 
stoichiometry, and the latter effectively methyl-
ates H3K27. Thus, EZH2 plays a central role in 
governing H3K27 mediated gene repression. A 
number of studies have documented up- regulation 
of EZH2 in many tumor types, including prostate 
cancer, breast cancer, and lymphomas, where the 
expression level appears to correlate with disease 
progression [134, 135]. Overexpression of 
EZH2 in prostate cancer cell lines increases inva-
siveness, while EZH2 knockdown decreases pro-
liferation, with the effect being more pronounced 
in AR-independent prostate cancer lines. 
Interestingly, EZH2 mRNA and protein levels are 
low in benign prostate and increase progressively 
from localized to metastatic tumors, suggesting 
that EZH2 could be a useful prognostic indicator 
as well as a potential therapeutic target [136]. 
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EZH2 expression is also regulated by micro- 
RNA- 101, which is encoded by a locus that is 
commonly deleted in prostate cancer. One or 
both alleles of the miR-101 locus is deleted in 
37.5% of clinically localized prostate cancer and 
66.7% of metastatic prostate tumors, suggesting 
that loss of micro-RNA-101 leads to EZH2 over-
expression and cancer progression mediated by 
deregulated epigenetic mechanisms [137]. 
Independent of its polycomb repressor function, 
EZH2 also has non-canonical oncogenic roles. 
For instance, in LNCaP cell lines, phosphoryla-
tion of EZH2 at Ser21 by the activity of AKT 
kinase lead to a massive increase in AR-regulated 
gene transcription [138]. In prostate cancer, 
EZH2 manifests its oncogenic activity primarily 
through repression of target genes including 
p16INK4alpha, DAB2IP, ADRB2, WNT path-
way antagonists, VASH1 and CDH1, among oth-
ers; a majority of these being tumor suppressors. 
EZH2 activity is also regulated by long non- 
coding RNAs (lncRNAs), which are implicated 
in PCa development and progression, e.g., 
Metastasis-associated lung adenocarcinoma tran-
script- 1 (MALAT1). EZH2 binds to MALAT1, and 
knockdown of MALAT1 impairs EZH2 recruit-
ment to its target loci, thereby upregulating the 
expression of EZH2 repressed genes [139]. 
Furthermore, EZH2 activity affects the genome- 
wide three-dimensional structure of chromatin, 
thus making its role even more important in can-
cer development and progression. The gain of 
function mutation (EZH2 Y646X) in lymphoma 
completely inactivates selected topologically 
associated domains (TADs) that encode for tumor 
suppressor genes [140]. Together, these findings 
point to an all-encompassing role of EZH2  in 
cancer thus opening up new therapeutic avenues 
that target the canonical and non-canonical roles 
of EZH2 for efficacious therapeutic management 
and treatment of mCRPC.

 H3K27 Methylation Erasers
KDM6 family of H3K27 erasers: The KDM6 
family demethylases, KDM6A/UTX, KDM6B/
JMJD3, and KDM6C/UTY catalyze demethyl-
ation of H3K27e2/3 substrates [31, 34, 141], as 
well as H3K27me1 substrates [141]. This sub-
family contains the catalytic JmJC domain, and 
in addition KDM6A/C contains an eight TPR 
(tetratricopeptide) repeat (also see the uniport 
database) that mediates protein-protein interac-
tions. KDM6A is dysregulated in a number of 
cancers including urothelial carcinoma, breast 
cancer and lymphoblastic leukemia [142]. 
Analysis of paired prostate cancer and high-grade 
prostate intraepithelial neoplasia found muta-
tions in KDM6A that were specific to primary 
prostate cancer suggesting a role in early prostate 
cancer development [143]. Furthermore, 
KDM6A physically interacts with AR and func-
tions as an oncogene that drives prostate tumor 
progression [51]. Similar functions have been 
observed for KDM6C, which is part of the 
NKX3.1-G9a-KDM6C transcriptional regulatory 
pathway that governs prostate differentiation 
[120] (also see section on “H3K9 Methylation 
Writer KMT1C”).

 Epigenetic Therapies Targeting H3K27 
Methylation
Upregulation of EZH2 expression in wide variety 
of cancers has suggested opportunities to develop 
inhibitors targeting its oncogenic activity. 
Multiple early phase clinical trials of EZH2 
inhibitors are currently ongoing in hematological 
malignancies as well as solid tumors, particularly 
in prostate cancer. One particular trial is a Phase 
1b/2 study with oral administration of CPI-1205 
(ClinicalTrials.gov Identifier: NCT03480646) in 
combination with either enzalutamide or abi-
raterone/prednisone in patients with CRPC. This 
study is designed to determine the maximum tol-

Table 2 Epigenetic therapeutic drugs targeting H3K9 methylation writers and readers

Drug class/name Target protein Clinical phase Status in CRPC Status in other cancers Reference
Chaetocin SUV39H1 Preclinical – AML [128]
BIX-01294 G9a Preclinical – Neuroblastoma [129]
UNC0638 G9a Preclinical – Breast [130]
BRD4770 G9a Preclinical – Pancreas [131]

Epigenetic Regulation of Chromatin in Prostate Cancer
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erated dose (MTD) and recommended Phase II 
dose (RP2D) based on safety, tolerability, phar-
macokinetic, and efficacy profiles of CPI-1205 in 
combination with either enzalutamide or abi-
raterone/prednisone. A phase 1 dose escalation 
and expanded cohort study of PF-06821497 
(ClinicalTrials.gov Identifier: NCT03460977) 
has been implemented for the treatment of adult 
patients with relapsed/refractory small cell lung 
cancer and CRPC.  Another study testing GSK- 
J4, which inhibits KDM6A/B activity and thereby 
inhibits AR deletion mutants that lack LBD 
(ARΔLBD), significantly reduced proliferation 
of CRPC cells [144]. A list of pre-clinical and 
clinical trials targeting H3K27 is presented in 
Table 3.

 H3K36 Methylation

H3K36 mono-, di-, and tri-methylation are well- 
established histone PTM marks for active tran-
scription and euchromatin formation, and their 
removal triggers transcriptional repression. 
H3K36me2 levels are elevated in the promoter 
regions of actively transcribed genes and are 
localized to the 5′ regions, while H3K36me3 is 
predominantly localized to the 3′ regions [148, 
149]. H3K36 methylation has been implicated in 
a variety of nuclear processes including tran-
scriptional regulation, gene dosage compensa-
tion, pre-mRNA splicing, DNA replication, 
recombination, and DNA damage repair [150]. 
H3K36 methylation levels are highly dysregu-
lated in prostate cancer mainly due to aberrations 
in the levels of its methylation enzymes and its 
upstream-binding partners. For example, we pre-

viously reported the interactions between EZH2 
and H3K36 methyltransferase NSD2/MMSET in 
regulating levels of H3K36 [151].

 H3K36 Methylation Writers
There are at least eight known H3K36 methyl-
transferases in mammalian cells, of which six 
belong to the KMT3 subfamily of methyltrans-
ferases (NSD1/KMT3B, NSD2/KMT3G, NSD3/
KMT3F, SETD2/KMT3A, SETD3/KMT3E, 
SMYD2/KMT3C), with the other two being 
SETMAR, and ASH1L/KMT2H [33, 34]. Of 
these, only NSD1/2 and SETD2 and SETD3 have 
significant methyltransferase activity and display 
dysregulation in cancer. NSD2 (nuclear receptor 
binding SET domain containing protein 2, also 
known as KDM3G/MMSET/WHSC1), is the 
best-studied methyltransferase known to mono-, 
and di-methylate H3K36, and has an established 
role in prostate cancer progression. NSD2 is 
overexpressed in mCRPC compared to primary 
prostate tumors, and its expression is strongly 
correlated with disease stage and poor prognosis 
[152]. NSD2 functions in association with a 
number of other upstream proteins that regulate 
H3K36 methylation. We showed previously that 
the oncogenic activity of NSD2 is regulated by 
EZH2, where overexpression of EZH2 lead to 
oncogenic phenotypes that were characterized by 
increased proliferation, self-renewal, and inva-
sion, only in cells expressing NSD2. Similarly, 
others have found NSD2 to be a strong coactiva-
tor of the NF-kB signaling pathway and NSD2 to 
be a transcriptional target highly enriched in 
components of the NF-kB network, including 
IL-6, IL-8, Birc5, and VEGFA.  NSD2 has also 
been implicated in prostate cancer through its 

Table 3 Epigenetic therapeutic drug targeting H3K27 methylation writers and readers

Drug class/
name

Target 
protein

Clinical 
phase

Status in 
CRPC Status in other cancers Reference

SGC0946 EZH2 Preclinical – Leukaemia [145]
DZNeP EZH2 Preclinical Preclinical Breast, colon, prostate [146]
GSK126 EZH2 Phase I – Non-Hodgkin’s lymphoma, solid 

tumours and multiple myeloma
[147]

CPI1205 EZH2 Clinical Phase 1b/2 Prostate cancer, B-cell lymphomas NCT03480646
Tazemetostat EZH2 Phase II – Advanced solid tumors, non-Hodgkin 

lymphoma
NCT03213665
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involvement in epithelia-mesenchymal- 
transition, which is known to drive metastasis in 
different cancer types. While NSD2 knockdown 
in benign prostate cells did not affect the levels of 
H3K36me2 and H3K27me3, knockdown of 
NSD2 in the CRPC cell lines, DU145 and PC3, 
altered both H3K36me2 and H3K27me3 levels 
and decreased cell proliferation, soft agar colony 
formation, migration, and invasion [153]. Further 
analysis revealed that NSD2 regulates the onco-
genic phenotype through its interactions with 
TWIST1. These results establish NSD2-mediated 
epigenetic regulation as a major factor in cancer 
development.

 H3K36 Methylation Erasers
H3K36 demethylation is catalyzed by the KDM2 
subfamily of demethylases, KDM2A/JHDM1A 
and KDM2B/JHDM1B.  Both KDM2A and its 
paralog KDM2B contain an N-terminal JmJC 
domain, followed by a CXXC zinc finger domain 
that binds to unmethylated CpG dinucleotides, a 
PHD domain that recognizes methylated lysine 
residues, and a Fbox domain [124]. Additionally, 
KDM2A contains six leucine-rich repeats at its 
C-terminal compared to two in KDM2B.  They 
both catalyze demethylation of mono- and di- 
methylated H3K36. Interestingly, the KDM2A/B 
demethylase genes encode various spliced iso-
forms in addition to the full length proteins, but 
these isoforms are only expressed in mammals. 
Though the spliced short length proteins do not 
have any methyltransferase activity, they play 
important roles in biological processes [150]. A 
number of studies point to the role of KDM2B’s 
oncogenic functions in cancer development and 
progression. KDM2B dysregulation is commonly 
seen in a majority of cancers, including, prostate, 
breast, pancreatic, gastric, lung, and bladder can-
cers, as well as ALL and AML.  Its aberrant 
expression and activity leads to dysregulation of 
key cellular function such as apoptosis (inhibi-
tion of c-FLIP/c-Fos), proliferation (activation of 
PI3K/mTOR), inhibition of Wnt signaling (ubiq-
uitination of β-Catenin), autophagy (inhibition of 
ERK) and cellular senescence (through inhibition 
of p53). KDM2B also interacts with EZH2 and 
promotes cell proliferation and metastasis, even-

tually leading to drug resistance [154]. 
Furthermore, a recent study on the cell line 
DU145 identified the role of KD2MB expression 
in modulating cell motility; KDM2B overexpres-
sion suppresses the expression of epithelial mark-
ers E-cadherin and the tight junction protein 
ZO-1 (thereby reducing cell-cell adhesion and 
increasing cell migration), and positively regu-
lates the expression of the RhoA and RhoB 
GTPases (which leads to cytoskeletal rearrange-
ment and increased cell motility) [155]. There 
have been significant challenges in the field to 
develop an inhibitor that exhibits specificity for 
NSD2, and several companies are actively pursu-
ing this objective.

 H3K79 Methylation

Lysine 79 on Histone H3 is located inside the 
globular domain, unlike K4, K9, K27, and K36 
that are in the N-terminal unstructured tail. It is 
di- and tri-methylated by the non-SET domain 
containing methyltransferase KMT4/DOT1L and 
the H3K79me2 and H3K79me3 marks are asso-
ciated with active transcription, cell cycle regula-
tion, genome stability, and DNA damage response 
[156]. DOT1L methylation of H3K79 is an excel-
lent example of crosstalk between histone PTMs. 
DOT1L interacts with ubiqutinated-H2BK120 
and H4 to cooperatively reorient K79 buried in 
the H3 globular region to an accessible position 
[157, 158]. There are presently no known demeth-
ylases of H3K79.

 H3K79 Methylation Writer
DOT1L: Disruptor of telomeric silencing 1 
(DOT1) was first identified through a genetic 
screen for proteins whose over-expression lead to 
impaired telomeric silencing in yeast [159]. 
DOT1L transfers methyl groups from S-adenosyl- 
l-methionine (SAM) to mono-, di-, and 
 tri- methylate H3K79. The structure of DOT1L is 
very similar to arginine methyltransferases but so 
far there has been no evidence for its involvement 
in arginine methylation. The seven-stranded beta 
sheets in the open α/β structure of DOT1L is 
characteristic of class I SAM-dependent methyl-
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transferases [156]. DOT1L and H3K79 methyla-
tion have been implicated in diverse types of 
cancers including prostate, breast and lung can-
cer, as well as leukemia. Its role in the initiation 
and maintenance of mixed lineage leukemia 
(MLL)-rearranged leukemia has been widely 
studied. DOT1L interacts with MLL fusion pro-
teins, leading to enhanced H3K79 methylation, 
maintenance of open chromatin, overexpression 
of downstream oncogenes and leukemogenesis. 
A DOTlL-HES6 gene fusion has been reported to 
drive AR-negative prostate cancer through over-
expression of HES6 [160]. Loss of DOT1L has 
been shown to inhibit cell proliferation [161]. 
DOTlL was found to methylate AR and regulate 
its transcriptional activity through lncRNA- 
dependent mechanisms [162].

 Epigenetic Therapies Targeting DOT1L
Therapeutic targeting of DOT1L holds signifi-
cant promise due to its status as the sole H3K79 
histone methyltransferase, its unique non-SET 
catalytic domain and its role in MLL leukaemo-
genesis. The first DOT1L specific small molecu-
lar inhibitor EPZ004777 displayed high 
specificity against DOT1L, and treatment with 
this inhibitor induced apoptosis in MLL- 
rearranged leukemia cells in vitro and also 
blocked leukemia progression in mice by sup-
pressing the expression of HOXA cluster genes 
and Meis1 [163]. Due to its poor half-life and 
metabolic instability, modifications to EPZ00477 
led to the synthesis of EPZ5676 [164] and 
SGC0946 [165] which showed improved binding 
affinity for DOT1L.  EPZ5676 also displayed 
synergistic anticancer effects against MLL- 
rearrangement leukemia cells when used in com-
bination with cytarabine and daunorubicin [164], 
and continuous intravenous treatment of rat 
xenografts with EPZ5676 led to dose-dependent 
leukemia regression [166]. Another novel DOT1L 
inhibitor SYC-522, synthesized by adding an 
additional urea group to the structure of SAH, 
showed increased specificity for DOT1L as well 
as increased anti-cancer efficacy. Treatment of 
MLL-rearranged leukemia cells with SYC-522 
induced cell cycle arrest and cell differentiation, 
and treatment of primary MLL-rearranged AML 

cells resulted in up to 50% decrease in colony 
formation and promotion of monocytic differen-
tiation [167]. The role of DOT1L in prostate can-
cer has not been well characterized, and 
therapeutic targeting of DOT1L to treat PCa and 
CRCPC is still a work in progress [141].

 Histone Lysine Methylation Readers

Methylation reader proteins display high speci-
ficity for methylated histone lysines. These pro-
teins act upstream of the molecular machinery 
associated with specific methylation marks, and 
their function is indispensable for epigenetic reg-
ulation of cell function. They contain one of the 
following methyl-lysine recognition motifs/
domains, namely ADD (ATRX-DNMT3- 
DNMT3L), ankyrin, bromo-adjacent homology 
(BAH), chromo-barrel, chromodomain, double 
chromodomain (DCD), MBT (malignant brain 
tumor), PHD, tandem PHD, PWWP (Pro-Trp- 
Trp-Pro), Tudor domin (TTD), tandem TTD, 
WD40/β-propeller, zinc finger CW (zf-CW). For 
specific details on these domains, see references 
[168, 169].

 Histone Acetylation in Prostate 
Cancer

Histone acetylation is an important epigenetic 
modification in which an acetyl group from ace-
tyl coenzyme A (acetyl-CoA) is transferred to the 
ε-amino group of lysine residues in histones and 
other proteins. Acetylation, in effect, abolishes 
the interaction of histones with the negatively 
charged DNA backbone leading to open chroma-
tin structures that facilitate the binding of RNA 
Pol II. In prostate cancer, acetylation of histones 
at gene promoter and/or enhancer regions 
increases AR activity and cell survival. In vitro 
and in vivo studies of primary and metastatic 
prostate cancer cells have demonstrated a signifi-
cant positive correlation between the levels of 
prostate specific antigen (PSA) mRNA and H3 
acetylation at the PSA enhancers and proximal 
promoter [170]. Besides its role as a mark for 
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active transcription, acetylation has also been 
found to be important for genome stability, pro-
tein stability, regulation of protein-protein inter-
actions, and even chromatin compaction [171]. 
Tissue microarray analysis of primary prostate 
cancer patients showed that acetylation of 
H3K18, H3K9 and H4K12, in combination with 
demethylation of H3K4 and H4R3 could be used 
as a prognostic biomarker to estimate risk for 
prostate tumor recurrence in patients with low- 
grade tumors [27]. A genome wide study of acet-
ylation patterns at 3286 gene promoter regions in 
CD4+ T cells detected the presence of 17 distinct 
acetylation patterns [172].

Histone acetylation is catalyzed by histone 
acetyltransferases (HATs) which are broadly 
divided into five subfamilies, namely GCN5/
PCAF, MYST, TAFII250, CBP/p300, and 
SRC.  Histone deacetylation is regulated by the 
activity of Histone deacetylases (HDACs) which 
are subdivided into four subfamilies, namely 
class I, II, III, and IV [173]. The histone acetyl 
marks in turn are recognized by bromodomain- 
containing proteins that act upstream of the 
molecular machinery associated with acetylation 
regulated cellular signaling pathways (see Fig. 3). 
Dysregulation and mutations in HATs and 
HDACs have been observed in a number of can-
cers and play a driver role in cancer initiation and 
growth [173]. We will next discuss the role of 
these enzymes in the onset and metastatic pro-
gression of prostate cancer.

 Acetylation Writers: HATs in Prostate 
Cancer

CBP/p300: The CBP/p300 family of nuclear 
phosphoproteins contain the ubiquitously 
expressed and homologous (~61% homology) 
CBP (KAT3A) and p300 (KAT3B) proteins that 
participate in a number of physiological pro-
cesses such as cell proliferation, differentiation, 
and apoptosis [174, 175]. Both CBP and p300 
contain three CH and two ZZ zinc finger domains, 
a bromodomain that recognizes acetylated resi-
dues, and a catalytic acetyltransferase domain 
that catalyzes histone acetylation [175]. CBP/
p300 is one of the well-studied histone acetyl-
transferases that acetylates H3 lysines 14 and 18, 
H4 lysines 5 and 8, H2A lysine 5, and H2B lysine 
12 and 15 [21]. CBP/p300 HAT also acetylates 
other proteins; a recent study estimated that 411 
proteins were part of the CBP/p300 interactome, 
and that 615 genes were part of the p300/CPB 
cistrome [175]. A majority of these proteins 
include components of the transcription complex 
and major signal transduction pathways, thus 
making CBP/p300 a central component of the 
cellular machinery that coordinates signal flow to 
regulate gene transcription [174].

CBP/p300 proteins are broadly linked to can-
cer as well as several human pathologies. The 
role of CBP/p300  in cancer as an oncogene or 
tumor suppressor is debatable and may be con-
text dependent. In prostate cancer, CBP/p300 dis-
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plays oncogenic properties by acting as a 
co-activator of the AR, which is the main onco-
genic driver in prostate cancer. The formation of 
this AR–coactivator complex at AR-binding sites 
promotes chromatin opening and recruitment of 
the transcriptional machinery to target genes 
[176]. Expression of histone acetyltransferase 
p300 and AR also correlates positively in human 
prostate cancer specimens, especially those 
marked with PTEN loss. Mechanistically, PTEN 
loss induces AR phosphorylation at serine 81 
(Ser81) to promote p300 binding and acetylation 
of AR, thereby precluding its polyubiquitination 
and degradation. Thus, p300 acetyltransferase 
regulates AR degradation and PTEN-deficient 
prostate tumorigenesis [177–180].

 Acetylation Erasers: HDACs in Prostate 
Cancer
Histone Deacetylases (HDACs) belong to a fam-
ily of enzymes that catalyze the removal of the 
acetyl group from ε-N-acetyl lysine amino acid. 
The 18 known HDACs are grouped into four 
major families: class I (reduced potassium 
dependency 3 (RPD3)-like proteins HDAC1, 
HDAC2, HDAC3, and HDAC8), class II (Histone 
deacetylase 1 (HDA1)-like proteins HDAC4, 
HDAC5, HDAC6, HDAC7, HDAC9, and 
HDAC10), class III (silent information regulator 
2 (Sir2)-like proteins SIRT1, SIRT2, SIRT3, 
SIRT4, SIRT5, SIRT6, SIRT7), and class IV 
(protein HDAC11) [181].

The catalytic activity in class I, II and IV 
HDACs is driven by zinc (Zn2+)-dependent 
deacetylation reaction, while that in class III 
HDACs is driven by a nicotinamide adenine 
dinucleotide (NAD+)-dependent deacetylation 
mechanism. HDAC catalyzed deacetylation of 
histone and non-histone proteins affect key sig-
naling pathways including cell cycle, apoptosis, 
DNA damage response, metastasis, angiogenesis, 
and autophagy. Dysregulated HDAC functions 
affect one or more of the mentioned pathways 
that could serve as a driver of cancer develop-
ment. Though genetic alterations in HDACs are 
rare, most hematological malignancies and solid 
tumors display aberrant expression of various 
HDACs (see reference [182] for the full list). In 

most cases, higher levels of HDAC expression 
are associated with advanced disease and poor 
prognosis. Studies on prostate cancer samples, 
cell lines, and mouse models have shown that 
HDAC1, 2, and 3 are overexpressed in prostate 
cancer and that increased HDAC2 expression 
correlates with shorter PSA relapse after radical 
prostatectomy [183].

The ubiquitous role of HDACs in cell function 
makes them attractive targets for therapeutic 
interventions in prostate cancer patients. So far, 
many compounds known as HDAC inhibitors 
(HDACi) have been developed to inhibit the 
activity of these HDAC complexes. Trichostatin 
A (TSA) was one of the first natural compounds 
found to be a potent HDACi. Some of the early 
studies tested the efficacy of TSA and sodium 
butyrate as HDAC inhibitors in the prostate can-
cer line PC3 and found them to induce differen-
tiation and apoptosis [184]. Another compound, 
suberoylanilide hydroxamic acid (SAHA; 
Vorinostat) was the first HDACi approved by the 
US FDA for the treatment of cancer and was 
found to inhibit proliferation of the prostate can-
cer cell lines LNCaP, DU-145 and PC3 as well as 
prostate tumors in animal models of prostate can-
cer [185]. More recently, a compound called 
PAC-320 was shown to induce G2/M arrest and 
apoptosis in human prostate cancer cells 
125178668 in vitro. After the initial success with 
these agents in other cancer types, there have 
been a number of Phase I and Phase II clinical 
trials on HDACi conducted in individuals with 
advanced prostate cancer where they have been 
tested as single agent or in combination with 
other anti-cancer agents [186–188]. These clini-
cal trial results have been mixed with only mar-
ginal response and slightly improved outcomes. 
Therefore, further investigation is necessary to 
clarify the benefits and drawbacks of these 
medications.

Sirtuins: The Silent Information Regulator 2 
(SIR2) proteins, Sirtuins (SIRT1–7), belong to 
the Class III family of Nicotinamide Adenine 
dinucleotide (NAD+)-dependent histone deacety-
lases. Sirtuins deacetylate both histone (SIRT1–
3, 6, 7) and nonhistone substrates (SIRT1–3, 5, 
7). They differ greatly in their functions and 
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localizations. SIRT1 is the best-characterized 
member of mammalian sirtuins and is involved in 
several cellular processes such as metabolism, 
DNA repair, recombination, aging, apoptosis and 
cellular senescence. Aberrant expression of sir-
tuin proteins has been reported in many diseases, 
including Bowen’s disease, type I diabetic 
nephropathy, Alzheimer disease and amyotrophic 
lateral sclerosis, nonalcoholic fatty liver disease 
and cancer. SIRT1 and SIRT2 levels are upregu-
lated in many cancers including prostate cancer, 
thus potentially functioning as oncogenes. One 
study [189] compared the expressions of SIRT1 
and SIRT2  in a variety of CRPC cell lines 
(LNCaP, 22Rv1, PC-3 and DU145), with normal 
prostate epithelial PrEC cells, and normal pros-
tate stromal PrSC cells. Their data demonstrated 
that SIRT1 and SIRT2 are significantly upregu-
lated in all CRPC cell lines compared to normal 
prostate cells. Moreover, immunohistochemical 
analysis of human tissues showed that SIRT2 was 
significantly upregulated in prostate cancer com-
pared to normal prostate. They also observed that 
chemical inhibition and/or genetic knockdown of 
Sirt1 caused a FoxO1-mediated inhibition in the 
growth and viability of human PCa cells [189]. 
Another study showed that SIRT1 levels are sig-
nificantly elevated in mouse and human prostate 
cancer [190]. Overexpression of SIRT1 induces 
epithelial-mesenchymal transition (EMT) by 
inducing EMT transcription factors like ZEB1 to 
promote prostate cancer cell migration and 
metastasis [191]. Furthermore, SIRT1 associates 
with and deacetylates matrix metalloproteinase-
 2, and regulates its expression by controlling pro-
tein stability through the proteasomal pathway, 
and enhances tumor cell invasion in prostate can-
cer cells [192].

One study showed that SIRT1, by physically 
interacting and cooperating with MPP8, represses 
E-cadherin expression and promotes EMT in 
prostate cancer cells [193]. Nicotinamide 
N-methyltransferase (NNMT) is an important 
activator and stabilizer of SIRT1, and overex-
pression of NNMT in PC-3 prostate cancer cells 
upregulates SIRT1 expression, leading to 
enhanced cell invasion and migration [194].

Despite mounting evidences on the involve-
ment of sirtuins in cancer development, their role 
as oncogenes or tumor suppressor genes is not 
well established. Evidence supporting the latter 
was provided in a study where mesenchymal 
stem cells overexpressing SIRT1 significantly 
suppressed prostate cancer growth by promoting 
the recruitment of Natural Killer cells and macro-
phages as anti-tumor effectors [195]. Another 
study showed that SIRT1 repressed androgen 
responsive gene expression and induced autoph-
agy in the prostate, and that disruption of this 
SIRT1-dependent autophagy checkpoint in the 
prostate resulted in prostatic intraepithelial neo-
plasia (PIN) lesion formation [196]. Thus, these 
reports further highlight the role of SIRT1 as a 
tumor suppressor in prostate cancer, which is 
contradictory to previous reports suggesting its 
role in oncogenesis.

 Acetylation Readers
BET bromodomain proteins: The bromodo-
main and extra-terminal (BET) family of proteins 
are an important class of epigenetic readers of 
acetylated histones regulating a vast network of 
protein expression across many different cancers. 
The BET subfamily is made up of the four mem-
bers BRD2, BRD3, and BRD4, and BRDT all of 
which contain two bromodomains (BD1 and 
BD2) at the N terminal and an extra-terminal 
domain and a C-terminal domain [171, 197]. The 
bromodomain motifs are histone acetylation 
readers due to their ability to recognize and bind 
to acetylated lysines on histone tails (primarily 
on H4) and form a scaffold for the assembly of 
multi-protein complexes. They also recognize 
acetylated non-histone proteins. Well known 
examples of BET non-histone activity include its 
role in regulating the transcriptional activity of 
NF-kappaB, and of ERG in acute myeloid leuke-
mia. BRD4 also binds to FLI1, MYB, SPI1, 
CEBPA, and p53 in a bromodomain independent 
manner [197].

BET proteins are usually part of large nuclear 
complexes and play decisive roles in cellular pro-
cesses such as transcription, replication, 
 chromatin remodeling, DNA damage and cell 

Epigenetic Regulation of Chromatin in Prostate Cancer



398

growth. Embryonic lethality upon knockdown of 
these proteins highlights their indispensable role 
in normal physiological processes. For example, 
BRD4 is associated with a coactivator complex 
of transcription factors [198] and promotes tran-
scriptional elongation by increasing the proces-
sivity of RNA polymerase II, leading to 
expression of growth-promoting genes [199, 
200]. The critical requirement of BET proteins in 
these basic cellular processes explains their dys-
regulation in terms of overexpression or recurrent 
translocations in many human cancers such as 
B-cell lymphoma and NUT midline carcinoma. 
BET proteins are essential components of the AR 
transcription machinery that drives AR signaling 
in both PCa and mCRPC [201] and are signifi-
cantly over-expressed in mCRPC [202]. 
Overexpression of BET family proteins increase 
DNA accessibility, which could be used to iden-
tify advanced mCRPC from primary prostate 
tumors.

Therapeutic targeting of BET proteins with 
BET inhibitors (BETi) is an attractive area of 
clinical development [197]. BET inhibitors target 
bromodomains on BET proteins and abrogate 
oncogenic signaling commonly mediated by dis-
tal regulatory regions such as enhancers and 
superenhancers. The centrality of BET proteins 
in signaling mediated by AR, ETS fusions, and 
MYC, makes it an attractive candidate for BETi 
therapy. Treatment with the bromodomain inhibi-
tor JQ1 suppressed c-Myc function and sup-
pressed ligand-independent prostate cancer cell 
survival [203]. Our group recently demonstrated 
that JQ1 and I-BET762, two selective small- 
molecule inhibitors that target the dual N-terminal 
bromodomains of BRD4, exhibit anti- 
proliferative effects in prostate cancer cells as 
well as xenograft mouse models [201]. We fur-
ther showed that BET bromodomain inhibitors 
enhance efficacy and disrupt resistance to AR 
antagonists such as enzalutamide in the treatment 
of mCRPC as observed by enhanced prostate 
tumor growth inhibition when enzalutamide and 
JQ1 were combined together [204]. The next 
generation BET inhibitors, such as biBET, MT1, 
and AZD5153, aim to target both the BET bro-

modomains in a bivalent mode that could lead to 
stronger inhibitor activity. These compounds 
have shown promising result in vitro, and their 
clinical translation is underway. None-the-less, 
resistance to BETi therapy eventually develops, 
and mechanisms of BETi resistance have been 
documented [197]. For instance, BET resistance 
in prostate cancer patients carrying SPOP muta-
tions has been shown to be due to increased or 
decreased degradation of BET proteins. In a 
recent study, we demonstrated that efficacy of 
BETi in prostate cancer might be limited due to 
acquired resistance mechanisms such as reactiva-
tion of AR signaling by CDK9 and PRC2 medi-
ated silencing of DDR genes [205].

Targeted induced degradation is another effec-
tive approach to inhibit protein activity and func-
tion. Degradation of BET proteins using 
proteolysis targeting chimeras (PROTACs) is 
emerging as an effective strategy to inhibit their 
function [64, 206, 207]. The first BET PROTACs, 
including dBET1, MZ1 and ARV-825 [208–210], 
used JQ1 for the BET inhibitor and Thalidomide, 
VHL-ligand, and Thalidomide, respectively, as 
the small molecule targeting the E3-ubiquitin 
ligase. Of these, ARV-825 showed higher potency 
causing BET protein degradation in cell line 
models of Burkitt’s lymphoma and led to MYC 
suppression and apoptosis induction [210]. 
Similarly, dBET1 also triggered apoptosis in pri-
mary human AML cells and tumor inhibition in 
xenograft studies [208]. Modifications to ARV- 
825, wherein the small molecule component was 
changed to a VHL-ligand, led to the development 
of ARV-771 with superior PK/PD and efficacy in 
22Rv1 and VCaP xenograft models of castration- 
resistant prostate cancer [211].

 Epigenetic Therapies Targeting Histone 
Acetylation
Histone acetylases and deacteylases have been a 
major target of epigenetics-based therapies. In 
Table  4 we provide a list of drugs presently in 
pre-clinical development or clinical trials for use 
as therapeutic agents in mCRPC and other can-
cers. The inherent dependency of AR activity on 
CBP/p300 coactivators makes them attractive tar-
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gets for therapeutic interventions to treat prostate 
cancer. Inhibitors such as MS2126, MS7972, and 
Ischemin were developed to target the CBP/p300 
bromodomain, which in turn restores levels of the 
tumor suppressor protein p53. Second generation 
compounds such as SGC-CBP30, PF-CBP1 and 
I-CBP112 to target CBP/p300 bromodomains 
and restore p53 activity showed better selectivity 
at nanomolar concentrations. I-CBP112 con-
firmed potential involvement of CBP/p300  in 
self-renewal of leukemia cells, and more recently 
it has been reported to stimulate the catalytic 

activity of CBP/p300 proteins with loss of func-
tion mutations in tumors with inherently low 
acetylation levels. A more advanced analogue, 
GNE-049 which showed low nanomolar potency 
and over 4000-fold selectivity for CBP/p300, 
demonstrated improved in vitro and in vivo activ-
ity in preclinical models of mCRPC [212]. 
Similarly, A-485, a potent, selective and drug- 
like catalytic inhibitor of p300 and CBP, selec-
tively inhibited proliferation in lineage-specific 
tumor types, including AR-positive prostate can-
cer and several hematological malignancies. 

Table 4 Epigenetic therapeutic drugs targeting BETs and HDACs in prostate clinical trails

Drug class/name
Target 
protein

Clinical 
phase Status in mCRPC Status in other cancers Reference

OTX015/
MK-8628

BET 
BD

Phase I Phase I NUT midline carcinoma, 
triple negative breast, 
NSCL, pancreatic

NCT02259114

ZEN003694 Phase I Phase I (mCRPC) NCT02711956 
(Recruiting)

Phase I Phase I (mCRPC) NCT02705469 
(Active)

GSK525762 Phase 
II

– Solid tumors NCT03266159

BMS-986158 Phase 
I/II

– Advanced solid tumors NCT02419417

ABBV-075 Phase I Phase I Breast, NCLS, AML, 
multiple myeloma, 
prostate, small-cell lung, 
non-Hodgkin’s lymphoma

NCT02391480

GSK2820151 Phase I – Advanced or recurrent 
solid tumors

NCT02630251

GS-5829 Phase 
I/II

mCRPC + enzalutamide NCT02607228

INCB057643 Phase 
I/II

– Advanced solid tumors 
and hematologic 
malignancy

NCT02711137

Pracinostat 
(SB939)

HDAC Phase 
II

mCRPC – NCT01075308

Phase I Prostate cancer Head and neck cancer, 
esophageal cancer

NCT00670553

Panobinostat 
(LBH589)

Phase 
I/II

mCRPC (+bicalutamide) – NCT00878436

Phase 
II

mCRPC – NCT00667862

Phase I mCRPC (+docetaxel and 
prednisone)

– NCT00663832
Phase I – NCT00493766
Phase I – NCT00419536

Vorinostat 
(SAHA, 
MK0683)

Phase 
II

mCRPC – NCT00330161

Phase 
II

Primary prostate cancer 
(+bicalutamide.)

– NCT00589472
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A-485 inhibited the AR transcriptional program 
in both androgen-sensitive and castration- 
resistant prostate cancer and inhibited tumor 
growth in a castration-resistant xenograft model 
[213]. Taken together, these data strongly support 
CBP/p300 inhibition as a therapeutic strategy in 
mCRPC. To validate these findings in a clinical 
setting, CellCentric has initiated and is currently 
recruiting for a Phase I/IIa clinical trial 
(NCT03568656) for their lead CBP/p300 bromo-
domain inhibitor CCS1477 as a mono or combi-
nation therapy with Enzalutamide and/or 
Abiraterone in metastatic prostate cancer and 
other solid tumors.

Multiple early phase clinical trials of BET 
inhibitors are currently ongoing in hematological 
malignancies as well as solid tumors. These 
include a study of the novel BET inhibitor 
FT-1101 (ClinicalTrials.gov Identifier: 
NCT02543879) in patients with relapsed or 
refractory hematologic malignancy and a study 
of RO6870810 (ClinicalTrials.gov Identifier: 
NCT03068351) as single agent and combination 
therapy in advanced multiple myeloma. Another 
Phase I study of CPI0610 in patients with previ-
ously treated multiple myeloma and lymphoma, 
demonstrated changes in the expression of MYC 
and other genes in malignant tumor cells; changes 
in cellular proliferation and in the extent of apop-
tosis (ClinicalTrials.gov Identifier: 
NCT02157636). Many novel BET inhibitors are 
also being tested for safety, tolerability and effi-
cacy for metastatic prostate cancer. For instance, 
a novel and highly potent small molecule BET 
inhibitor from Zenith Epigenetics called 
ZEN003694 is currently in Phase 1b/2a alone 
(ClinicalTrials.gov Identifier: NCT02705469) as 
well as in combination with enzalutamide in 
patients with abiraterone refractory but enzalu-
tamide naïve mCRPC (ClinicalTrials.gov 
Identifier: NCT02711956).

 Chromatin Remodeling Complexes

DNA accessibility to transcription factors can 
be modulated either by the deposition/removal 
of histone PTMs, as discussed earlier, or by the 

activity of chromatin remodeling enzymes/
remodeler complexes. ATP-dependent chroma-
tin remodeling enzymes include multi-subunit 
complexes of the Snf2 family, which are evolu-
tionarily conserved from yeast to human. They 
are highly abundant in the cell with roughly one 
enzyme per ten nucleosomes [214]. Chromatin 
remodeling complexes utilize energy from ATP 
hydrolysis to disrupt DNA-histone contacts and 
slide, eject, or alter the position of histone 
octamers that allows for  transcription of previ-
ously inaccessible DNA regions. They are 
recruited to specific sites through their interac-
tions with cell specific transcriptional regula-
tors. Remodeler complexes are broadly grouped 
into four subfamilies, namely: ISWI (imitation 
switch), CHD (chromodomain, helicase, DNA 
binding), INO80 (inositol requiring 80) and 
SWI/SNF (switching defective/sucrose nonfer-
menting). These proteins contain a conserved 
ATPase domain that facilitates nucleic acid 
binding and ATP hydrolysis, but differ in their 
flanking domains. For example, proteins of the 
SWI/SNF family contain a bromodomain that 
recognizes acetylated histone lysines, the CHD 
family contains two chromodomains that recog-
nize methylated histone lysines, and the ISWI 
family contains HAND, SANT, and SLIDE 
domains that all recognizes nucleosomes and 
internucleosomal DNA. For more details on the 
mechanism of remodeler complexes, see refer-
ences [214, 215]. Remodeler complexes have 
been implicated in a variety of cellular processes 
such as gene expression, DNA replication, 
repair, chromosomal recombination and mito-
sis, and their dysregulation, particularly SWI/
SNF, has been observed in ~20% of human can-
cers. Even though mutations in SWI/SNF genes 
are not common in prostate cancer, accumulat-
ing evidence suggests its influence on AR sig-
naling, ERG mediated transcription, cell cycle 
and DNA methylation. Understanding the role 
of these remodeler complexes and their interac-
tions with other epigenetic marks and their 
enzymes would facilitate our understanding of 
how chromatin is regulated by non-genetic fac-
tors and their role in various pathologies includ-
ing cancer.
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 Conclusions and Outlook

In this chapter, we have presented a brief over-
view of how histone methylation and acetylation 
based epigenetic modifications govern cell func-
tion through their ability to modulate DNA acces-
sibility and recruit other effector proteins to 
regulate gene transcription. We have discussed the 
role of the major histone marks and their regula-
tory enzymes in prostate cancer development and 
metastasis. It is becoming increasingly clear that 
the epigenetic code, contained in the reversible, 
heritable, covalent modifications of DNA and his-
tones, is as significant as the genetic code in diver-
sity, complexity, and functionality. The advent of 
high throughput sequencing methods, particularly 
ChIP-seq, has greatly helped us gain a genome-
wide view of the mechanisms and dynamics of 
histone post translational modifications. 
Interestingly, the role of epigenetic modifications 
has been reported in nearly all cellular functions 
including cell proliferation, differentiation, motil-
ity, cytoskeletal reorganization, apoptosis, che-
moresistance and embryonic development.

Aberrant expression of PTM-regulating 
enzymes, specifically HMTs, HATs, HDACs and 
demethylases, has been reported in many types of 
blood and solid tumors. It is believed that the ini-
tial stages of tumor development are entirely 
regulated by epigenetic mechanisms until a stabi-
lizing genomic mutation or structural variation 
appears and defines a tumor phenotype. Most his-
tone PTMs play dual roles, both as tumor sup-
pressors and oncogenes, and their interaction 
with nuclear receptors drive the progression of 
hormone-dependent cancers. In prostate cancer, 
AR interactions with acetylation and methylation 
enzymes regulate ligand-dependent and indepen-
dent transcription of AR target genes. Epigenetic 
mechanisms play a central role in rewiring of the 
AR transcriptional network that drives a primary 
prostate tumor to mCRPC and also endows them 
with resistance to androgen deprivation therapies 
[216]. Given their importance in cancer, epigen-
etic regulatory enzymes have become major tar-
gets for therapeutic intervention. There is a heavy 
focus on the development of epigenetic drugs, 

and their number in clinical trials is steadily 
increasing. Presently there are nearly 250 mono-
therapy or combination therapies in phase I/II tri-
als with epigenetic drugs (see ClinicalTrials.
gov).

Acknowledgements We thank Reyaz Ur Rasool and Qu 
Deng for stimulating discussions. Research in the 
Asangani Laboratory is supported by the Department of 
Defense Idea Development Award (W81XWH17-1-0404 
to I.A.A).

References

 1. S.A.  Grigoryev, C.L.  Woodcock, Chromatin orga-
nization - the 30 nm fiber. Exp. Cell Res. 318(12), 
1448–1455 (2012)

 2. D.V. Fyodorov et al., Emerging roles of linker his-
tones in regulating chromatin structure and function. 
Nat. Rev. Mol. Cell Biol. 19(3), 192–206 (2018)

 3. J. Ellinger et al., Global levels of histone modifica-
tions predict prostate cancer recurrence. Prostate 
70(1), 61–69 (2010)

 4. S.  Venkatesh, J.L.  Workman, Histone exchange, 
chromatin structure and the regulation of transcrip-
tion. Nat. Rev. Mol. Cell Biol. 16(3), 178–189 
(2015)

 5. J.M. Belton et al., Hi-C: a comprehensive technique 
to capture the conformation of genomes. Methods 
58(3), 268–276 (2012)

 6. J. Dekker et  al., The 4D nucleome project. Nature 
549(7671), 219–226 (2017)

 7. G.  Andrey, S.  Mundlos, The three-dimensional 
genome: regulating gene expression during pluri-
potency and development. Development 144(20), 
3646–3658 (2017)

 8. F.  Spitz, E.E.  Furlong, Transcription factors: from 
enhancer binding to developmental control. Nat. 
Rev. Genet. 13(9), 613–626 (2012)

 9. J.O.  Carlsten, X.  Zhu, C.M.  Gustafsson, The mul-
titalented Mediator complex. Trends Biochem. Sci. 
38(11), 531–537 (2013)

 10. B. Bonev, G. Cavalli, Organization and function of 
the 3D genome. Nat. Rev. Genet. 17(11), 661–678 
(2016)

 11. A. Barski et al., High-resolution profiling of histone 
methylations in the human genome. Cell 129(4), 
823–837 (2007)

 12. S.-H.  Song, T.-Y.  Kim, CTCF, cohesin, and chro-
matin in human cancer. Genomics Inform. 15(4), 
114–122 (2017)

 13. M. Nowacka-Zawisza, E. Wiśnik, DNA methylation 
and histone modifications as epigenetic regulation in 
prostate cancer (Review). Oncol. Rep. 38(5), 2587–
2596 (2017)

Epigenetic Regulation of Chromatin in Prostate Cancer

http://clinicaltrials.gov
http://clinicaltrials.gov


402

 14. C.E. Massie, I.G. Mills, A.G. Lynch, The importance 
of DNA methylation in prostate cancer development. 
J. Steroid Biochem. Mol. Biol. 166, 1–15 (2017)

 15. Y. Wu, M. Sarkissyan, J.V. Vadgama, Epigenetics in 
breast and prostate cancer. Methods Mol. Biol. 1238, 
425–466 (2015)

 16. R.  Zelic et  al., Global DNA hypomethylation in 
prostate cancer development and progression: a 
systematic review. Prostate Cancer Prostatic Dis. 
18(1), 1–12 (2015)

 17. M. Ngollo et al., Epigenetic modifications in pros-
tate cancer. Epigenomics 6(4), 415–426 (2014)

 18. S.B. Baylin, P.A. Jones, A decade of exploring the 
cancer epigenome  - biological and translational 
implications. Nat. Rev. Cancer 11(10), 726–734 
(2011)

 19. X.  Wu, Y.  Zhang, TET-mediated active DNA 
demethylation: mechanism, function and beyond. 
Nat. Rev. Genet. 18(9), 517–534 (2017)

 20. K. Ruggero et al., Epigenetic regulation in prostate 
cancer progression. Curr. Mol. Biol. Rep. 4(2), 101–
115 (2018)

 21. T.  Kouzarides, Chromatin modifications and their 
function. Cell 128(4), 693–705 (2007)

 22. P.  Chi, C.D.  Allis, G.G.  Wang, Covalent histone 
modifications—miswritten, misinterpreted and mis- 
erased in human cancers. Nat. Rev. Cancer 10(7), 
457–469 (2010)

 23. S.R.  Bhaumik, E.  Smith, A.  Shilatifard, Covalent 
modifications of histones during development and 
disease pathogenesis. Nat. Struct. Mol. Biol. 14(11), 
1008–1016 (2007)

 24. H.  Huang et  al., SnapShot: histone modifications. 
Cell 159(2), 458–458.e1 (2014)

 25. B.D. Strahl, C.D. Allis, The language of covalent his-
tone modifications. Nature 403(6765), 41–45 (2000)

 26. B.A.  Benayoun et  al., H3K4me3 breadth is linked 
to cell identity and transcriptional consistency. Cell 
158(3), 673–688 (2014)

 27. D.B.  Seligson et  al., Global histone modification 
patterns predict risk of prostate cancer recurrence. 
Nature 435(7046), 1262–1266 (2005)

 28. F.  Valdés-Mora et  al., Acetylated histone variant 
H2A.Z is involved in the activation of neo-enhancers 
in prostate cancer. Nat. Commun. 8(1), 1346 (2017)

 29. E.L. Greer, Y. Shi, Histone methylation: a dynamic 
mark in health, disease and inheritance. Nat. Rev. 
Genet. 13(5), 343–357 (2012)

 30. R.F.  Luco et  al., Regulation of alternative splicing 
by histone modifications. Science 327(5968), 996–
1000 (2010)

 31. K. Hyun et al., Writing, erasing and reading histone 
lysine methylations. Exp. Mol. Med. 49(4), e324 
(2017)

 32. V.K. Rao, A. Pal, R. Taneja, A drive in SUVs: from 
development to disease. Epigenetics 12(3), 177–186 
(2017)

 33. I. Hoffmann et al., The role of histone demethylases 
in cancer therapy. Mol. Oncol. 6(6), 683–703 (2012)

 34. X.  Zhang, H.  Wen, X.  Shi, Lysine methylation: 
beyond histones. Acta Biochim. Biophys. Sin. 
Shanghai 44(1), 14–27 (2012)

 35. A. D’Oto et al., Histone demethylases and their roles 
in cancer epigenetics. J. Med. Oncol. Therap. 1(2), 
34–40 (2016)

 36. A. Janardhan et al., Prominent role of histone lysine 
demethylases in cancer epigenetics and therapy. 
Oncotarget 9(76), 34429–34448 (2018)

 37. R.M.  Labbé, A.  Holowatyj, Z.-Q.  Yang, Histone 
lysine demethylase (kdm) subfamily 4: structures, 
functions and therapeutic potential. Am. J.  Transl. 
Res. 6(1), 1–15 (2014)

 38. N.D. Heintzman et al., Distinct and predictive chro-
matin signatures of transcriptional promoters and 
enhancers in the human genome. Nat. Genet. 39(3), 
311–318 (2007)

 39. N.D.  Heintzman et  al., Histone modifications at 
human enhancers reflect global cell-type-specific 
gene expression. Nature 459(7243), 108–112 (2009)

 40. L.M. Soares, Determinants of histone H3K4 meth-
ylation patterns Rpb4-Set1 fusion. Mol. Cell 68, 
773–785 (2017)

 41. G. Liang et al., Distinct localization of histone H3 
acetylation and H3-K4 methylation to the transcrip-
tion start sites in the human genome. Proc. Natl. 
Acad. Sci. U. S. A. 101(19), 7357–7362 (2004)

 42. B.  Jin, Y.  Li, K.D.  Robertson, DNA methylation: 
superior or subordinate in the epigenetic hierarchy? 
Genes Cancer 2(6), 607–617 (2011)

 43. D.  Faucher, R.J.  Wellinger, Methylated H3K4, a 
transcription-associated histone modification, is 
involved in the DNA damage response pathway. 
PLoS Genet. 6(8), e1001082 (2010)

 44. D.B. Seligson et al., Global levels of histone modi-
fications predict prognosis in different cancers. Am. 
J. Pathol. 174(5), 1619–1628 (2009)

 45. T.  Bianco-Miotto et  al., Global levels of specific 
histone modifications and an epigenetic gene signa-
ture predict prostate cancer progression and devel-
opment. Cancer Epidemiol. Biomark. Prev. 19(10), 
2611–2622 (2010)

 46. Q. Wang et  al., Androgen receptor regulates a dis-
tinct transcription program in androgen-independent 
prostate cancer. Cell 138(2), 245–256 (2009)

 47. X.S. Ke et al., Genome-wide profiling of histone h3 
lysine 4 and lysine 27 trimethylation reveals an epi-
genetic signature in prostate carcinogenesis. PLoS 
One 4(3), e4687 (2009)

 48. H.H.  He et  al., Nucleosome dynamics define tran-
scriptional enhancers. Nat. Genet. 42(4), 343–347 
(2010)

 49. M.S.  Geybels et  al., PTEN loss is associated with 
prostate cancer recurrence and alterations in tumor 
DNA methylation profiles. Oncotarget 8(48), 
84338–84348 (2017)

 50. J.M.  Spangle et  al., PI3K/AKT signaling regu-
lates H3K4 methylation in breast cancer. Cell Rep. 
15(12), 2692–2704 (2016)

R. Natesan et al.



403

 51. C.S.  Grasso et  al., The mutational landscape of 
lethal castration-resistant prostate cancer. Nature 
487(7406), 239–243 (2012)

 52. R.  Malik et  al., Targeting the MLL complex in 
castration- resistant prostate cancer. Nat. Med. 21(4), 
344–352 (2015)

 53. T.  Kouzarides, SnapShot: histone-modifying 
enzymes. Cell 131(4), 822 (2007)

 54. A.  Shilatifard, The COMPASS family of histone 
H3K4 methylases: mechanisms of regulation in 
development and disease pathogenesis. Annu. Rev. 
Biochem. 81(1), 65–95 (2012)

 55. T. Miller et  al., COMPASS: a complex of proteins 
associated with a trithorax-related SET domain pro-
tein. Proc. Natl. Acad. Sci. U. S. A. 98(23), 12902–
12907 (2001)

 56. J.J.  Meeks, S.  Ali, Multiple roles for the MLL/
COMPASS family in the epigenetic regulation of 
gene expression and in cancer. Annu. Rev. Cancer 
Biol. 1(1), 425–446 (2017)

 57. C.  Kandoth et  al., Mutational landscape and sig-
nificance across 12 major cancer types. Nature 
502(7471), 333–339 (2013)

 58. R.C.  Rao, Y.  Dou, Hijacked in cancer: the KMT2 
(MLL) family of methyltransferases. Nat. Rev. 
Cancer 15(6), 334–346 (2015)

 59. M.G. Guenther et al., Global and Hox-specific roles 
for the MLL1 methyltransferase. Proc. Natl. Acad. 
Sci. U. S. A. 102(24), 8603–8608 (2005)

 60. M.  Wu et  al., Molecular regulation of H3K4 tri-
methylation by Wdr82, a component of human Set1/
COMPASS.  Mol. Cell. Biol. 28(24), 7337–7344 
(2008)

 61. L. Wu et al., ASH2L regulates ubiquitylation signal-
ing to MLL: trans-regulation of H3 K4 methylation 
in higher eukaryotes. Mol. Cell 49(6), 1108–1120 
(2013)

 62. S.S.  Dhar et  al., Trans-tail regulation of MLL4- 
catalyzed H3K4 methylation by H4R3 symmetric 
dimethylation is mediated by a tandem PHD of 
MLL4. Genes Dev. 26(24), 2749–2762 (2012)

 63. R.  Mo, S.M.  Rao, Y.-J.  Zhu, Identification of the 
MLL2 complex as a coactivator for estrogen recep-
tor alpha. J.  Biol. Chem. 281(23), 15714–15720 
(2006)

 64. S.  Lv et  al., Histone methyltransferase KMT2D 
sustains prostate carcinogenesis and metastasis via 
epigenetically activating LIFR and KLF4. Oncogene 
37(10), 1354–1368 (2018)

 65. C.  Deng et  al., USF1 and hSET1A mediated epi-
genetic modifications regulate lineage differen-
tiation and HoxB4 transcription. PLoS Genet. 9(6), 
e1003524 (2013)

 66. R.A. Varier, H.T. Timmers, Histone lysine methyla-
tion and demethylation pathways in cancer. Biochim. 
Biophys. Acta 1815(1), 75–89 (2011)

 67. P.A. Boriack-Sjodin, K.K. Swinger, Protein methyl-
transferases: a distinct, diverse, and dynamic fam-
ily of enzymes. Biochemistry 55(11), 1557–1569 
(2016)

 68. K. Leinhart, M. Brown, SET/MYND lysine methyl-
transferases regulate gene transcription and protein 
activity. Genes (Basel) 2(1), 210–218 (2011)

 69. G.S.  Van Aller et  al., Smyd3 regulates cancer cell 
phenotypes and catalyzes histone H4 lysine 5 meth-
ylation. Epigenetics 7(4), 340–343 (2012)

 70. F.Q.  Vieira et  al., SMYD3 contributes to a more 
aggressive phenotype of prostate cancer and targets 
Cyclin D2 through H4K20me3. Oncotarget 6(15), 
13644–13657 (2015)

 71. S.J. Du, X. Tan, J. Zhang, SMYD proteins: key regu-
lators in skeletal and cardiac muscle development 
and function. Anat. Rec. (Hoboken) 297(9), 1650–
1662 (2014)

 72. R.  Hamamoto et  al., SMYD3 encodes a histone 
methyltransferase involved in the proliferation of 
cancer cells. Nat. Cell Biol. 6(8), 731–740 (2004)

 73. C. Liu et al., SMYD3 as an oncogenic driver in pros-
tate cancer by stimulation of androgen receptor tran-
scription. J. Natl. Cancer Inst. 105(22), 1719–1728 
(2013)

 74. A.M.  Cock-Rada et  al., SMYD3 promotes cancer 
invasion by epigenetic upregulation of the metal-
loproteinase MMP-9. Cancer Res. 72(3), 810–820 
(2012)

 75. T.  Hara et  al., Androgen receptor and invasion in 
prostate cancer. Cancer Res. 68(4), 1128–1135 
(2008)

 76. G. Rajajeyabalachandran et al., Therapeutical poten-
tial of deregulated lysine methyltransferase SMYD3 
as a safe target for novel anticancer agents. Expert 
Opin. Ther. Targets 21(2), 145–157 (2017)

 77. A. Peserico et al., A SMYD3 small-molecule inhibi-
tor impairing cancer cell growth. J.  Cell. Physiol. 
230(10), 2447–2460 (2015)

 78. L.H.  Mitchell et  al., Novel oxindole sulfonamides 
and sulfamides: EPZ031686, the first orally bio-
available small molecule SMYD3 inhibitor. ACS 
Med. Chem. Lett. 7(2), 134–138 (2016)

 79. G.S.  Van Aller et  al., Structure-based design of a 
novel SMYD3 inhibitor that bridges the SAM-and 
MEKK2-binding pockets. Structure 24(5), 774–781 
(2016)

 80. J.  McGrath, P.  Trojer, Targeting histone lysine 
methylation in cancer. Pharmacol. Ther. 150, 1–22 
(2015)

 81. S. Hino, K. Kohrogi, M. Nakao, Histone demethyl-
ase LSD1 controls the phenotypic plasticity of can-
cer cells. Cancer Sci. 107(9), 1187–1192 (2016)

 82. L. Ellis, M. Loda, LSD1: a single target to combat 
lineage plasticity in lethal prostate cancer. Proc. 
Natl. Acad. Sci. U. S. A. 115(18), 4530–4531 (2018)

 83. A. Sehrawat et al., LSD1 activates a lethal prostate 
cancer gene network independently of its demethyl-
ase function. Proc. Natl. Acad. Sci. U. S. A. 115(18), 
E4179–E4188 (2018)

 84. S.  Regufe da Mota et  al., LSD1 inhibition attenu-
ates androgen receptor V7 splice variant activation in 
castration resistant prostate cancer models. Cancer 
Cell Int. 18, 71 (2018)

Epigenetic Regulation of Chromatin in Prostate Cancer



404

 85. A.  Ketscher et  al., LSD1 controls metastasis of 
androgen-independent prostate cancer cells through 
PXN and LPAR6. Oncogene 3, e120 (2014)

 86. P.A. Cloos et al., Erasing the methyl mark: histone 
demethylases at the center of cellular differentiation 
and disease. Genes Dev. 22(9), 1115–1140 (2008)

 87. J. Plch, J. Hrabeta, T. Eckschlager, KDM5 demeth-
ylases and their role in cancer cell chemoresistance. 
Int. J. Cancer 144(2), 221–231 (2019)

 88. F. Crea et  al., The emerging role of histone lysine 
demethylases in prostate cancer. Mol. Cancer 11, 52 
(2012)

 89. Y. Xiang et  al., JARID1B is a histone H3 lysine 4 
demethylase up-regulated in prostate cancer. Proc. 
Natl. Acad. Sci. U.  S. A. 104(49), 19226–19231 
(2007)

 90. J.R.  Horton et  al., Characterization of a linked 
Jumonji domain of the KDM5/JARID1 family of 
histone H3 lysine 4 demethylases. J.  Biol. Chem. 
291(6), 2631–2646 (2016)

 91. R. Liefke et al., Histone demethylase KDM5A is an 
integral part of the core Notch-RBP-J repressor com-
plex. Genes Dev. 24(6), 590–601 (2010)

 92. F.L. Carvalho et al., Notch signaling in prostate can-
cer: a moving target. Prostate 74(9), 933–945 (2014)

 93. Q.  Su, L.  Xin, Notch signaling in prostate can-
cer: refining a therapeutic opportunity. Histol. 
Histopathol. 31(2), 149–157 (2016)

 94. L.  Marignol et  al., Hypoxia, notch signalling, and 
prostate cancer. Nat. Rev. Urol. 10(7), 405–413 
(2013)

 95. K.T.  Kuo et  al., Histone demethylase JARID1B/
KDM5B promotes aggressiveness of non-small cell 
lung cancer and serves as a good prognostic predic-
tor. Clin. Epigenetics 10(1), 107 (2018)

 96. M.I. Khan et  al., AKT inhibition modulates H3K4 
demethylase levels in PTEN-null prostate cancer. 
Mol. Cancer Ther. 18(2), 356–363 (2019)

 97. J.  Taylor-Papadimitriou, J.  Burchell, JARID1/
KDM5 demethylases as cancer targets? Expert Opin. 
Ther. Targets 21(1), 5–7 (2017)

 98. J.  Stein et  al., KDM5C is overexpressed in 
prostate cancer and is a prognostic marker for 
prostate- specific antigen-relapse following radical 
prostatectomy. Am. J.  Pathol. 184(9), 2430–2437 
(2014)

 99. Z.  Hong et  al., KDM5C is transcriptionally regu-
lated by BRD4 and promotes castration-resistance 
prostate cancer cell proliferation by repressing 
PTEN. Biomed. Pharmacother. 114, 108793 (2019)

 100. B. Rondinelli et al., Histone demethylase JARID1C 
inactivation triggers genomic instability in sporadic 
renal cancer. J.  Clin. Invest. 125(12), 4625–4637 
(2015)

 101. N. Li et al., JARID1D is a suppressor and prognostic 
marker of prostate cancer invasion and metastasis. 
Cancer Res. 76(4), 831–843 (2016)

 102. G. Perinchery et al., Deletion of Y-chromosome spe-
cific genes in human prostate cancer. J. Urol. 163(4), 
1339–1342 (2000)

 103. K.M.  Sinha et  al., Oncogenic and osteolytic func-
tions of histone demethylase NO66  in castration- 
resistant prostate cancer. Oncogene 38(25), 
5038–5049 (2019)

 104. M. Vedadi et al., Targeting human SET1/MLL fam-
ily of proteins. Protein Sci. 26(4), 662–676 (2017)

 105. F.  Cao et  al., Targeting MLL1 H3K4 methyltrans-
ferase activity in mixed-lineage leukemia. Mol. Cell 
53(2), 247–261 (2014)

 106. H.  Karatas et  al., High-affinity, small-molecule 
peptidomimetic inhibitors of MLL1/WDR5 pro-
tein–protein interaction. J. Am. Chem. Soc. 135(2), 
669–682 (2013)

 107. G.  Senisterra et  al., Small-molecule inhibition of 
MLL activity by disruption of its interaction with 
WDR5. Biochem. J. 449(1), 151–159 (2013)

 108. J. Grembecka et al., Menin-MLL inhibitors reverse 
oncogenic activity of MLL fusion proteins in leuke-
mia. Nat. Chem. Biol. 8(3), 277–284 (2012)

 109. A.  Jambhekar, J.N. Anastas, Y. Shi, Histone lysine 
demethylase inhibitors. Cold Spring Harb. Perspect. 
Med. 7(1), a026484 (2017)

 110. C. Mozzetta et al., Sound of silence: the properties 
and functions of repressive Lys methyltransferases. 
Nat. Rev. Mol. Cell Biol. 16(8), 499–513 (2015)

 111. H.  Wu et  al., Structural biology of human H3K9 
methyltransferases. PLoS One 5(1), e8570 (2010)

 112. D. Wang et al., Methylation of SUV39H1 by SET7/9 
results in heterochromatin relaxation and genome 
instability. Proc. Natl. Acad. Sci. U. S. A. 110(14), 
5516–5521 (2013)

 113. J.C.  Rice et  al., Histone methyltransferases direct 
different degrees of methylation to define distinct 
chromatin domains. Mol. Cell 12(6), 1591–1598 
(2003)

 114. A.H.  Peters et  al., Partitioning and plasticity of 
repressive histone methylation states in mammalian 
chromatin. Mol. Cell 12(6), 1577–1589 (2003)

 115. M. Tachibana et al., Histone methyltransferases G9a 
and GLP form heteromeric complexes and are both 
crucial for methylation of euchromatin at H3-K9. 
Genes Dev. 19(7), 815–826 (2005)

 116. R.A.  Rao et  al., KMT1 family methyltransferases 
regulate heterochromatin-nuclear periphery tether-
ing via histone and non-histone protein methylation. 
EMBO Rep. 20(5), e43260 (2019)

 117. S.  Nakanishi et  al., A comprehensive library of 
histone mutants identifies nucleosomal residues 
required for H3K4 methylation. Nat. Struct. Mol. 
Biol. 15(8), 881–888 (2008)

 118. C.M. Milner, R.D. Campbell, The G9a gene in the 
human major histocompatibility complex encodes 
a novel protein containing ankyrin-like repeats. 
Biochem. J. 290(Pt 3), 811–818 (1993)

 119. C. Chaturvedi et al., Maintenance of gene silencing 
by the coordinate action of the H3K9 methyltrans-
ferase G9a/KMT1C and the H3K4 demethylase 
Jarid1a/KDM5A.  Proc. Natl. Acad. Sci. U.  S. A. 
109(46), 18845–18850 (2012)

R. Natesan et al.



405

 120. A.  Dutta, Identification of an NKX3.1-G9a-UTY 
transcriptional regulatory network that controls 
prostate differentiation. Science 352(6293), 1576–
1580 (2016)

 121. D.J. Purcell et  al., Recruitment of coregulator G9a 
by Runx2 for selective enhancement or suppression 
of transcription. J.  Cell. Biochem. 113(7), 2406–
2414 (2012)

 122. Y. Kondo et al., Downregulation of histone H3 lysine 
9 methyltransferase G9a induces centrosome disrup-
tion and chromosome instability in cancer cells. 
PLoS One 3(4), e2037 (2008)

 123. E. Metzger et al., LSD1 demethylates repressive his-
tone marks to promote androgen-receptor-dependent 
transcription. Nature 437(7057), 436–439 (2005)

 124. N.R. Rose et al., Plant growth regulator daminozide 
is a selective inhibitor of human KDM2/7 histone 
demethylases. J.  Med. Chem. 55(14), 6639–6643 
(2012)

 125. J. Yang et al., The histone demethylase JMJD2B is 
regulated by estrogen receptor alpha and hypoxia, 
and is a key mediator of estrogen induced growth. 
Cancer Res. 70(16), 6456–6466 (2010)

 126. K. Coffey et al., The lysine demethylase, KDM4B, 
is a key molecule in androgen receptor signalling 
and turnover. Nucleic Acids Res. 41(8), 4433–4446 
(2013)

 127. M. Wissmann et al., Cooperative demethylation by 
JMJD2C and LSD1 promotes androgen receptor- 
dependent gene expression. Nat. Cell Biol. 9(3), 
347–353 (2007)

 128. T.  Chiba et  al., Histone lysine methyltransferase 
SUV39H1 is a potent target for epigenetic therapy 
of hepatocellular carcinoma. Int. J. Cancer 136(2), 
289–298 (2015)

 129. Z.  Lu et  al., Histone-lysine methyltransferase 
EHMT2 is involved in proliferation, apoptosis, cell 
invasion, and DNA methylation of human neuro-
blastoma cells. Anti-Cancer Drugs 24(5), 484–493 
(2013)

 130. M. Vedadi et al., A chemical probe selectively inhib-
its G9a and GLP methyltransferase activity in cells. 
Nat. Chem. Biol. 7(8), 566–574 (2011)

 131. Y. Yuan et al., A small-molecule probe of the histone 
methyltransferase G9a induces cellular senescence 
in pancreatic adenocarcinoma. ACS Chem. Biol. 
7(7), 1152–1157 (2012)

 132. E.T. Wiles, E.U. Selker, H3K27 methylation: a pro-
miscuous repressive chromatin mark. Curr. Opin. 
Genet. Dev. 43, 31–37 (2017)

 133. S. Aranda, G. Mas, L. Di Croce, Regulation of gene 
transcription by Polycomb proteins. Sci. Adv. 1(11), 
e1500737 (2015)

 134. E. Conway, E. Healy, A.P. Bracken, PRC2 mediated 
H3K27 methylations in cellular identity and cancer. 
Curr. Opin. Cell Biol. 37, 42–48 (2015)

 135. R. Margueron, D. Reinberg, The Polycomb complex 
PRC2 and its mark in life. Nature 469(7330), 343–
349 (2011)

 136. S.  Varambally et  al., The polycomb group protein 
EZH2 is involved in progression of prostate cancer. 
Nature 419(6907), 624–629 (2002)

 137. S. Varambally et al., Genomic loss of microRNA-101 
leads to overexpression of histone methyltransferase 
EZH2  in cancer. Science 322(5908), 1695–1699 
(2008)

 138. K. Xu et al., EZH2 oncogenic activity in castration- 
resistant prostate cancer cells is Polycomb- 
independent. Science (New York, N.Y.) 338(6113), 
1465–1469 (2012)

 139. D. Wang et al., LncRNA MALAT1 enhances onco-
genic activities of EZH2 in castration-resistant pros-
tate cancer. Oncotarget 6(38), 41045–41055 (2015)

 140. M.C.  Donaldson-Collier et  al., EZH2 oncogenic 
mutations drive epigenetic, transcriptional, and 
structural changes within chromatin domains. Nat. 
Genet. 51(3), 517–528 (2019)

 141. H. Kaniskan, M.L. Martini, J. Jin, Inhibitors of pro-
tein methyltransferases and demethylases. Chem. 
Rev. 118(3), 989–1068 (2018)

 142. W.A. Schulz et al., The histone demethylase UTX/
KDM6A in cancer: progress and puzzles. Int. 
J. Cancer 145(3), 614–620 (2019)

 143. S.H. Jung et al., Genetic progression of high grade 
prostatic intraepithelial neoplasia to prostate cancer. 
Eur. Urol. 69(5), 823–830 (2016)

 144. V.M.  Morozov et  al., Inhibitor of H3K27 demeth-
ylase JMJD3/UTX GSK-J4 is a potential therapeu-
tic option for castration resistant prostate cancer. 
Oncotarget 8(37), 62131–62142 (2017)

 145. W.  Yu et  al., Catalytic site remodelling of the 
DOT1L methyltransferase by selective inhibitors. 
Nat. Commun. 3, 1288 (2012)

 146. J. Tan et al., Pharmacologic disruption of Polycomb- 
repressive complex 2-mediated gene repression 
selectively induces apoptosis in cancer cells. Genes 
Dev. 21(9), 1050–1063 (2007)

 147. M.T. McCabe et al., EZH2 inhibition as a therapeu-
tic strategy for lymphoma with EZH2-activating 
mutations. Nature 492(7427), 108–112 (2012)

 148. S.  Schmähling et  al., Regulation and function of 
H3K36 di-methylation by the trithorax-group protein 
complex AMC.  Development 145(7), dev163808 
(2018)

 149. D.K. Pokholok et al., Genome-wide map of nucleo-
some acetylation and methylation in yeast. Cell 
122(4), 517–527 (2005)

 150. T. Vacík, D. Lađinović, I. Raška, KDM2A/B lysine 
demethylases and their alternative isoforms in 
development and disease. Nucleus 9(1), 431–441 
(2018)

 151. I.A. Asangani et al., Characterization of the EZH2- 
MMSET histone methyltransferase regulatory axis 
in cancer. Mol. Cell 49(1), 80–93 (2013)

 152. N. Li et  al., AKT-mediated stabilization of histone 
methyltransferase WHSC1 promotes prostate can-
cer metastasis. J.  Clin. Invest. 127(4), 1284–1302 
(2017)

Epigenetic Regulation of Chromatin in Prostate Cancer



406

 153. T.  Ezponda et  al., The histone methyltransferase 
MMSET/WHSC1 activates TWIST1 to promote 
an epithelial–mesenchymal transition and invasive 
properties of prostate cancer. Oncogene 32(23), 
2882–2890 (2013)

 154. M.  Yan et  al., The critical role of histone lysine 
demethylase KDM2B in cancer. Am. J. Transl. Res. 
10(8), 2222–2233 (2018)

 155. N.  Zacharopoulou et  al., The epigenetic factor 
KDM2B regulates cell adhesion, small rho GTPases, 
actin cytoskeleton and migration in prostate can-
cer cells. Biochim. Biophys. Acta, Mol. Cell Res. 
1865(4), 587–597 (2018)

 156. A.T.  Nguyen, Y.  Zhang, The diverse functions of 
Dot1 and H3K79 methylation. Genes Dev. 25(13), 
1345–1358 (2011)

 157. M.I.  Valencia-Sanchez et  al., Structural basis of 
Dot1L stimulation by histone H2B lysine 120 ubiq-
uitination. Mol. Cell 74(5), 1010–1019.e6 (2019)

 158. E.J.  Worden et  al., Mechanism of cross-talk 
between H2B ubiquitination and H3 methylation by 
Dot1L. Cell 176(6), 1490–1501.e12 (2019)

 159. M.S.  Singer et  al., Identification of high-copy dis-
ruptors of telomeric silencing in Saccharomyces 
cerevisiae. Genetics 150(2), 613–632 (1998)

 160. M. Annala et al., DOT1L-HES6 fusion drives andro-
gen independent growth in prostate cancer. EMBO 
Mol. Med. 6(9), 1121–1123 (2014)

 161. W. Kim et al., Deficiency of H3K79 histone meth-
yltransferase Dot1-like protein (DOT1L) inhibits 
cell proliferation. J. Biol. Chem. 287(8), 5588–5599 
(2012)

 162. L. Yang et  al., LncRNA-dependent mechanisms of 
androgen-receptor-regulated gene activation pro-
grams. Nature 500(7464), 598–602 (2013)

 163. S.R. Daigle et al., Selective killing of mixed lineage 
leukemia cells by a potent small-molecule DOT1L 
inhibitor. Cancer Cell 20(1), 53–65 (2011)

 164. C.R.  Klaus et  al., DOT1L inhibitor EPZ-5676 
displays synergistic antiproliferative activity in 
combination with standard of care drugs and hypo-
methylating agents in MLL-rearranged leukemia 
cells. J.  Pharmacol. Exp. Ther. 350(3), 646–656 
(2014)

 165. Y. Zhao et al., Prodrug strategy for PSMA-targeted 
delivery of TGX-221 to prostate cancer cells. Mol. 
Pharm. 9(6), 1705–1716 (2012)

 166. S.R.  Daigle et  al., Potent inhibition of DOT1L as 
treatment of MLL-fusion leukemia. Blood 122(6), 
1017–1025 (2013)

 167. J.L.  Anglin et  al., Synthesis and structure-activity 
relationship investigation of adenosine-containing 
inhibitors of histone methyltransferase DOT1L.  J. 
Med. Chem. 55(18), 8066–8074 (2012)

 168. C.A.  Musselman et  al., Perceiving the epigenetic 
landscape through histone readers. Nat. Struct. Mol. 
Biol. 19(12), 1218–1227 (2012)

 169. T.G.  Kutateladze, SnapShot: histone readers. Cell 
146(5), 842–842.e1 (2011)

 170. Z. Chen et al., Histone modifications and chromatin 
organization in prostate cancer. Epigenomics 2(4), 
551–560 (2010)

 171. M. Pérez-Salvia, M. Esteller, Bromodomain inhibi-
tors and cancer therapy: from structures to applica-
tions. Epigenetics 12(5), 323–339 (2017)

 172. Z.  Wang et  al., Combinatorial patterns of histone 
acetylations and methylations in the human genome. 
Nat. Genet. 40(7), 897–903 (2008)

 173. M.  Han et  al., Epigenetic enzyme mutations: role 
in tumorigenesis and molecular inhibitors. Front. 
Oncol. 9, 194 (2019)

 174. H.M. Chan, N.B. La Thangue, p300/CBP proteins: 
HATs for transcriptional bridges and scaffolds. 
J. Cell Sci. 114(Pt 13), 2363–2373 (2001)

 175. B.M. Dancy, P.A. Cole, Protein lysine acetylation by 
p300/CBP. Chem. Rev. 115(6), 2419–2452 (2015)

 176. M.  Fu et  al., Acetylation of androgen receptor 
enhances coactivator binding and promotes prostate 
cancer cell growth. Mol. Cell. Biol. 23(23), 8563–
8575 (2003)

 177. M.  Fu et  al., p300 and p300/cAMP-response 
element- binding protein-associated factor acetylate 
the androgen receptor at sites governing hormone- 
dependent transactivation. J.  Biol. Chem. 275(27), 
20853–20860 (2000)

 178. R.M.  Attar, C.H.  Takimoto, M.M.  Gottardis, 
Castration-resistant prostate cancer: locking up the 
molecular escape routes. Clin. Cancer Res. 15(10), 
3251–3255 (2009)

 179. B. Comuzzi et al., The androgen receptor co- activator 
CBP is up-regulated following androgen withdrawal 
and is highly expressed in advanced prostate cancer. 
J. Pathol. 204(2), 159–166 (2004)

 180. J.  Zhong et  al., P300 acetyltransferase regulates 
androgen receptor degradation and pten-deficient 
prostate tumorigenesis. Cancer Res. 74(6), 1870–
1880 (2014)

 181. E. Seto, M. Yoshida, Erasers of histone acetylation: 
the histone deacetylase enzymes. Cold Spring Harb. 
Perspect. Biol. 6(4), a018713 (2014)

 182. Y. Li, E. Seto, HDACs and HDAC inhibitors in can-
cer development and therapy. Cold Spring Harb. 
Perspect. Med. 6(10), a026831 (2016)

 183. W. Weichert et al., Histone deacetylases 1, 2 and 3 
are highly expressed in prostate cancer and HDAC2 
expression is associated with shorter PSA relapse 
time after radical prostatectomy. Br. J. Cancer 98(3), 
604–610 (2008)

 184. H.  Huang et  al., Carboxypeptidase A3 (CPA3): a 
novel gene highly induced by histone deacetylase 
inhibitors during differentiation of prostate epithelial 
cancer cells. Cancer Res. 59(12), 2981–2988 (1999)

 185. L.K.  Gediya et  al., Improved synthesis of histone 
deacetylase inhibitors (HDIs) (MS-275 and CI-994) 
and inhibitory effects of HDIs alone or in combina-
tion with RAMBAs or retinoids on growth of human 
LNCaP prostate cancer cells and tumor xenografts. 
Bioorg. Med. Chem. 16(6), 3352–3360 (2008)

R. Natesan et al.



407

 186. P.N.  Munster et  al., Phase I trial of vorinostat and 
doxorubicin in solid tumours: histone deacetylase 
2 expression as a predictive marker. Br. J.  Cancer 
101(7), 1044–1050 (2009)

 187. D. Rathkopf et al., A phase I study of oral panobino-
stat alone and in combination with docetaxel in patients 
with castration-resistant prostate cancer. Cancer 
Chemother. Pharmacol. 66(1), 181–189 (2010)

 188. L.R.  Molife et  al., Phase II, two-stage, single-arm 
trial of the histone deacetylase inhibitor (HDACi) 
romidepsin in metastatic castration-resistant prostate 
cancer (CRPC). Ann. Oncol. 21(1), 109–113 (2009)

 189. B. Jung-Hynes, N. Ahmad, Role of p53 in the anti- 
proliferative effects of Sirt1 inhibition in prostate 
cancer cells. Cell Cycle 8(10), 1478–1483 (2009)

 190. D.M. Huffman et al., SIRT1 is significantly elevated 
in mouse and human prostate cancer. Cancer Res. 
67(14), 6612–6618 (2007)

 191. V. Byles et al., SIRT1 induces EMT by cooperating 
with EMT transcription factors and enhances pros-
tate cancer cell migration and metastasis. Oncogene 
31(43), 4619–4629 (2012)

 192. J.D. Lovaas et al., SIRT1 enhances matrix metallo-
proteinase- 2 expression and tumor cell invasion in 
prostate cancer cells. Prostate 73(5), 522–530 (2013)

 193. L. Sun et al., MPP8 and SIRT1 crosstalk in E-cadherin 
gene silencing and epithelial- mesenchymal transi-
tion. EMBO Rep. 16(6), 689–699 (2015)

 194. Z.  You, Y.  Liu, X.  Liu, Nicotinamide 
N-methyltransferase enhances the progression of 
prostate cancer by stabilizing sirtuin 1. Oncol. Lett. 
15(6), 9195–9201 (2018)

 195. Y. Yu et  al., Mesenchymal stem cells overexpress-
ing Sirt1 inhibit prostate cancer growth by recruit-
ing natural killer cells and macrophages. Oncotarget 
7(44), 71112–71122 (2016)

 196. M.J. Powell et al., Disruption of a Sirt1-dependent 
autophagy checkpoint in the prostate results in 
prostatic intraepithelial neoplasia lesion formation. 
Cancer Res. 71(3), 964–975 (2011)

 197. A.  Stathis, F.  Bertoni, BET proteins as targets for 
anticancer treatment. Cancer Discov. 8(1), 24–36 
(2018)

 198. S.  Malik, R.G.  Roeder, The metazoan Mediator co- 
activator complex as an integrative hub for transcrip-
tional regulation. Nat. Rev. Genet. 11(11), 761–772 
(2010)

 199. K.J.  Moon et  al., The bromodomain protein Brd4 
is a positive regulatory component of P-TEFb and 
stimulates RNA polymerase II-dependent transcrip-
tion. Mol. Cell 19(4), 523–534 (2005)

 200. Z. Yang et al., Recruitment of P-TEFb for stimula-
tion of transcriptional elongation by the bromodo-
main protein Brd4. Mol. Cell 19(4), 535–545 (2005)

 201. I.A. Asangani et  al., Therapeutic targeting of BET 
bromodomain proteins in castration-resistant pros-
tate cancer. Nature 510(7504), 278–282 (2014)

 202. A. Urbanucci et al., Androgen receptor deregulation 
drives bromodomain-mediated chromatin alterations 
in prostate cancer. Cell Rep. 19(10), 2045–2059 
(2017)

 203. L.  Gao et  al., Androgen receptor promotes ligand- 
independent prostate cancer progression through 
c-Myc upregulation. PLoS One 8(5), e63563 (2013)

 204. I.A.  Asangani et  al., BET bromodomain inhibi-
tors enhance efficacy and disrupt resistance to AR 
antagonists in the treatment of prostate cancer. Mol. 
Cancer Res. 14(4), 324–331 (2016)

 205. A. Pawar et al., Resistance to BET inhibitor leads to 
alternative therapeutic vulnerabilities in castration- 
resistant prostate cancer. Cell Rep. 22(9), 2236–
2245 (2018)

 206. D.P. Bondeson, C.M. Crews, Targeted protein deg-
radation by small molecules. Annu. Rev. Pharmacol. 
Toxicol. 57, 107–123 (2016)

 207. P.M. Cromm, C.M. Crews, Targeted protein degra-
dation: from chemical biology to drug discovery. 
Cell Chem. Biol. 24(9), 1181–1190 (2017)

 208. G.E.  Winter et  al., Phthalimide conjugation as 
a strategy for in  vivo target protein degradation. 
Science 348(6241), 1376–1381 (2015)

 209. M. Zengerle, K.H. Chan, A. Ciulli, Selective small 
molecule induced degradation of the BET bromodo-
main protein BRD4. ACS Chem. Biol. 10(8), 1770–
1777 (2015)

 210. J. Lu et al., Hijacking the E3 ubiquitin ligase cere-
blon to efficiently target BRD4. Chem. Biol. 22(6), 
755–763 (2015)

 211. K. Raina et al., PROTAC-induced BET protein deg-
radation as a therapy for castration-resistant pros-
tate cancer. Proc. Natl. Acad. Sci. U. S. A. 113(26), 
7124–7129 (2016)

 212. L. Jin, J. Garcia, E. Chan, Therapeutic targeting of 
the CBP/p300 bromodomain blocks the growth of 
castration-resistant prostate cancer. Cancer Res. 
77(20), 5564–5575 (2017)

 213. L.M. Lasko et al., Discovery of a selective catalytic 
p300/CBP inhibitor that targets lineage-specific 
tumours. Nature 550(7674), 128–132 (2017)

 214. G.  Längst, L.  Manelyte, Chromatin remodelers: 
from function to dysfunction. Genes (Basel) 6(2), 
299–324 (2015)

 215. S.V. Saladi, I.L. de la Serna, ATP dependent chro-
matin remodeling enzymes in embryonic stem cells. 
Stem Cell Rev. 6(1), 62–73 (2010)

 216. D.P. Labbe, M. Brown, Transcriptional regulation in 
prostate cancer. Cold Spring Harb. Perspect. Med. 
8(11), a030437 (2018)

Epigenetic Regulation of Chromatin in Prostate Cancer



409© Springer Nature Switzerland AG 2019 
S. M. Dehm, D. J. Tindall (eds.), Prostate Cancer, Advances in Experimental Medicine  
and Biology 1210, https://doi.org/10.1007/978-3-030-32656-2_18

Oncogenic ETS Factors in Prostate 
Cancer

Taylor R. Nicholas, Brady G. Strittmatter, 
and Peter C. Hollenhorst

 Introduction

Prostate cancer represents the only carcinoma 
containing a common chromosomal rearrange-
ment, resulting in an oncogenic fusion gene: 
TMRPSS2/ERG. About one-half of prostate 
tumors have a rearrangement of chromosome 21 
that fuses the promoter and 5′ untranslated region 
(5′ UTR) of TMPRSS2 to the open reading frame 
of ERG [1]. ERG is normally silent in adult pros-
tate epithelial cells, while TMRPSS2 is androgen-
responsive and highly expressed in the prostate. 
The TMPRSS2/ERG fusion gene usually results 
in prostate cells that express either a full-length, 
or N-terminally truncated ERG protein, depend-
ing on the breakpoint [2]. Transgenic mouse 
models indicate that ERG expression in prostate 
epithelial cells promotes carcinogenesis, but only 
in collaboration with a second oncogenic “hit” 
[3–6]. ERG encodes an ETS family transcription 
factor that has the potential to alter gene expres-
sion patterns. In addition to the TMPRSS2/ERG 

rearrangement, prostate cancers have other recur-
rent rearrangements that similarly promote the 
expression of additional ETS factors such as 
ETV1 and ETV4 [2]. These findings indicate that 
ETS family transcription factors can play key 
roles in promoting prostate cancer. This chapter 
will discuss the role of ETS factors in prostate 
cancer with a focus on recently uncovered molec-
ular mechanisms that could point the way to 
ETS-targeted therapeutics.

 ETS Family Transcription Factors

 What Is an ETS Factor?

The ETS family of transcription factors are 
encoded by 28 genes in the human genome [7]. 
ETS factors are defined by a conserved ETS 
DNA binding domain consisting of a winged-
helix-turn-helix structure that can bind DNA 
monomerically. In vitro DNA sequence specific-
ity of ETS domains have been extensively mea-
sured, and every ETS factor requires a GGA(A/T) 
sequence for high-affinity DNA binding. An 
extended consensus binding sequence of 
CCGGAAGT is common in the family, with a 
handful of members displaying slightly different 
preferences [8]. Due to this overlapping sequence 
preference it is difficult to predict which family 
member will bind an ETS binding sequence in 
vivo, and competition for binding sites between 
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family members is likely. For this reason, when a 
new ETS factor is expressed in a cell, such as 
when the TMRPSS2/ERG rearrangement occurs 
in prostate cells, it is possible that changes in 
gene expression could be the result of transcrip-
tional changes driven by the newly expressed 
ETS factor, and/or changes caused by displace-
ment of an endogenous ETS factor.

A phylogenetic comparison of the ETS 
domain divides the ETS family into subclasses of 
up to three members each, with ERG in the ERG 
subfamily and ETV1 and ETV4 in the PEA3 sub-
family (Fig. 1). Within each of these subclasses 
there tends to be homology across the entire pro-

tein, however, a comparison between any two 
subclasses shows that the only homology is in the 
ETS DNA binding domain. This diversity of 
sequence outside of the DNA binding domain 
results in diverse molecular mechanisms, with 
some members acting as transcriptional activa-
tors, and others as transcriptional repressors, and 
with members responding in distinct ways to sig-
naling pathways [7].

ETS transcription factors are extensively co-
expressed in all cell types [9]. There are 8–10 
ETS factors that are ubiquitously expressed, 
while others have varying levels of tissue speci-
ficity. Most cell types, normal prostate epithelia 
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included, express 15–20 ETS factors at the 
mRNA level [9]. SPDEF is the most highly 
expressed ETS mRNA in normal prostate, and 
one early name for this gene was prostate-derived 
ETS factor (PDEF). Likewise, the ETS factors 
ELF3 and EHF are highly expressed in multiple 
epithelial cell types including prostate epithelia 
and were historically named ESE1 and ESE3 for 
“Epithelial Specific ETS”. Consistent with a role 
in maintaining normal prostate epithelial identity, 
SPDEF, ELF3 and EHF have all been reported to 
be potential tumor suppressive genes in the 
 prostate [10–12]. Such tumor suppressive roles 
will be discussed in more detail later in this 
chapter.

 ETS Factors Aberrantly Expressed 
in Prostate Cancer

Three members of the ETS transcription factor 
family, ERG, ETV1, and ETV4 are not expressed 
in normal adult prostate cells [9], but are com-
monly expressed in prostate cancer cells due to 
chromosomal rearrangements [2]. Most common 
is ERG overexpression, which is due to ERG 
gene rearrangement in 40–50% of prostate 
tumors [13, 14]. ETV1 rearrangement is the sec-
ond most common and is found in 8–10% of 
tumors. ETV4 is rearranged in 2–5% of cases. 
These rearrangements tend to be mutually exclu-
sive, indicating that they have similar roles as 
oncogenes (Fig.  2). Transgenic expression of 
ERG, ETV1, and ETV4 in mouse prostates indi-
cate that all three are oncogenic, although in all 
three cases additional “hits” are needed to pro-
mote robust tumorigenesis [3–5, 15–17]. These 
additional hits usually involve activation of onco-
genic signaling pathways, and the necessity of 
these pathways will be discussed later in the 
chapter. Since ~85% of prostate tumors that har-
bor ETS rearrangements have the TMPRSS2/
ERG rearrangement, most research has aimed to 
understand the molecular consequences of ecto-
pic ERG expression in the prostate. Based on the 
incidence and these experimental findings, it is 
clear that ERG, ETV1, and ETV4 are all prostate 
cancer oncogenes.

Recent paired-end sequencing of large num-
bers of prostate tumors has revealed that these 
tumors can have large numbers of gene rear-
rangements [14]. Due to this, thousands of genes 
have been found to be rearranged at low fre-
quency (<2%) in prostate tumors. Inevitably, 
some of these genes are in the ETS family. But 
are these rearrangements passenger or driver 
mutations? In addition to the frequently rear-
ranged ERG, ETV1, and ETV4, the ETS genes 
ETV5, FLI1 and ELK4 are rearranged at low fre-
quency in prostate tumors [18–20]. Importantly, 
ETV5 and FLI1 are not expressed in normal pros-
tate cells, however ELK4 expression in normal 
prostate is relatively high [9], and it is possible 
that ELK4 rearrangements discovered at the RNA 
level are due to trans-splicing, rather than DNA 
rearrangement. To date, no transgenic mouse 
models have been reported that can be used to 
determine if gene fusion of FLI1, ETV5, or ELK4 
in the prostate is oncogenic. We and others have 
used cell line models to test the role of over-
expressing various ETS factors. In these studies, 
ETV5 has similar roles to ERG, ETV1, and ETV4 
when expressed in normal prostate RWPE-1 cells 
[20, 21], suggesting that ETV5 fusions are onco-
genic. In all, we have tested 12 ETS genes, 
including FLI1, in in vitro assays, but only ERG, 
ETV1, ETV4, and ETV5 promoted common 
oncogene-related functions such as cell migra-
tion [21, 22]. Intriguingly, these four ETS factors 
also share a common molecular mechanism, 
which will be discussed later in the chapter.

 ETS Gene Fusions in Prostate Cancer

 5′ Fusion Partners and Fusion 
Products

ETS gene fusions have been assayed in tumor 
samples by various techniques including reverse 
transcription polymerase chain reaction (RT-PCR), 
fluorescence in situ hybridization (FISH), and 
rapid amplification of cDNA ends (RACE). The 
frequency of each fusion type varies in the litera-
ture depending on cohort selection and detection 
technique, and these incongruities have been 
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reviewed elsewhere [23, 24]. However, recurrent 
ETS rearrangements exclusively involve fusion of 
the 3′ end of ETS genes, which include the ETS 
DNA binding domain. The 5′ partners most often 
donate promoters that drive high expression in 
prostate cells, allowing the aberrant expression of 
oncogenic ETS at high levels. The most common 
5′ fusion partners are androgen responsive, yet 
androgen insensitive and androgen repressed 
fusion partners have been characterized [23]. 
TMPRSS2, an androgen responsive gene, is the 
most frequent 5′ partner [1]. While TMPRSS2/
ERG accounts for the majority of ETS rearrange-

ments, TMPRSS2 is also found rearranged with 
ETV1, ETV4, and ETV5 at lower frequencies [20, 
25, 26]. Rarer 5′ fusion partners of ERG are 
SLC45A3, NDRG1, and HERPUD1 [23, 24, 27]. 
ETV1 5′ fusion partners include TMPRSS2, 
SLC45A3, HERV-K, HERVK17, C15ORF21, 
HNRPA2B1, OR51E2, EST14, FLJ35294, FOXP1, 
and ACSLS [1, 2, 24, 28]; and reported ETV4 5′ 
fusion partners are TMPRSS2, SLC45A3, CANT1, 
KLK2, DDX5, HERVK17, and UBTF [28–30]. 
While 5′ fusion partners are diverse, the congru-
ency of 3′ fusion partners indicates an oncogenic 
ETS requirement for these rearrangement-driven 
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prostate cancers. Rare cases in which patients with 
ERG rearrangements also have ETV1 or ETV4 
fusions ([13, 19, 31]; Fig. 2) have been reported 
and sometimes arise from discrete foci; However, 
multiple ETS rearrangements have been reported 
in the same focus [32]. Regardless, these observa-
tions exemplify the heterogeneous nature of pros-
tate tumors and tendency towards these genetic 
alterations.

Aside from diversity at the 5′ end, additional 
ETS rearrangement diversity can arise from 
breakpoint site variation. Many TMPRSS2/ERG 
fusions have been reported, and contain either the 
first, second, or third exon of TMPRSS2 joined to 
exon 2, 3, 4, 5, or 6 of ERG [31, 33]. Briefly, the 
most common breakpoint in prostate cancer 
results in the fusion of the 5′ UTR exon 1 of 
TMPRSS2 to exon 3 of ERG, resulting in an 
N-terminally truncated ERG protein (ERGΔ32; 
named from NCBI ERG isoform 1). Other com-
mon fusion products are ERGΔ92 (exon 1 of 
TMPRSS2 fused to exon 4 of ERG) and fusions 
that result in expression of full-length ERG 
(fusions prior to ERG exon 3). In more rare cases 
part of the open reading frame of TMPRSS2 is 
fused to different breakpoints in ERG resulting in 
some TMPRSS2 coded amino acids fused to the 
N-terminus of ERG. At the RNA level, alterna-
tive splicing of TMPRSS2/ERG can occur [31]. 
This potentiates the expression of multiple fusion 
protein products in the same tumor; however, the 
oncogenic contribution of different TMPRSS2/
ERG variants is not fully understood. Transcripts 
encoding smaller ERG truncations can be found 
co-expressed in samples with larger fusion pro-
teins [31]. These smaller truncations are likely 
alternatively spliced products of TMPRSS2/ERG, 
and it is unknown if they contribute to ERG-
mediated oncogenesis.

 Demographics of Patients  
with ETS-Positive Prostate Cancer

Occurrence of the TMRPSS2/ERG fusion in pros-
tate cancer differs significantly among different 
demographic groups. Despite the higher inci-
dence and mortality of prostate cancer in men of 

African descent [34], this group has a lower fre-
quency of TMPRSS2/ERG rearrangement. In a 
recent meta-analysis, 49% of prostate tumors 
from men of European decent expressed ERG, 
while only 27% of tumors from men of Asian 
descent, and 25% of tumors from men of African 
descent expressed ERG [35]. ERG-positivity in 
North Indian patients resembles that of the inci-
dence for Caucasians [36]. It is unknown if these 
discrepancies are due to common alternative 
mechanisms that drive prostate tumors in men of 
African and Asian descent, or if it is due to a 
lower likelihood of ERG gene rearrangement or 
repressed ERG function in these populations. 
The TMPRSS2/ERG fusion is more predominant 
in early onset prostate cancer, affecting men less 
than 50 years old [37, 38].

 Molecular Stratification of  
ETS-Positive Prostate Cancers

Classification of prostate cancer into molecular 
subtypes is an important step in the development 
and use of precision medicines. ETS-positive 
prostate cancer has emerged as the largest molec-
ular subtype, but the mutational landscape of 
ERG-positive (and ERG-negative) prostate can-
cers are still being investigated. Much of what we 
know about the molecular stratification of pros-
tate cancer comes from the in depth molecular 
analysis of 333 primary prostate cancers by The 
Cancer Genome Atlas Research Network [13]. 
We will discuss prominent co-occurring and 
mutually exclusive genetic alterations with ETS 
fusions (profiling ERG expression in Fig. 3), but 
further reading should be directed to the above 
reference. The concurrence between the 
TMPRSS2/ERG rearrangement and PTEN 
silencing has been well characterized [36, 39]. 
The correlation is significant in prostatectomy 
samples and primary tumors but not in castration 
resistant prostate cancer (CRPC), where PTEN 
loss in ERG-positive cases typifies aggressive 
disease [40]. Other prostate cancer molecular 
subtypes, such as SPINK1 positive, SPOP 
mutant, and CHD1 mutant are mutually exclu-
sive with ETS-rearrangements regardless of stage 
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(Fig. 3) [19, 39–44]. Interestingly, in some pri-
mary prostate cancers, ETV1 and ETV4 have 
been found overexpressed but not rearranged. 
Although the mechanism is undefined, these 
tumors are mutually exclusive with those harbor-
ing ETS rearrangements [13]. Tumor heterogene-
ity is an important factor in calling molecular 
subtypes; for example, mutational co-occurrence 
increases from single cell to single foci to whole 
tumor. The same tumor can be called ETS-
positive or ETS-negative, depending on where 
the biopsy was taken [31]. Correct calling of the 
molecular subtype of a tumor underlies a critical 
obstacle in linking molecular subtypes to clinico-
pathological indicators and treatment course.

 Clinicopathological Value 
of Oncogenic ETS

Because the TMPRSS2/ERG fusion gene is 
unique to prostate cancer cells and because ETS 

rearrangements result in much higher expression 
of oncogenic ETS in malignant tissue compared 
to adjacent normal tissue [1, 45, 46], the presence 
of the TMRPSS2/ERG fusion and/or expression 
of oncogenic ETS have emerged as clinical bio-
markers of a cancerous prostate. Yet the connec-
tion between various clinicopathological 
indicators and ETS-positivity has not been fully 
determined. Cohort selection, evaluation, and 
mutational background differences potentially 
underlie the controversial prognostic value of 
oncogenic ETS. In a cohort of patients with local-
ized prostate cancer undergoing “watchful wait-
ing” therapy, a significant correlation was found 
with TMPRSS2/ERG-positive tumors and lethal-
ity [47]. Other groups have reported similar rela-
tionships between ERG positivity and active 
surveillance progression [48–50], suggesting the 
value of TMPRSS2/ERG as a prognosticator for 
risk of disease progression. However, in post-
prostatectomy patients, ERG protein expression 
was found to correlate positively with longer pro-
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gression free survival [40]. Similarly, ERG-
positivity was found to be associated with longer 
recurrence free survival and longer overall sur-
vival in localized and castration resistant prostate 
cancer [51]. In contrast, no connection was found 
between ERG and prognosis in a separate radical 
prostatectomy cohort [52]. Additionally, patients 
with TMPRSS2/ERG and loss of PTEN were 
found to have shorter survival than ERG-/PTEN-
patients [53]. ERG expression levels, rather than 
mere presence, correlates with aggression and 
disease stage and could be used for a more accu-
rate prognosis [54]. It should be noted that 
because most ERG gene rearrangements result in 
androgen-driven ERG expression, the level of 
ERG in these prostate tumors may be indicative 
of high activity of the androgen receptor (AR), 
and it may be difficult to parse out whether phe-
notypes are due to high ERG or high AR activity. 
Clearly, a multivariate approach is necessary for 
understanding the risk associated with oncogenic 
ETS-positivity.

Recently, efforts have been made to develop 
screening assays to detect TMPRSS2/ERG by 
transcription-mediated amplification in the 
urine and serum to allow for early detection 
without biopsy. In this application TMPRSS2/
ERG represents an ideal biomarker as it is an 
RNA that is completely tumor specific, and 
therefore the detection of even small amounts 
can be considered positive. The Mi-Prostate 
Score (MiPS) is a commercially available logis-
tic regression model that uses detection of urine 
TMPRSS2/ERG as well as urine prostate cancer 
antigen 3 (PCA) normalized to PSA to predict 
prostate cancer and high-grade prostate cancer 
on biopsy [55]. MiPS has been shown to reduce 
biopsies by 51% [56]. PCA3 and TMPRSS2/
ERG urine levels are  significantly associated 
with high grade disease [53].

Since methods for detecting ETS fusions are 
abundant, relatively inexpensive, and precise, 
another hope is that variants of ETS fusions might 
contain more prognostic value. Several splice 
variants of TMPRSS2/ERG have been reported in 
clinical samples. Retention of both exons 10 and 
11 of ERG is correlated with advanced disease 
[57]. Additionally, expression of TMPRSS2/ERG 

fusions resulting from distinct breakpoints may 
have prognostic value. The type VI fusion, in 
which the TMPRSS2 start codon in exon 2 is in 
frame with exon 4 of ERG, is associated with 
aggressive disease measured by early PSA recur-
rences and seminal vesicle invasion [33].

 Generation of TMPRSS2/ERG Fusions

How do gene fusions occur in prostate epithelial 
cells? The prevalence of chromosomal rearrange-
ments in leukemias and lymphomas could be due 
to the misapplication of the cellular machinery 
used to rearrange the immunoglobulin and T cell 
receptor loci. However, the discovery of common 
chromosomal rearrangements in prostate cancer 
was a surprise, as there is no such obvious mech-
anism to explain their occurrence. It is not clear 
why prostate cancer appears to be unique among 
carcinomas in this molecular cause. Prostate can-
cer is similar to many types of sarcoma, where 
oncogenic fusion genes are also common. 
Interestingly, the TMPRSS2/ERG fusion can be 
generated in rare cells in cell culture. Two prereq-
uisites have been found necessary for the forma-
tion of the TMPRSS2/ERG fusion: (1) induced 
proximity of breakpoint regions and (2) DNA 
damage directed to breakpoint sites and subse-
quent aberrant repair. AR and topoisomerase II 
beta (TOP2B) bind to the TMPRSS2 and ERG 
breakpoints [58, 59], bringing these distal regions 
into close proximity in response to androgen 
stimulation in androgen responsive cells [58, 60]. 
TOP2B recruitment facilitates double stranded 
DNA breaks at the TMPRSS2 and ERG break-
points, which upon recombination produce 
TMPRSS2/ERG [59]. Additionally, treatment 
with ionizing radiation [60] or TNFα [61] allows 
for de novo formation of TMPRSS2/ERG in 
androgen stimulated cells. Injecting a prostate 
cancer cell line into LPS treated air pouches of 
immunocompetent mice allowed formation of 
TMPRSS2/ERG [61]. Recently, the oncoprotein 
BRD4 has been shown to promote formation of 
TMPRSS2/ERG by facilitating DNA double 
stranded break repair via non-homologous end 
joining [62].
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 ETS Factors as Oncogenes 
and Tumor Suppressors

 The Physiological Role of Oncogenic 
ETS

The normal function of oncogenic ETS in endog-
enous tissue should give clues to their functions 
when aberrantly expressed in prostatic tissue. 
ERG, ETV1 and ETV4 are tissue specific tran-
scriptions factors and thus induce tissue specific 
gene programs important for development and 
maintenance. Oncogenic ETS factors belong to 
two subfamilies of ETS factors: the PEA3 and 
ERG subfamilies (Fig. 1). The PEA3 subfamily 
consists of ETV1, ETV4, and ETV5; and the 
ERG subfamily contains ERG, FLI1 and 
FEV. While homology between members of the 
same subfamily is high, members of different 
subfamilies only have homology in the ETS DNA 
binding domain, therefore ERG has little 
sequence similarity with ETV1 and ETV4. ETS 
factors are found throughout metozoan lineages. 
While some ETS factors are ubiquitous house-
keepers, numerous developmental studies in 
mice and zebrafish show distinct spatio-temporal 
expression patterns of ERG, ETV1, and ETV4 
orthologs. The tissue specific expression patterns 
of ERG, ETV1, and ETV4 suggest that these 
ETS factors control distinct gene programs that 
give rise to specialized organ function. ERG is 
predominantly expressed in hematopoietic stem 
cells and endothelial cells [63], regulating pro-
grams important for stem-cell self-renewal in 
hematopoietic cells and angiogenesis and migra-
tion in endothelial cells [64–67]. The ETVs, on 
the other hand, are mostly expressed in embry-
onic epithelial tissues including the developing 
lung, kidney, salivary gland, and mammary gland 
and promote branching morphogenesis during 
murine embryogenesis [68]. While the ETVs 
seem to function redundantly as fibroblast growth 
factor (FGF) signaling effectors [69–72], slightly 
divergent spatio-temporal expression throughout 
development and adulthood suggests tissue-spe-
cific functions [73, 74]. A common feature 
between ERG and the PEA3 factors may be func-
tions related to the maintenance of tissue specific 

stem cells. Mice with ERG mutations have 
defects in hematopoietic stem cell function [75]. 
Similarly, mice with ETV5 knockouts are male-
sterile due to loss of self-renewal in spermatogo-
nial stem cells [76]. Interestingly, overexpression 
of ERG in mouse hematopoietic cells induces 
leukemia [77–79], suggesting that proper regula-
tion of ERG levels is crucial for maintaining a 
normal cellular state.

 Oncogenic ETS in Prostate Cancer 
Pathogenesis and Progression

Since the discovery of recurrent ETS rearrange-
ments, a casual role for the oncogenic ETS in 
prostate carcinogenesis and disease progression 
has been under question. Oncogenic ETS gene 
rearrangements occur early, or even prior to dis-
ease onset, with evidence suggesting that ETS 
rearrangements drive prostatic neoplasia [31, 
46]. Expression of oncogenic ETS factors alone 
in mouse models is not sufficient to drive forma-
tion of prostate tumors [6, 80]. Rather, a second 
hit, for example PTEN inactivation or TP53 loss, 
is required for development of the disease [3, 4, 
6, 16, 17, 81]. However, one mouse study reported 
that prostate specific expression of ERG at levels 
comparable to ERG-positive human prostate can-
cers allow 50% of mice over 2 years of age to 
develop tumors [82], suggesting an age-related 
component to ERG-mediated carcinogenesis.

Interestingly, the TMPRSS2/ERG fusion can 
drive expression from the wild-type ERG allele 
[83], creating a feed-forward loop. This allows 
continual, androgen-independent expression of 
ERG in CRPC, suggesting a requirement or onco-
genic addiction to ERG.  In fact, expression of 
oncogenic ETS is found in advanced metastatic 
disease, with ERG expression levels in CRPC 
comparable to expression in primary tumors [40, 
84], with one study citing an increase in ERG 
expression from PIN to metastatic disease [51]; 
however, it is still unclear whether this expression 
actively contributes to an aggressive phenotype.

Cell line models have been used to address the 
causal role of oncogenic ETS in various disease 
stages. Introducing oncogenic ETS expression 
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vectors into normal immortalized prostate cells 
results in increased oncogenic potential [21, 22]. 
This suggests normal prostate cells are suscepti-
ble to transformation when oncogenic ETS 
become expressed and recapitulates early-stage 
or indolent disease. Prostate cancer cell lines 
with ETS gene rearrangements include VCaP and 
NCI-H660 which have TMPRSS2/ERG [85]. 
Both LNCaP and MDA-PCa-2B cells harbor an 
ETV1 gene rearrangement [2]. PC3 and 22Rv1 
both express high levels of ETV4 protein, but no 
rearrangement of this gene is apparent [86]. 
Knockdown of ERG in VCaP cells results in a 
loss of oncogenic functions [82, 87–90]; similar 
effects are observed when knocking down ETV1 
and ETV4 in LNCaP and PC3 cell lines, respec-
tively [15, 91, 92]. VCaP mouse xenograft stud-
ies suggest a requirement of ERG for tumor 
formation [88, 93]. Because the VCaP, LNCaP, 
and PC3 cell line models are all derived from 
advanced metastatic disease, these findings sug-
gest that continued oncogenic ETS expression is 
important for this phenotype.

In an effort to reconcile molecular subtypes 
with cellular phenotypes, many groups are deter-
mining if certain cell types in the prostate are 
more susceptible to ETS rearrangements, and 
whether ETS rearrangements alter lineage out-
comes during disease development. Multiple 
reports have found that ERG functions to block 
differentiation [94–96], reminiscent of ERG func-
tion in hematopoietic stem cells. Similarly, ERG 
repressed genes are involved in luminal and neu-
roendocrine differentiation in prostate-specific 
TMPRSS2/ERG transgenic mice. However recent 
work from multiple groups indicate that ERG 
expression actually promotes luminal cell fates in 
prostate cells. For example, ERG-positive patient 
specimens are classified as luminal [97]. 
Additionally, in a PTEN negative/TP53 mutant 
background, mice expressing transgenic ERG in 
the prostate grew tumors with a luminal epithelial 
phenotype [98]. These discrepancies suggest that 
ERG expression may function to define different 
cellular identities based on the mutational back-
ground, begging the need for additional mouse 
models that accurately represent co-occurring 
mutations in human prostate cancer.

 Recurrent ETS Fusions in Other 
Cancers

Aside from prostate cancer, recurrent ETS 
fusions are found in the Ewing’s family of 
tumors, and in leukemias (Fig.  1) [99–101]. 
However, these cases differ from prostate gene 
fusions in that Ewing’s and leukemia gene fusions 
encode fusion proteins with emergent properties 
that depend on both fusion partners. In prostate 
cancer, ETS gene fusions usually only express 
full length or truncated ETS protein. Chro-
mosomal translocations in Ewing’s sarcoma cre-
ate a fusion protein that includes the C-terminus 
and DNA binding domain of an ETS transcrip-
tion factor and the N-terminus of another protein. 
The hallmark fusion, EWS-FLI1, occurs in ~85% 
of cases [102]. Rarer 3′ ETS fusion partners with 
EWS include: ERG, ETV1, ETV4, and FEV 
[100, 101, 103–106]. Additionally, ERG and 
FEV can be fused with the 5′ partner FUS, but 
these cases of Ewing’s family tumors are rare 
[102]. In acute myeloid leukemia (AML), ERG 
can be fused to the 5′ partner FUS [107, 108]. 
Notably, EWS and FUS are paralogs, and there-
fore all of these fusions are likely to encode pro-
teins with similar molecular properties. This 
similarity suggests a shared selective pressure 
that drives the formation of these events across 
distinct cell types. The ETS gene ETV6 (TEL) is 
also commonly fused in lymphoid and myeloid 
leukemia [109], but the resulting fusion proteins 
do not include the ETS DNA binding domain, 
and therefore are likely to act through distinct 
mechanisms.

 Tumor Suppressive ETS Factors

Of the six ETS genes with the highest mRNA 
expression in normal prostate (SPDEF, EHF, 
ETS2, ELF3, ELF1, and ERF), each exhibits 
tumor suppressive functions in prostate cells [10–
12, 110–112]. In many cases these functions are 
due to binding site competition with oncogenic 
ETS.  Although this likely plays a role, lower 
expression levels of these ETS genes do not 
always correlate with oncogenic ETS expression, 
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so other mechanisms appear to be at work as 
well. ERF is mutated in a small portion of ETS 
tumors [113], and this mutation is mutually 
exclusive with oncogenic ETS rearrangements. 
ERF binds many of the same sites as oncogenic 
ETS factors, but acts as a repressor [110]; and 
loss of ERF results in gene signatures similar to 
expression of oncogenic ETS [113]. The role of 
ETS2 as a prostate tumor suppressor is particu-
larly interesting, as the ETS2 gene lies between 
TMPRSS2 and ERG on chromosome 21, and one 
copy is lost in the interstitial deletion that is the 
most common cause of the TMPRSS2/ERG rear-
rangement. A mouse model indicates that this 
interstitial deletion results in more aggressive 
disease than expression of ERG without this dele-
tion, and appears to result from the loss of ETS2 
[112]. Interestingly, ETS2 can act as a tumor sup-
pressor in other cell types, and the presence of 
ETS2 on chromosome 21 has been attributed for 
the lower incidence of some tumor types in peo-
ple with down syndrome [114]. SPDEF, EHF 
and ELF3 all appear to promote epithelial differ-
entiation, and deletion of these factors is impli-
cated in epithelial to mesenchymal transition and 
carcinogenesis [10–12]. ELF1 is frequently co-
deleted with the tumor suppressor RB1 in 
advanced prostate cancer. RB1 deletions that co-
occur with TP53 loss of function are thought to 
promote resistance to hormonal therapies in cas-
tration resistant prostate cancer [115, 116], and 
the concomitant loss of ELF1 may contribute to 
this resistant phenotype [111].

 Molecular Mechanisms 
of Oncogenic Function

ERG, ETV1, and ETV4 all are able to activate 
similar transcriptional programs, which result in 
phenotypes related to oncogenesis including cell 
migration, invasion, and de-differentiation [22]. 
Understanding the mechanism by which onco-
genic ETS initiate these gene expression pro-
grams is essential for guiding therapeutic efforts. 
Here we will detail what is known about DNA 
binding, chromatin accessibility, protein interact-
ing partners, and post-translational modifications 

that underlie mechanisms of oncogenic ETS in 
the prostate epithelium.

 DNA Binding

All members of the ETS transcription factor fam-
ily contain a highly conserved 84–90 amino acid 
ETS domain, which is sufficient to bind DNA as 
a monomer [117]. Structurally, the ETS DNA 
binding domain exists as a winged helix-turn-
helix (wHTH) domain consisting of three alpha 
helices and four beta-strands [7]. To date 47 high 
resolution structures of the ETS domain have 
been solved by X-Ray crystallography or solu-
tion NMR and have been published and depos-
ited into the Protein Data Bank (PDB), including 
every ETS factor rearranged in prostate tumors 
[118–130]. Many of these structures have been 
solved both in the presence and absence of DNA 
[121], as well as with an additional DNA binding 
partner [124, 128]. Taken together, these studies 
provide insight as to how the ETS domain inter-
acts with DNA and how specific regions of the 
ETS domain or other binding partners alter this 
DNA binding specificity.

The core recognition motif of the ETS domain 
is a four base consensus 5′-GGA(A/T)-3′ in 
which two invariant arginine residues make con-
tacts with the guanine bases [7]. Although no 
direct contacts are made with bases outside the 
GGAA core, the ETS domain binds DNA in a 
region spanning 12–15 base pairs, and binding is 
mediated by positioning of the phosphodiester 
backbone, water mediated hydrogen bonding, 
hydrophobic, and electrostatic interactions [7]. 
Although subtle differences exist in the primary 
amino acid sequences of various ETS factors, 
these differences do not dramatically alter the 
DNA-protein interface. The ETS transcription 
factor family can be grouped into four classes 
based on minor differences in their DNA 
sequence binding preference in vitro [8]. The first 
class contains half of the ETS factors including 
the PEA3, TCF, ETS, ERF, and ERG subfamilies 
and has highest affinity for 5′-ACCGGAAGT-3′ 
[8]. This class of ETS factors contains all of the 
oncogenic ETS factors. The second class includes 
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all members of the TEL, ESE, and ELF subfami-
lies and differs from the first class only by a cyto-
sine base rather than an adenine base at the 
beginning 5′ nucleotide. The third class contains 
members of the SPI subfamily and prefers ade-
nine rich sequences 5′ to the core GGA sequence. 
The fourth class exhibits preferential binding for 
thymine at the final position in the GGA(A/T) 
core sequence and is comprised only of the ETS 
factor SPDEF. It is not clear to what degree these 
class differences influence binding site selectivity 
in vivo.

Autoinhibition of DNA binding plays an 
important regulatory role for many ETS factors 
and could be exploited as a therapeutic target. 
Autoinhibition is the process where regions of 
the protein outside of the DNA binding domain 
inhibit DNA binding, often in a regulated man-
ner. All of the oncogenic ETS factors are subject 
to autoinhibition [121, 125]. Autoinhibition of 
DNA binding occurs by a similar mechanism in 
multiple members of the ETS family. In this 
mechanism, regions both N and C terminal of the 
ETS domain form an autoinhibitory module 
which is sustained by a hydrophobic pocket of 
amino acids [121, 124, 125, 131]. Full length 
ERG protein binds to a target DNA sequence in 
vitro with a KD  =  120  nM, whereas the ETS 
domain of ERG without its inhibitory modules 
binds to DNA with a KD = 37 nM, indicating that 
the inhibitory modules on ERG play a modest 
(~3-fold) role in regulating DNA binding [125]. 
While autoinhibition of ERG plays a modest role, 
members of the PEA3 subfamily exhibit robust 
(~10–30-fold) autoinhibition when comparing 
minimal DNA binding domains to full length 
proteins [121]. The N- and C-terminal inhibitory 
regions of the ETS domain in the PEA3 family 
act independently to inhibit DNA binding, but 
can also act cooperatively to inhibit DNA binding 
at higher than additive levels. In the PEA3 family, 
the C-terminal inhibitory region forms an alpha 
helix, which packs against the ETS domain and 
distorts Helix 3 (H3), the helix responsible for 
direct DNA base contacts. The N-terminal region 
is predominantly disordered and also inhibits 
DNA binding through interactions with H3 [121]. 
Autoinhibition can be relived or enhanced 

through post-translational modifications and 
through interactions with other proteins [124, 
129, 132]. The prototype for this mechanism 
comes from the ETS factor ETS1, where phos-
phorylation of multiple residues in the N terminal 
inhibitory domain by CAMKII reinforces autoin-
hibition of DNA binding by ~50-fold [132]. In 
terms of the oncogenic ETS factors, acetylation 
of members of the PEA3 subfamily in an 
N-terminal inhibitory domain relieves autoinhi-
bition and increases transcriptional activation 
[121, 133]. ETV1 autoinhibition has also been 
demonstrated to be relieved by protein-protein 
contacts with USF1 [134].

 Gene Regulation

Genome-wide mapping techniques such as chro-
matin immunoprecipitation sequencing (ChIP-
seq) have been conducted on all of the oncogenic 
ETS factors in prostate cancer cell lines [6, 21, 
22, 95], in mouse models of prostate cancer [89], 
and in normal prostate cells engineered to express 
exogenous oncogenic ETS [22]. To a lesser 
extent, oncogenic ETS factor DNA binding has 
been interrogated in other malignancies [135] 
and in the context of their normal physiological 
expression [136]. These ChIP-Seq experiments 
support and expand on basic biochemical studies 
of ETS factor DNA binding in vitro and provide 
critical insights into how ETS factors regulate 
their target genes in cells.

Studies of oncogenic ETS factor DNA binding 
coupled with whole transcriptome RNA-
Sequencing (RNA-Seq) have further enhanced 
our understanding of the ETS regulome in pros-
tate cancer and how it contributes to oncogenesis. 
These studies have also further interrogated ETS 
factor DNA binding and gene regulation in con-
texts relevant to prostate cancer such as PTEN 
deletions [6], with and without androgen treat-
ment [95], and with knock-down/deletion of 
tumor suppressive ETS [95]. Taken together, 
these studies have provided insight into how ETS 
factor binding across the cistrome contributes to 
gene regulation in prostate cancer. This next sec-
tion will summarize the aforementioned studies 
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and will highlight recent key findings as to how 
oncogenic ETS factors regulate gene expression.

Members of the ETS family of transcription 
factors are extensively co-expressed in every cell 
type, and prostate epithelial cells are no excep-
tion [9]. As summarized in previous sections, the 
highly conserved ETS domain differs little in its 
sequence preference in vitro and accordingly, 
there is extensive competition between ETS fac-
tors to bind target genes in prostate cells [22]. 
Taking this information into account, measuring 
the contribution of a single ETS transcription fac-
tor’s role in gene regulation has proved challeng-
ing. However, mis-expression of a single 
oncogenic ETS factor in the prostate results in 
dramatic changes in gene transcription. This 
information alongside studies of tumor suppres-
sive ETS factor deletions in prostate cancer dem-
onstrate the delicate balance of the ETS 
regulome.

Early studies mapping ETS family transcrip-
tion factors discovered two distinct types of ETS 
binding site in the genome, “redundant” sites 
that can be bound by any ETS factor, and “spe-
cific” sites that tend to favor binding by one or a 
subset of ETS factors [7, 137]. Redundant ETS 
binding tends to occur at consensus ETS binding 
sequences common in the proximal promoters of 
CpG island-containing housekeeping genes. 
Specific binding tends to occur in tissue-specific 
enhancers and coincides with weaker match to 
consensus ETS binding sequences. Specificity 
for enhancer binding within the ETS family has 
been attributed to specific cooperative binding 
interactions with neighboring transcription fac-
tors such as ETS1 binding with RUNX1 or 
ELK1 binding with SRF [137, 138]. Like other 
ETS factors, oncogenic ETS factors expressed in 
prostate cells bind both housekeeping promoters 
and tissue-specific enhancers [22]. It is possible 
that oncogenic ETS could play a role in altering 
housekeeping gene expression, however this has 
not been described and it may be that redun-
dancy of ETS function at these sites masks any 
role for this binding. Instead it has been pro-
posed that it is the binding to tissue-specific 
enhancers that mediates oncogenic ETS func-
tion. As this specific binding is thought to be 

influenced by neighboring transcription factors, 
we will discuss several proposed interactions 
between oncogenic ETS and other transcription 
factors that may mediate oncogenic gene expres-
sion programs.

 ETS/AP1

One class of enhancer bound by oncogenic ETS 
factors in prostate cancer cells contains an ETS 
binding sequence that is followed by a sequence 
recognized by the AP-1 class of transcription fac-
tors. AP-1 consists of a dimer of JUN and FOS 
family transcription factors. At an ETS/AP-1 
sequence, a single ETS protein could bind next to 
a JUN homodimer or a JUN/FOS heterodimer 
[139]. In vitro biochemical experiments recently 
demonstrated that oncogenic ETS factors can 
bind with AP-1 cooperatively, where the affinity 
of the ETS factor increases when AP-1 is present. 
In contrast, several tumor-suppressive ETS fac-
tors showed anti-cooperative binding in the pres-
ence of AP-1 [140]. Amino acid substitutions in 
the ERG ETS domain interfere with the interac-
tion with JUN and FOS, and the interaction 
mutants of ERG lose the ability to transcription-
ally cooperate with AP-1  in luciferase assays 
[141]. Furthermore, ChIP-Seq data indicates that 
ERG exhibits preferential binding at ETS/AP1 
sites in prostate cells compared to tumor suppres-
sive ETS factor EHF [140]. ETS/AP1 enhancer 
elements regulated by oncogenic ETS factors in 
prostate cancer are found near genes involved in 
cell migration, cell morphogenesis, and cell 
development and include genes such as PLAU, 
VIM, and ETS1 [22].

Both Ras/ERK signaling and differential bind-
ing of the JUN transcription factor family play 
important roles in regulation at ETS/AP1 enhanc-
ers [139]. ETS factors present in normal prostate 
epithelial cells, such as ETS1, can activate gene 
expression through binding ETS/AP-1 sequences, 
but this activation requires high levels of Ras/
ERK signaling [142]. High Ras/ERK signaling 
can be caused by the activating KRAS mutations 
common in many types of carcinoma. However, 
prostate tumors rarely have activating KRAS 
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mutations. One unique characteristic of the onco-
genic ETS factors commonly found in prostate 
tumors is that they can activate ETS/AP1 enhanc-
ers in the presence of low levels of Ras/ERK acti-
vation [22]. Thus, one model suggests that 
oncogenic ETS factors essentially replace the 
role of activated KRAS in prostate cancer. Ras/
ERK signaling is also involved in regulating Jun 
family transcription factors at ETS/AP1 enhanc-
ers. In the absence of Ras/ERK activation, c-Jun 
acts as a transcriptional activator and JunD as a 
transcriptional repressor of ETS/AP1 target 
genes, however, the converse is true in the pres-
ence of high Ras/ERK activation [139]. Thus, it 
has been proposed that c-Jun is the JUN family 
member likely to function with oncogenic ETS in 
prostate tumors.

 GGAA Microsatellites

Within the preferred ETS binding sequence, the 
central GGA(A/T) nucleotides are the most 
important for high-affinity binding. Ewing’s sar-
coma is caused by a fusion oncogene that encodes 
a protein with an ETS DNA binding domain. 
This fusion protein most commonly consists of 
the N-terminus of the EWS protein fused to the 
ETS factor FLI1 [21]. Studies in Ewing’s sar-
coma indicate that this EWS/FLI1 fusion can 
bind an unusual regulatory sequence consisting 
of repeats of the sequence GGAA, which can 
extend over several hundred base pairs [143]. 
These GGAA microsatellite repeats regulate sev-
eral oncogenes critical for tumorigenesis in 
Ewing’s Sarcoma, including NR0B1, NKX2-2, 
AND CCDN1 [144, 145]. The nature of these 
repeat elements suggests that EWS/FLI1 oligo-
merizes on DNA to form an activating transcrip-
tional hub. Whether other ETS transcription 
factors also exhibit the ability to oligomerize and 
activate transcription in cells through GGAA 
repeats remains to be shown. However, the recent 
finding that the prostate cancer oncogenic ETS 
factors function with the EWS protein in tran-
scription suggests common mechanisms between 
Ewing’s sarcoma and prostate cancer [21]. In 
fact, preliminary studies have demonstrated that 

oncogenic ETS factors bind to GGAA microsat-
ellite regions in prostate cells and that oncogenic 
ETS factors can activate a luciferase reporter 
regulated by a GGAA repeat element to a similar 
degree as EWS/FLI1 [21]. Thus, activation of 
genes regulated by GGAA repeats might be a 
common mechanism by which ETS factors pro-
mote both prostate cancer and Ewing’s sarcoma.

 Androgen Receptor

The function of oncogenic ETS factors in the 
prostate intersects in several ways with transcrip-
tional regulation by the androgen receptor (AR). 
The most common oncogenic rearrangements, 
such as TMPRSS2/ERG put the oncogenic ETS 
factor under transcriptional control of 
AR.  Further, oncogenic ETS proteins alter 
AR-dependent gene expression programs. 
Several studies report a physical interaction 
between oncogenic ETS, including ERG, with 
AR [95, 146]. ERG interacts with AR in normal 
endothelial cells, suggesting this interaction 
could play normal functions [89]. Importantly, 
non-oncogenic, and tumor-suppressive ETS fac-
tors have also been shown to bind AR, so the 
importance of the ETS/AR interaction in onco-
genesis is still unclear [147]. Genomic interroga-
tion shows co-enrichment of ERG and AR at 
many gene regulatory sequences [95]. Unlike 
ETS and AP-1, it is not clear whether the ERG 
and AR binding sequences at these enhancers or 
promoters are near each other, or that ERG and 
AR can influence each other’s binding.

Contrasting work has been published as to 
whether ERG activates or attenuates AR transcrip-
tional activity [6, 16]. In fact, one hypothesis is 
that this function is context dependent, and that 
ERG can promote oncogenic functions of AR, 
while inhibiting tumor suppressive AR functions. 
ERG attenuates AR transcription and prostate lin-
eage specificity in VCaP cells, and epigenetic reg-
ulators EZH2 and HDAC1/2 have been implicated 
in this repression [148]. Conversely, ERG acts as 
an activator of androgen-independent genes that 
are responsible for prostate cancer cell invasion 
and growth [22, 89, 95, 149]. In the context of 
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PTEN loss, ERG can restore AR target gene 
expression and increases AR binding across the 
cistrome independent of AR protein levels and cir-
culating testosterone [6, 16]. These results suggest 
that ERG can promote survival of cells that are 
dependent on AR transcriptional activity. Taken 
together these studies demonstrate that ERG regu-
lation of AR transcription is context dependent and 
that PTEN status is a major determinant as to how 
ERG impacts transcription.

ETV1 is also intimately involved in AR tran-
scriptional activity and is involved androgen 
metabolism in prostate cells [16]. ETV1 cooperates 
with AR signaling in LNCaP cells and in PTEN 
deficient mouse models of prostate cancer [16, 
150]. ETV1 directly binds and upregulates genes 
associated with steroid hormone biosynthesis and 
androgen metabolism, which results in increased 
testosterone production and subsequent increased 
AR transcriptional activity [16]. To a lesser extent, 
ETV4 has been implicated in AR signaling, since 
survival and metastatic potential of mouse prostate 
cells is reduced upon ETV4 knockdown [15]. 
Interestingly, estrogen receptor (ER) signaling has 
been implicated in growth and migration of cells 
harboring TMPRSS2-ETV5 fusions suggesting 
that ETV5 is involved in steroid hormone signaling 
as well in prostate cancer [151].

 Transcriptional Activation 
and Repression

Deciphering whether the role of a transcription 
factor in gene regulation is activating or repres-
sive has proven to be a challenging task for mul-
tiple reasons: (1) transcription factors often 
regulate other transcriptional regulators, which 
themselves effect gene expression, (2) enhancer 
elements are often Kb-Mb in distance away from 
the genes that they regulate and may not always 
regulate the nearest gene, and (3) multiple tran-
scription factors and enhancers regulate the tran-
scription of any given gene. Families of 
transcription factors with similar consensus 
sequences and binding sites in vivo further com-
plicate this problem as lower gene expression 
observed when a new factor is introduced may 

simply be due to less activation function than a 
factor that was displaced. Despite all of these 
complications, progress has been made to deci-
pher the molecular mechanisms and contexts by 
which oncogenic ETS factors directly activate or 
repress transcription.

An activation function for a transcription fac-
tor can be predicted when there are direct interac-
tions with known transcriptional co-activators 
such as CBP and p300. CBP/p300 are homolo-
gous acetyltransferases that directly acetylate 
histones and transcription factors at both promot-
ers and enhancers [152]. All of the oncogenic 
ETS are acetylated by, and interact with, p300, 
however the mechanism of acetylation and inter-
action varies [153]. The N-terminus of ERG is 
acetylated by p300 at a KGGK motif, which 
results in recruitment of the transcriptional co-
activator BRD4 that binds these acetylated 
lysines through its bromodomain [152, 154]. 
Initially, the ERG-BRD4 interaction was 
described in acute myeloid leukemia (AML), a 
cancer with ERG-dependencies [152], but now 
has also been shown in prostate cells. The inter-
action between ERG and BRD4 is of particular 
interest because of the potential therapeutic value 
of BRD4 inhibitors such as JQ1 and iBET, and 
because these inhibitors can decrease the ERG/
BRD4 interaction [154]. ERG KGGK acetylmi-
metics can also increase invasion of normal pros-
tate cell lines [154]. However, a highly prevalent 
ERG fusion product, ERG Δ92, does not contain 
the KGGK motif. Therefore, the relevance of the 
ERG-BRD4 interaction in prostate cancer, and 
whether it differs based on the fusion location is 
still unclear. Genome wide co-occupancy 
between oncogenic ETS factors and p300 in cells 
has not been investigated extensively in the con-
text of prostate cancer and could provide further 
insights into specific sites of oncogenic ETS 
regulation.

While CBP/p300 is important for oncogenic 
ETS function, it also binds to and is important for 
the function of many non-oncogenic ETS factors. 
What then, is the mechanism that allows ERG, 
ETV1, and ETV4 to be oncogenic, when normal 
prostate cells express at least 15 other ETS fac-
tors? We recently reported that ERG, ETV1, 
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ETV4, and ETV5, and no other ETS factor inter-
act with the Ewing Sarcoma Breakpoint Region 1 
(EWS) protein [21]. In this context EWS acts as 
a co-activator, and the EWS interaction is essen-
tial for ETS-mediated cell migration, anchorage-
independent growth, clonogenic survival, and 
tumor formation. EWS can also interact with 
ETV1  in developing limb buds of mouse and 
chick embryos, suggesting that EWS cooperates 
with oncogenic ETS in normal tissue [155]. The 
exact mechanism by which EWS regulates ERG 
transcriptional activity is not well understood. 
EWS has been implicated in a variety of co-acti-
vator and co-transcriptional activities including 
splicing, RNA Polymerase II CTD phosphoryla-
tion, and phase separation, all of which indicate 
that it is a multifunctional regulator of gene 
expression [21, 156]. Importantly, EWS is fused 
to the ETS DNA binding domain of various ETS 
factors in Ewing’s Sarcoma, which suggests that 
there is a common oncogenic EWS/ETS function 
in both prostate cancer and Ewing’s sarcoma 
[21].

A potential co-activator specific for the PEA3 
subfamily is the mediator subunit MED25. 
ETV1, ETV4, and ETV5 interact with MED25 
through a conserved N-terminal transactivation 
domain [157]. The ETV4 ETS domain also inter-
acts with MED25, and both the transactivation 
domain and the ETS domain contact MED25 at 
multiple interfaces. MED25 has high affinity 
(Kd = 50 nM) for ETV1 and ETV4 but does not 
interact with ERG. The MED25 interaction with 
ETV4 relieves auto inhibition and promotes 
DNA binding. Genome-wide analysis of MED25 
and ETV4 binding showed co-enrichment at 
ETS-motif containing enhancers [158]. While the 
specific interaction between the ETVs and 
MED25 suggests a functional link, studies have 
not been performed to explore the role on pros-
tate cancer phenotypes.

In addition to transcriptional activators, ERG 
has been demonstrated to interact with epigenetic 
transcriptional repressors EZH2, HDAC1, and 
HDAC2 [148]. These repressors appear to be 
involved in ERG interplay with AR as addition of 
DHT alters binding of these repressors across AR 
and ERG binding sites and attenuates transcription 

of specific ERG and AR co-bound genes. 
Transcription of the VCL gene in prostate cells is 
activated by AR and attenuated by ERG, however, 
the addition of an EZH2 enzymatic inhibitor 
relieves this attenuation [148]. FOXO1, a forkhead 
transcription factor frequently inactivated in pros-
tate cancers, interacts directly with the N-terminus 
of ERG [89]. FOXO1 binding functions to inhibit 
ERG-mediated transcriptional activation. Unlike 
the ERG-AR interaction, FOXO1, which is also 
normally expressed in endothelial cells, does not 
interact with ERG in that cell type. This suggests 
that ERG function in prostate cells is specifically 
inhibited by FOXO1 whereas, in endogenous tis-
sue, ERG function is unrestrained by this mecha-
nism [89].

There is a dichotomy as to how ERG can act 
as a transcriptional activator in certain contexts 
and as a transcriptional repressor in others. It is 
still not clear if both activating and repression 
functions are critical for the oncogenic properties 
of ERG. It is possible that ERG acts as an activa-
tor at some regulatory elements and a repressor at 
others due to differing interactions with other 
proteins at these sites, or via displacement of 
endogenous ETS factors at a subset of sites. It is 
also possible that there is a dynamic switch 
between activating and repressing functions 
mediated by signaling pathways. ERG regulation 
by signaling will be summarized later in the 
chapter.

 Oncogenic ETS and Chromatin

Expression of ERG in prostate cells can drasti-
cally influence chromosome topology and orga-
nization [159]. Upon ERG expression, novel 
intra- and inter-chromosomal interactions form 
with ERG binding sites enriched at these novel 
interacting loci. Dynamic nuclear co-localization 
of specific genes into transcriptional hubs con-
tribute to gene activation or repression. To sup-
port this concept, the majority of ERG-regulated 
genes (65%) exhibit cis-interactions in cells and 
are enriched for genes involved in cell adhesion, 
skeletal system development, and migration 
[159]. However, the exact mechanism by which 
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ERG drives changes in chromosome structure 
and topology is not understood.

ERG interacts with various chromatin modify-
ing enzymes including p300, HDAC1, HDAC2, 
EZH2, KDM4A, PRMT5, and SETDB1 [148, 
152, 160, 161]. These interactions suggest that 
ERG modifies the local chromatin at its binding 
sites to alter gene transcription. ERG binding 
could facilitate an assortment of histone modifica-
tions as its interacting partners have the ability to 
methylate, demethylate, acetylate, and deacety-
late various sites on histone tails. The influence of 
the PEA3 family on chromatin is less understood. 
ETV1/4/5 interact with P300, and ETV1 interacts 
with KAT2B [133, 153]. The enzymatic subunit 
of PRC2, EZH2, is upregulated in prostate can-
cers and is associated with aggressive disease 
[162]. Several groups have shown direct ERG 
binding and activation of the EZH2 locus [95, 
163]. High levels of EZH2 results in down regula-
tion of EZH2 targets through epigenetic silencing 
and dedifferentiation of prostate cancer cells [95]. 
ERG physically interacts with EZH2 in a manner 
that is regulated by post-translation modification. 
For example, phosphorylation of ERG Ser-96 by 
ERK disrupts EZH2 binding and allows ERG to 
function as a transcriptional activator [164]. 
However, modulation of ERG activity by the 
EZH2 interaction is not fully understood.

 Signaling Pathways and Oncogenic 
ETS

Post translational modifications can alter the 
transcriptional output of transcription factors 
through multiple different mechanisms including 
effects on the rates of degradation, nuclear/cyto-
plasmic shuffling, altering interaction partners, 
and altering DNA binding. Multiple signaling 
pathways have been implicated in the activation 
of the oncogenic ETS transcription factors 
through a variety of post-translational modifica-
tions (Fig.  4). This section will summarize the 
various signaling pathways and post-translational 
modifications that regulate the transcriptional 
activities of oncogenic ETS factors in the 
prostate.

The Ras/MAPK pathway appears to play a role 
in activating the transcriptional activity of all of the 
prostate cancer oncogenic ETS factors. In vitro evi-
dence demonstrates that all of the oncogenic ETS 
factors can be phosphorylated by multiple down-
stream kinases in the pathway (ERK2/JNK1/P38a) 
[165]. ERK2 can phosphorylate all of the onco-
genic ETS factors in vitro and is critical for their 
transcriptional activation in vivo [166–168]. ERG 
can be phosphorylated by ERK2 at S96, S215, and 
S283  in various cell types. Phosphorylation at 
S283 in leukemic cells enhances stem cell features 
and cell proliferation and is associated with 
increased ERG binding at specific loci [169]. 
Phosphorylation of ERG at S96 and S215 occurs in 
prostate cells, and S96 phosphorylation is critical 
for ERG to activate transcription and promote cell 
migration [164]. Phosphorylation of S215 induces 
a conformational change in ERG necessary for 
subsequent S96 phosphorylation. ERG S96 phos-
phorylation decreases affinity for EZH2 and the 
polycomb repressive complex 2 (PRC2). This 
results in loss of the recruitment of EZH2 across 
the ERG cistrome and promotes activation of ERG 
target genes [164]. If Ras/MAPK signaling is 
important for ERG function, why do prostate 
tumors rarely have the Ras/MAPK pathway acti-
vating mutations that are common in other carcino-
mas? We have published findings suggesting that 
activating mutations in KRAS lead to phosphoryla-
tion of the ubiquitously expressed ETS protein 
ETS1, and subsequent activation of a gene expres-
sion program that promotes cell migration, inva-
sion, and epithelial to mesenchymal transition 
(EMT) [142]. However, ERK2 has a higher affinity 
for ERG than for ETS1, and thus ERG requires 
lower levels of Ras/ERK signaling to be phosphor-
ylated [165] and to activate the same cell migra-
tion/EMT gene expression program [22]. We 
hypothesize that these low levels of Ras/MAPK 
can be attributed to growth factors in the tumor 
microenvironment, rather than mutation. Less is 
understood about the mechanisms by which Ras/
MAPK signaling effects the function of PEA3 sub-
family members in prostate cells. The transactiva-
tion potential of ETV5 is greatly increased when 
Ras/MAPK signaling is activated above basal lev-
els, and this increase in activation potential is 
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dependent on the N-terminal activation domain 
[167]. Activation of the Ras/MAPK pathway has 
been implicated in increasing the metastatic poten-
tial of prostate cells, which express ETV4, and is 
important for ETV4 target gene activation in 
esophageal adenocarcinoma [170]. ETV1 tran-
scriptional activity is also activated by ERK phos-
phorylation, and this phosphorylation occurs in the 
activation domain [166]. The exact mechanisms by 
which Ras/ERK signaling allows for PEA3 family 
activation remains to be investigated.

The PI3K/AKT signaling pathway is clearly 
important for ERG-mediated pathogenesis. ERG 
expression in prostate cells is not sufficient for 
transformation, but ERG can drive tumor growth 
when coupled with mutations that activate PI3K/
AKT signaling [3–5]. In prostate tumors this 

PI3K/AKT activation is often associated with 
loss of the PI3K/AKT pathway inhibitor PTEN, 
and in fact, PTEN deletion is more common in 
ERG-positive tumors. While ERG and AKT 
could function in parallel pathways, one study 
suggests that AKT activation is necessary for 
ERG to activate target genes and cell migration in 
cell line models [86]. Interestingly, while this 
function required AKT, it did not require mTORC 
complexes, which are downstream of AKT. It has 
not been reported that AKT can directly phos-
phorylate the oncogenic ETS proteins, and so far, 
any molecular mechanism of synergy between 
ERG and AKT signaling is unclear [86].

Other kinases have been implicated in the acti-
vation of oncogenic ETS transcription factors. 
Protein Kinase A (PKA) activates ETV1 and 
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Fig. 4 Post-Translational Modifications of Oncogenic 
ETS Proteins. ERG (NP_001230358.1), ETV1 (NP-
004947.2), ETV4 (NP_001073143.1), and ETV5 
(NP_004445.1) proteins depicted with major structural 
domains: ETS DNA binding domain (Red), Pointed or 
PNT domain (Blue), and ERK docking sequence FIFP or 
DEF domain (Yellow). Post-translational modifications 

indicated by lines corresponding to respective amino 
acids on the protein. Acetylation (Ac), phosphorylation 
(P), ubiquitination (Ub), and sumoylation (SUMO) modi-
fications have been curated from literature describing 
these modifications in cells. C-terminal ubiquitination site 
on ERG has not been assigned to a specific residue
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ETV5 through phosphorylation at the very 
N-terminal region of their respective ETS 
domains [167, 171]. Ribosomal S6 Kinase 1 
(RSK1) also positively regulates ETV1 function 
through phosphorylation [171]. In vitro evidence 
demonstrates that P38a and JNK1 can phosphor-
ylate all members of the PEA3 subfamily, how-
ever, only ETV1 has thus far been demonstrated 
to be phosphorylated by these kinases in cells 
[165]. Taken together, these data demonstrate 
that there is extensive cross talk between multiple 
signaling pathways and oncogenic ETS tran-
scription factors. Phosphorylation by these dif-
ferent kinases, in general, results in increased 
activation of transcription by the oncogenic ETS 
factors.

Acetylation by CBP/p300 is another post-
translational modification that effects transcrip-
tional activation by oncogenic ETS transcription 
factors. ERG acetylation by CBP/p300 occurs at 
K89 and K92 and results in recruitment of the 
transcriptional regulator BRD4 [152]. Multiple 
hematopoietic transcription factors appear to uti-
lize this mechanism to activate target gene tran-
scription [152]. ETV1 and ETV4 are also targets 
of acetylation by CBP/p300, however, to date 
ETV5 has not been demonstrated to be acetylated 
[153]. Acetylation of ETV1 occurs at two resi-
dues at the N-terminus of the protein, which sta-
bilizes the protein and increases its transcriptional 
activity [133]. Regulation of ETV4 by acetyla-
tion occurs through a dynamic mechanism, which 
involves cross talk of multiple post-translational 
modifications including phosphorylation, acety-
lation, sumoylation, and ubiquitination [172].

While phosphorylation and acetylation appear 
to regulate transcriptional activation of the onco-
genic ETS proteins, both ubiquitination and 
sumoylation can repress their transcriptional activ-
ity. Although the exact SUMO-transferase has not 
been identified, ETV4 and ETV5 are sumoylated 
at multiple residues [172, 173]. The lysine resi-
dues sumolyated on ETV4 are also the same resi-
dues that are acetylated by CBP/P300, meaning 
that only one modification or the other can exist on 
the protein at any one time. Sumoylation of ETV4 

opposes the acetylation-mediated stabilization of 
the protein and ultimately results in protein degra-
dation and decreased transcriptional activation. 
Sumoylation of ETV5 also contributes to repres-
sion of target genes, however, this appears to occur 
by a mechanism other than altering protein stabil-
ity [173]. The E3 ubiquitin ligase adaptor SPOP 
promotes ubiquitination of ERG at both the N- and 
C-terminal ends, however, the N-terminal ubiqui-
tination seems to have a larger effect on protein 
stability [174, 175]. The E3 ubiquitin ligase 
adapter COP1 is involved in transcriptional activa-
tion and stabilization of the PEA3 subfamily 
[176]. ETV5 appears to have an N-terminal and 
C-terminal binding site for the complex, similar to 
ERG [177]. Different components of the ubiquitin 
ligase complex are also involved in regulation of 
ETV5 stability, as the presence of DET1 is neces-
sary for its degradation.

ETS transcription factors are also able to mod-
ulate signaling pathways through the activation 
or repression of their downstream target genes. 
Ectopic expression of ERG in a prostate epithe-
lial cell line can increase phospho-ERK and 
phospho-AKT levels indicating activation of 
both pathways [86]. Transcription of PTEN is 
repressed by ERG in prostate cancer cells [178]. 
However, in a mouse model ERG expression did 
not correlate with downregulation of the PTEN 
gene [3], indicating that regulation of these path-
ways is highly context dependent. The role of the 
PEA3 family in modulation of the Ras/ERK and 
PI3K/AKT pathways has not been extensively 
investigated in the prostate. ERG regulates Wnt/
β-catenin/LEF signaling in both the context of 
vascularization and in prostate cancer [66, 179]. 
ERG is required for blood vessel development 
and sprouting angiogenesis in zebrafish, and this 
process is regulated through activation of Wnt/β-
catenin signaling [66]. In the prostate, ERG binds 
to and increases transcription of various Wnt pro-
teins and ultimately results in more active 
β-catenin. ERGs activation of Wnt/β-catenin sig-
naling results in epithelial to mesenchymal tran-
sition of prostate cells and increases survival and 
invasive properties of prostate cancer cells [179].
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 Targeting Oncogenic ETS Factors

There are two major challenges to designing ther-
apies that target oncogenic ETS factors. First, 
transcription factors such as ETS family mem-
bers, do not have easily targetable binding pock-
ets and have been described as “undruggable”. 
However recent advances have been made in tar-
geting transcriptional function by either develop-
ing small molecules that disrupt protein-protein 
interactions, or by indirectly targeting enzymes 
that work in transcriptional complexes. Second, 
since the oncogenic ETS factors belong to a large 
family of proteins, a challenge in therapeutic 
design apart from efficacy is specificity. To 
reduce off-target effects, oncogenic ETS target-
ing drugs should not cross react with non-onco-
genic ETS and also should not affect the 
physiological function of these factors in normal 
tissue. For instance, inhibiting ERG requires that 
tumor suppressive ETS such as EHF remain 
active in the prostate and that ERG function is 
unaffected in endothelial cells. This section will 
describe efforts to target oncogenic ETS factors 
such as ERG (diagrammed in Fig. 5).

Understanding the differences between onco-
genic ETS and tumor suppressive ETS may be 
key in developing targeted therapies. Therefore, 
identifying targetable regions of ETS factors that 
are specific for oncogenic mechanisms is crucial 
for future prostate cancer therapies. Two recent 
studies have used knowledge of the molecular 
mechanisms detailed above to construct a tumor 
suppressive ETS function more like oncogenic 
ETS.  First, fusing the activation domain of an 
oncogenic ETS interacting partner, EWS, to the 
tumor suppressive ETS SPDEF and EHF results 
in the gain of oncogenic function [21]. This sug-
gests that the oncogenic properties of ETS factors 
contribute to regions outside the ETS domain that 
allow for specific protein-protein interactions. 
Another key protein-protein interacting partner 
specific to the oncogenic ETS is the AP-1 tran-
scription factor. Oncogenic ETS are able to acti-
vate ETS-AP1 sites by cooperatively binding 
with the AP-1 transcription factor. Tumor sup-
pressive ETS instead bind anti-cooperatively 
with AP-1. Mutating positively charged residues 

in the AP-1 interface of EHF to the correspond-
ing residues in ERG disrupt this anti-cooperative 
binding [140]. This suggests that these residues 
contribute specifically to oncogenic ETS 
function.

 ERG Targeting Peptide

An ERG inhibitory peptide was recently identi-
fied that forms high affinity interactions with the 
ETS DNA binding domain of ERG [180]. This 
peptide inhibits interactions between ERG and 
important protein binding partners AR and the 
catalytic subunit of DNA-PK (DNA-PKcs) in a 
dose-dependent fashion. Treatment of ERG 
expressing cells with the peptide caused a signifi-
cant decrease in ERG-mediated cell migration by 
interfering with the DNA binding ability of ERG 
and triggering ERG degradation. Importantly, 
this peptide had little effect on normal ERG func-
tions in endothelial cells, indicating that normal 
and oncogenic ERG functions are separable. 
Treatment of LNCaP, a cell line that overex-
presses ETV1, with this peptide showed a similar 
effect. The mechanism that might allow this pep-
tide to specifically target only oncogenic func-
tions, or whether it targets only oncogenic ETS 
factors, remain unclear.

 Small Molecule Inhibitors
A cell-based immuno-assay screen was used to 
identify ERGi-USU as a small molecule that 
altered ERG protein levels [181]. ERGi-USU 
was able to selectively inhibit ERG protein 
expression in the ERG-expressing prostate can-
cer cell line VCaP, but not ERG expressed in 
non-prostate cancers or in endothelial cells. 
ERGi-USU treatment inhibited VCaP xenograft 
growth in nude mice and was found to function 
by directly binding to and inhibiting RIOK2, a 
kinase important for ERG protein stability. One 
group targeted ERG-DNA complexes with the 
di-(phenyl-thiophene-amidine) compound 
DB1255 [182]. DB1255 interacts with ETS 
binding motifs in DNA and blocks ERG binding, 
impeding activation of reporter genes. An in 
silico approach was used to identify small mol-
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ecules that target the ETS domain of 
ERG.  Compound VPC-18005 inhibited ERG-
DNA complex formation and inhibited migra-
tion and invasion in cells expressing 
ERG.  Additionally, VPC-18005 decreased 
metastasis in a zebrafish xenograft model [183]. 
The small molecule YK-4-279 was developed as 
an inhibitor of EWS-FLI1 for Ewing’s Sarcomas 
[184]. Given that FLI1 is an ETS transcription 
factor with high homology to ERG, the effect of 
YK-4-279 has been tested for other oncogenic 
ETS factors. Treatment of the prostate cancer 
cell lines VCaP or LNCaP with YK-4-279 
resulted in the inhibition of ERG or ETV1 tran-
scriptional activity, respectively, as well as ETS-

mediated cell invasion. However, YK-4-279 
treatment of PC3 cells, which overexpress 
ETV4, had no effect on invasion [185]. In mouse 
xenograft tumor models YK-4-279 has been 
effective against prostate tumors expressing both 
ERG [186] and ETV1 [187]. BRD32048 was 
identified as a small molecule inhibitor of ETV1 
via a microarray screen [188]. Treatment with 
BRD32048 caused a significant dose-responsive 
decrease in invasion of an ETV1 translocation-
positive prostate cancer cell line but had no 
effect on prostate cancer cells that do not express 
an ETV1 fusion. BRD32048 functions by direct 
binding to ETV1, preventing p300 acetylation 
and promoting degradation.
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Fig. 5 A cartoon depiction of the ERG lifecycle. 
Diagramed is ERG expression from gene to protein and 
ERG function. Potential nodes of inhibition are depicted 
in red. Expression of TMPRSS2/ERG is driven by bind-
ing of ligand-bound AR (yellow pillars with purple cir-
cles) to the TMPRSS2 promoter. Additionally, ERG 
protein can bind the endogenous ERG promoter and drive 
ERG transcription. Transcription of the ERG gene pro-
duces ERG mRNA, which can be silenced by the RNAi 
pathway. ERG transcripts are translated into protein. Post 
translational modification of ERG can be activating (yel-
low circle), repressing (not shown), or target ERG protein 
for proteasomal degradation (pink circle). Potential ways 

of regulating ERG protein include ERG targeted vaccines, 
inhibition of activating post translational modifications, 
and promotion of degradation. To activate oncogenic gene 
programs, ERG binds gene regulatory elements with vari-
ous co-factors and other transcription factors. Various 
inhibitors can target this function, such as ERG-DNA 
complex inhibitors and ERG-co-factor complex inhibi-
tors. General transcription inhibitors may synergize with 
ERG inhibitors to yield a greater effect. When aberrantly 
expressed, ERG promotes DNA damage and thus PARP 
inhibitor treatment of ERG-rearranged cells promotes 
synthetic lethality
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 PARP1 Inhibitors

ERG interacts with the DNA damage repair pro-
tein PARP1 and DNA-PKcs, a kinase in the PI3K 
pathway [189]. This complex is required for cell 
invasion, intravasation, and metastasis. 
Importantly, inhibiting PARP1 significantly 
decreased tumor growth in ETS-positive xeno-
grafts but had no effect on ETS-negative xeno-
grafts. It was hypothesized that aberrant ERG 
expression causes DNA damage, allowing for 
PARP inhibition to promote synthetic lethality 
specifically in ETS-positive cells. While this 
study suggested that ERG acts independently of 
XRCC4-mediated non-homologous end joining 
(NHEJ), another study found that ERG blocks 
XRCC1-mediated NHEJ to promote radiosensiti-
zation to PARP inhibition [190]. Treatment of 
ERG expressing prostate cancer cells with the 
PARP inhibitor olaparib significantly reduced 
clonogenic growth. Olaparib treatment increased 
the DNA damage marker gamma-H2AX in ERG-
positive cells but not ERG-negative cells. 
Expression of ERG in a xenograft model was 
able to confer radiation resistance that was sub-
ject to reversal by the PARP inhibitor ABT-888 
[191]. The PARP inhibitor rucaparib was shown 
to synergize with radiation in the ETS-positive 
cell lines VCaP and LNCaP [190]. Although 
more research is needed to pinpoint the mecha-
nism, the PARP1-ERG axis provides an attractive 
prostate cancer target.

 ERG Targeting Vaccine

The development of immune checkpoint inhibi-
tors has renewed interest in the use of immuno-
therapy for many cancer types. However, prostate 
cancer tends to be resistant to such therapies. 
Since ERG expression is specific to prostate 
tumor cells, as compared to normal prostate, one 
effort has been to use this observation to promote 
an immune response. ERG peptides are pro-
cessed and presented on the surface of prostate 
cancer cells that express the HLA-A2.1 type of 
MHC class 1 molecules [192]. HLA-A2.1+ cells 
are the most common human leukocyte antigen 

in Caucasians, the demographic that most fre-
quently has ERG rearrangements [193]. Mice 
expressing human HLA-A2.1 or both prostate-
specific ERG and human HLA-A2.1, when 
immunized with an ERG derived peptide, were 
found to have significantly more cytotoxic T lym-
phocytes than the control mice. Additionally, co-
culture of T-cells from ERG peptide immunized 
mice with ERG expressing prostate cancer cells 
resulted in an increased measures of T-cell acti-
vation compared to cells lacking ERG expression 
[192].

 Chemoresistance

ERG-positive patients with CRPC are twice as 
likely to develop resistance to docetaxel treat-
ment than ERG-negative CRPC patients. 
Immunoprecipitation experiments revealed that 
cytoplasmic ERG interacts with tubulin through 
the PNT domain. Deletion of the ERG PNT 
domain restores sensitivity to docetaxel treat-
ment, suggesting that the ERG-tubulin interac-
tion functionally contributes to taxane resistance 
in prostate cancer [194]. Additionally, detection 
of TMPRSS2/ERG in the blood of metastatic 
CRPC patients is predictive of docetaxel resis-
tance [195]. ERG induces chemoresistance in 
leukemia cells [196]. These data may help clini-
cians determine a course of treatment by ERG 
subtyping.

 Degradation of ETS Factors

It is clear that the protein stability of oncogenic 
ETS proteins is highly regulated, and it is possible 
that this process could be manipulated for thera-
peutic benefit. The tumor suppressor SPOP regu-
lates ERG protein stability. Interestingly, SPOP 
loss-of-function mutations are present in 6–15% 
of prostate cancers but are mutually exclusive with 
ETS rearrangements [42, 175, 197, 198]. While 
wild type ERG protein is amenable to SPOP medi-
ated degradation, most ERG fusion products are 
resistant through loss of the N-terminal degron 
[174, 175]. Similarly, the E3 ubiquitin ligase 
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COP1 targets the PEA3 factors for degradation 
through an N-terminal degron that is lost in most 
prostate cancer gene rearrangements [176]. It is 
possible that these mechanisms contribute to ERG 
and PEA3 factor upregulation, which is observed 
in some rearrangement-negative tumors. However, 
the E3 ubiquitin ligase TRIM25 is able to bind and 
ubiquitinate both full length and N-terminally 
truncated ERG, as it targets the C-terminal ERG 
degron [199]. The deubiquitase enzyme USP9X 
binds to and deubiquitinates ERG [93]. A small 
molecule inhibitor of USP9X, WP1130, destabi-
lizes ERG protein and causes an increase in tumor 
growth in mice xenografted with ERG-expressing 
prostate cancer cells [93], suggesting that targeting 
ERG protein stability may be an effective prostate 
cancer treatment.

 Conclusion

Recurrent gene rearrangements that involve ETS 
transcription factors typify the largest molecular 
subgroup of prostate cancer. Information on the 
molecular details of ETS factor function are 
essential to the movement towards precision ther-
apies for prostate cancer patients. Genomic and 
biochemical studies have uncovered much about 
how ETS factors bind to and regulate chromatin 
to alter gene expression. However, the key to the 
development of effective and specific ETS thera-
pies may be through teasing apart differences 
between oncogenic and tumor suppressive ETS 
function and understanding differences in physi-
ological versus pathological roles.
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and Disease Progression

All somatic cells in the human body (apart from 
red blood cells and B-cells) contain two sets of 
23 chromosome pairs and therefore have equiva-
lent genetic potential. Under perfect conditions, 
it should theoretically be possible for a termi-
nally differentiated cell to de-differentiate, and 
then re-differentiate into a completely different 
cell type. The term cell plasticity succinctly 
defines the phenomenon of cells ascending the 
differentiation ladder and adopting an alternate 
cell fate. In the context of cancer biology, it refers 
to the ability of cancer cells to “bend like plastic” 
into any shape the environment requires in order 
to survive [1]. A considerable body of research 
has focused on the concept of cellular plasticity. 
For cancer research, this topic is of particular 
interest since the factors that direct plasticity are 
often anti-cancer therapies. Supporting evidence 
for treatment-induced phenotypic plasticity can 

be found in studies of cell dormancy and cancer 
stem cells (CSC).

Tumor dormancy is a well-documented phe-
nomenon that leads to the process of tumor 
relapse after years of remission. In order to sur-
vive through treatments, cancer cells often adopt 
a low proliferative quiescent phenotype. This 
small cadre of tumor cells likely exists in an equi-
librium of cell renewal and death as there is little 
or no overall growth of the tumor [2]. This growth 
equilibrium is also held in check by two major 
factors, immune evasion and localized angiogen-
esis [2]. The hypotheses of tumor dormancy and 
cancer stem cells (CSCs) have considerable simi-
larities since the low-proliferating, immune-eva-
sive dormant cells exhibit stem cell properties 
[3]. The CSC theory has two possible interpreta-
tions. One hypothesizes that the stem-like cancer 
cells always exist as a small sub-population simi-
lar to normal stem cell populations, while the 
other hypothesizes that cancer cells gain self-
renewal properties to become CSCs. Nonetheless, 
CSCs are inherently drug-resistant and survive 
therapies in order to re-populate a tumor [4, 5]. A 
recent study in support of the second hypothesis 
showed that some cancer cells gain enhanced 
self-renewal and migratory properties in response 
to external stressors (anti-cancer treatments) 
allowing for their continued survival and disease 
progression [5]. Parallel to the CSC phenotype, 
in response to therapy, cancer cells utilize another 
differentiation-based escape mechanism known 
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as epithelial to mesenchymal plasticity (EMP), 
loosely defined as a loss of epithelial markers and 
cell polarity combined with a gain of cell migra-
tion and invasion. Moreover, mechanisms of dis-
ease progression are not limited to phenotypic 
changes in cancer cells; i.e., auto/endo- or para-
crine signaling can enhance angiogenesis [6] and 
neurogenesis [7, 8] in the tumor micro-environ-
ment, thus promoting tumor growth.

The arsenal of PCa therapies has been rela-
tively effective as evidenced from the decline of 
deaths over the past 25 years. Apart from surgery, 
patients have a number of treatments available, 
including radiotherapies, chemotherapies and 
hormone therapies. The importance of cell plas-
ticity in PCa progression following hormonal 
therapy should be emphasized as there is a rela-
tively long delay (10–13 years) between first gen-
eration hormone therapy and emergence of 
castration resistant prostate cancer (CRPC) [9, 
10]. More importantly, about 84% of CRPC 
patients are diagnosed with metastatic disease 
and 33% of those who don’t have metastases at 
the time of diagnosis, are expected to develop 
metastases within 2  years [11]. These statistics 
highlight the significance of cell plasticity pro-
cesses in the progression of PCa as EMP is the 
primary suspect for the mechanisms behind dis-
semination of cancer cells and metastasis. 
Therefore studying and understanding these vari-
ous plasticity processes is important to improve 
patient survival.

Although an intermediate plasticity exists 
prior to CRPC [12], studies capturing this state 
are rare as approximately 90% of CRPC-stage 
patients present with enhanced AR activity. 
Therefore, AR remains the cornerstone of tar-
geted therapy in CRPC.

 Treatment-Induced Cell Plasticity: 
Emergent Phenotypes

In 2011 and 2012, two breakthrough trials, 
CUO-AA-301 [13] and AFFIRM [14] lead to the 
approval of the anti-androgens abiraterone (ABI) 
and enzalutamide (ENZ) respectively. Resistance 
to these second generation anti-androgens created 

a shift in the disease landscape as the ratio of 
AR-driven disease went from >90% at CRPC to 
~60% at resistance to ABI and ENZ [13]. Resistant 
patients present with a mixture of adenocarci-
noma, squamous and small cell carcinoma pathol-
ogies that might be either positive or negative for 
AR, AR activity (PSA) or neuroendocrine (NE) 
markers. The disease phase captured during 
biopsy/autopsy can be highly variable, exemplify-
ing this plasticity process [13].

Examples of these emergent phenotypes are 
the lethal small cell/neuroendocrine prostate can-
cer and a newly characterized Intermediate 
Atypical Carcinoma (IAC) observed in a striking 
17% and 28% of patients respectively [15, 16]. 
The IAC subtype carries a worse prognosis in 
comparison to resistant patients with adenocarci-
noma [15].

Relative to the new IAC subtype, NEPC is bet-
ter characterized and understood. Aside from the 
unique small cell morphology and positive stain-
ing for NE markers, namely chromogranin A 
(CHGA), neuron specific enolase (NSE), and 
synaptophysin (SYP), it is often distinguished 
from prostatic adenocarcinoma by reduced AR 
activity [17]. Poorly differentiated NE tumors 
can arise from a variety of different mechanisms. 
In epithelial cancers, genomic and epigenomic 
alterations can drive this phenotype as the cancer 
progresses. Thus, the acquisition of this pheno-
type as a response to targeted therapy in epithe-
lial cancers has generated a renewed interest [18]. 
Specifically, the mechanisms behind the increased 
incidence of NEPC have become a major topic of 
research in PCa. In an effort to understand the 
biology of NEPC, the cell of origin for this form 
of PCa is a focus of intense debate as there are 
two competing hypotheses. The “lurker cell” 
hypothesis [19] states that NEPC cells arise from 
the sparse NE cell population already present in 
the prostate. Until recently, this was a reasonable 
hypothesis as the prevalence of de novo NEPC is 
approximately 1% [20]. Furthermore, the pres-
ence of tumor cells with NEPC characteristics 
within well-differentiated adenocarcinomas is 
well documented and can be interpreted to sup-
port this hypothesis [21, 22]. The other hypothe-
sis states that these tumors arise from the 
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plasticity of PCa cells as an adaptive response to 
the more potent therapies ENZ and 
ABI. Combined with the detection of typical ade-
nocarcinoma mutations like TMPRSS-ERG 
fusions and a general lack of gross genomic dif-
ferences in terminal NEPC tumors, a model of 
divergent evolution from a common precursor 
PCa cell is conceivable [23].

Another example of treatment-induced cell 
plasticity was demonstrated in ~25% of treated 
patients that developed Double Negative Prostate 
Cancer (DNPC), a CRPC subtype that was nega-
tive for AR/PSA and NE markers, but displayed 
increased FGFR signaling [24]. It remains to be 
seen if there are any commonalities between the 
IAC subtype and the DNPC subtype and how 
they relate to the NEPC stage. Therefore, it is 
important to study the genetic and signaling 
mechanisms within cancer cells that change in 
response to anti-androgen therapies in order to 
develop better therapeutics.

The dramatic changes in shape a cancer cell 
would not be possible without an extreme shift in 
transcriptional activity. Dysregulation of tran-
scription factors under the pressure of internal 
and external stimuli plays an important role in 
cellular plasticity [25]. Also, progression to a 
malignant state is fundamentally dependent on 
the quality and quantity of transcription in cells, 
as cancer cells require an optimum abundance of 
different proteins to proliferate, metastasize or 
resist treatment [25, 26].

Figure 1 summarizes prostate cancer cellular 
plasticity in the context of androgen deprivation 
therapies. We suggest that cells undergo de-dif-
ferentiation under the pressure from AR pathway 
inhibitors and can manifest metastatic, stem cell-
like or NE characteristics that can overlap. 
Differential transcriptional activity provides 
momentum in these plastic states towards a final 
stage of the disease presented in patients.

 Transcription Factors

Transcription factors (TF) are proteins that have the 
ability to bind to specific DNA sequences either as 
monomers, homo-dimers or hetero-dimers and 

regulate gene expression as a direct result of this 
process. While their overall number is still unde-
fined, the most recent catalog with this definition 
identified 1639 human TFs [27]. Secondary protein 
structures like α-helix, β-sheet, loops and the abil-
ity of proline to create kinks/turns promote the 
assembly of small domains such as helix-turn-
helix, helix-loop-sheet and helix-loop-helix, which 
have evolved into domains with efficient DNA-
binding capabilities. A majority of these DNA 
binding domains bind to the major groove of the 
DNA, although there are examples like the HMG-
box-containing proteins that bind the minor groove 
[28]. In eukaryotes, some of the major TF families 
are zinc finger (ZF), Homeodomain (HD), basic 
helix-loop-helix (bHLH), basic leucine zipper 
(bZIP), Forkhead (FOX), nuclear receptors, 
E-twenty-Six (ETS) and HMG/SOX transcription 
factors [27]. Moreover, a number of human TFs 
have more than one DNA binding domain which 
can be similar or different (hetero-domain TFs) in 
structure. With a total of 33 defined families and 
more than 100 TFs with undefined DNA binding 
domains, understanding the role of TFs in gene 
regulation remains an exciting opportunity and a 
daunting challenge.

In the context of PCa, AR is still considered 
the key transcription factor. However, as disease 
progresses to a treatment-resistant state, the clas-
sic AR activity fades slowly and transforms to a 
new role to coordinate with a complex network of 
transcription factors and epigenetic elements to 
support a highly malignant undifferentiated dis-
ease state.

Deciphering the progression of prostate cancer 
to the neuroendocrine state has generated 
immense interest as the prevalence of NEPC has 
increased in recent years. The natural suspects for 
this process are transcription factors involved in 
neural differentiation. During development, com-
plex transcriptional programs work towards 
establishing diverse neural cell types. High 
expression levels of strong neural cell-fate-deter-
mining transcription factors can trigger a cascade 
of events leading to neuronal lineage commit-
ment. Positive or negative feedback loops and 
activity of transcriptional regulators can lead to 
epigenetic changes that reinforce the expression 
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of downstream target genes and facilitate the neu-
ronal phenotype. During development, multi-
potent neural progenitor cells give rise to neurons 
and supporting cells in the central nervous sys-
tem. Exogenous expression of some of these tran-
scription factors can also endow non-neural cells 
with neuronal properties [29]. Indeed, a combina-
tion of only three factors (BRN2, ASCL1 AND 
MYT1L—BAM cocktail) is sufficient to convert 
mouse embryonic fibroblasts and human pluripo-
tent stem cells into functional neurons in vitro. 
Addition of a fourth TF, NEUROD1 to the BAM 
cocktail increased the efficiency of neuronal 
reprogramming of human fetal fibroblasts from 
~20% to ~65% [30]. Conversely, human embry-
onic fibroblasts can be converted into neurons 
with just the addition of BRN2 and ASCL1 [31]. 
A recent study screened 598 pairs of transcription 
factors and identified 76 pairs of transcription fac-
tors that induced neuronal differentiation in 
mouse embryonic fibroblasts [32].

Terminally differentiated cells can also be 
converted into neurons. Adult human fibroblasts 
can be transformed into functional neurons 
(>20% efficiency) with overexpression of BRN2 
and microRNA (miR) 124 and can be enhanced 

to >50% with the addition of MYT1L [33]. 
Analogously in PCa, terminally-differentiated 
prostate cancer cells traverse up the differentia-
tion ladder gaining expression of stem cell and 
neuronal genes as they gain resistance to treat-
ments and progress to NEPC. For example, 
LNCaP cells stably overexpressing MYCN 
exhibit a neuronal phenotype compared to con-
trol [17]. Moreover, BRN2 expression appears to 
be driving NEPC in a unique treatment-resistant 
model of trans-differentiation [12].

Table 1 is a list of major TF families and their 
members with roles in neurogenesis or neuronal 
development that contribute to prostate cancer 
progression. These key transcription factors are 
capable of driving different plastic stages in pros-
tate cancer progression including, but not limited 
to, NE differentiation and EMP.

 Zinc Finger (ZF) Transcription Factors

Proteins with zinc finger domains comprise a 
group of 1723 proteins that is highly diverse and 
contains approximately 750 transcription factors 
[27, 34]. The most common ZF domain consists 
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Fig. 1 Cell plasticity and different stages of prostate cancer. Transdifferentiation of adenocarcinoma of prostate under 
the pressure of AR pathway inhibitors is a dynamic process where epithelial cells gain a plastic phenotype first and then 
progress to different stages of disease based on the activity of transcription factors. AR, androgen receptor; EMT, epi-
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of an α-helix, a linker sequence and a β-sheet 
held together by a zinc ion through interactions 
with two cysteine and two histidine residues 
(Cys2 His2 or C2H2) or four cysteine (Cys4) or 
six cysteine (Cys6) residues [35]. The residues in 
the α-helix and the linker sequence, tertiary struc-
tures and tandem repeats of ZF domains deter-
mine specificity for DNA sequences in the 
promoters of target genes. ZF domains recognize 
not only DNA, but also RNA, other proteins and 
even lipids [34]. Of utmost importance to PCa is 
the steroid hormone receptor class of the ZF fam-
ily, including AR, glucocorticoid receptor (GR), 
estrogen receptor (ER) and progesterone receptor 
(PR). The DNA-binding domain of the steroid 
receptors contains two zinc finger domains that 
bind to DNA upon interaction with the ligand 
(e.g. dihydrotestosterone with AR) [36]. 
Interestingly, steroid hormones and their recep-
tors play crucial roles in neurogenesis [37] and 
their role in PCa cell plasticity is continuously 
being studied. Throughout this chapter, we show 
that a large number of neural transcription factors 
can cooperate with/against AR to advance this 
disease to a more malignant state.

Cell plasticity in response to positive and/or 
negative AR pathway stimulation is full of 
interesting and contradictory research. Loss of 

AR signaling through androgen deprivation 
consistently results in downregulation of 
E-cadherin, one of the hallmarks of EMP [38]. 
Furthermore, AR pathway inhibition also 
causes a shift from CDH1 (E-cadherin) to 
CDH2 (N-cadherin) [39] and a simultaneous 
upregulation in both CSC and NE markers [40]. 
Conversely, positive AR signaling also pro-
motes metastatic progression. PCa metastatic 
tumor sites, specifically in the bone, are gener-
ally AR positive [41]. In ERG-fusion positive 
PCa, ERG activity through AR activates SOX9 
expression (discussed later), which can enhance 
metastasis [42]. The bivalent relationship 
between AR and cell plasticity also extends to 
its downstream regulation of another class of 
ZF transcription factors SNAIL (SNAI1) and 
SLUG (SNAI2), which have well-defined roles 
in driving EMP [43]. SNAIL expression is 
directly repressed by AR [44] and interestingly, 
SNAIL is upregulated during NEPC transdif-
ferentiation and co-operates with another key 
NEPC protein PEG10 to promote the aggres-
siveness of NEPC [45]. Conversely, SLUG 
(SNAI2) expression is positively regulated by 
AR, which can drive EMP and metastatic pro-
gression of prostate cancer [46]. Altogether, AR 
activity is a double-edge sword, whereby acti-
vating or inhibiting AR transcriptional activity 
can promote EMP and metastatic disease. In 
addition to driving EMP, exogenous expression 
of SNAIL expression can also drive NE differ-
entiation [47, 48]. Over-expression of SNAIL 
in LNCaP cells triggers neurite formation and 
upregulation of NEPC markers such as CHGA 
and NSE [48]. While not nearly as prominent, 
ER, PR and GR all have roles in PCa disease 
progression. ERβ plays a tumor suppressive 
role, whereas a switch to ERα can promote PCa 
tumor growth [49, 50]. Similarly, the role of PR 
in prostate cancer is controversial as both tumor 
promoting and tumor suppressing roles have 
been reported [51]. GR is an important media-
tor of resistance to AR inhibitors like ENZ in 
xenograft models [52, 53]. Clinical data have 
validated GR as a target in PCa, as GR is upreg-
ulated in patients treated with ENZ and/or ABI, 
and GR can transcriptionally regulate many of 

Table 1 Neural transcription factor in prostate cancer 
disease progression

Transcription factor 
family

Members discussed in this 
chapter

Zinc Finger (ZF) 
transcription factors

Steroid hormone receptors, 
SNAI1, SNAI2, GATA 
family, GLI family, ZBTB46, 
INSM1

Helix-loop-Helix 
(bHLH) transcription 
factors

ASCL1, NGNs, NEUROD1, 
HIF1α, HES6, TWIST, IDs

Homeodomain 
transcription factors

LHX family, NKX2.1, 
NKX2.2, NKX3.1, NANOG, 
HOX family

Forkhead domain 
transcription factors

FOXA(1/2), FOXB1, 
FOXC(1/2), FOXG1 and 
FOXP(1/2), FOXM1

Leucine Zipper 
(bZIP)

CREB, cJUN, cFOS

Hetero-domain 
transcription factors

POU2F1, POU3F2, POU4F1, 
POU5F1, ZEB1/2, MYC, 
MYCL, MYCN

Neural Transcription Factors in Disease Progression



442

the same target genes that are regulated by 
active AR [54].

While the AR is paramount for PCa progres-
sion, many other ZF transcription factors play 
important roles in neural development as well as 
in PCa and often function in concert with the 
AR.  For example, the GATA family member 
GATA2 not only regulates AR expression, but 
also co-operates with AR and FOXA1 to promote 
specific AR signaling and tumor proliferation 
[55]. One the other hand, GATA3 plays a tumor 
suppressive role where it regulates epithelial pro-
genitor cell division via atypical protein kinase C 
to control lineage commitment during prostate 
development [56, 57]. The GLI-class (named 
after Glioma) TFs also play a crucial role in cell 
fate determination and PCa disease progression 
as all three family members (GLI1, GLI2, GLI3) 
interact with AR [58–60]. The GLI family of pro-
teins mediates the hedgehog (Hh) signaling path-
way [61]. Binding of the Hh ligand to receptor 
Patched (PTCH1) initiates a signaling cascade 
through Smoothened (SMO), ultimately activat-
ing the GLI transcription factors. The interaction 
between GLI family members and AR occurs at 
the Tau5 domain of the AR, which is important 
for ligand-independent AR transcriptional activ-
ity [59]. This interplay is particularly important 
for CRPC because inhibition of AR increases Hh 
dependent activation of GLI as a compensatory 
mechanism for ligand-independent AR activity. 
Treatment with an Hh inhibitor is effective in 
treating CRPC xenograft tumors [62, 63]. Thus, 
GLI proteins cooperate with AR in both CSCs 
[64] and prostate development [65], via acquisi-
tion of self-renewal properties and subsequent 
tumor growth. With a new focus on AR pathway 
inhibitor driven de-differentiation, many groups 
have examined the role of ZF family members’ in 
progression of PCa to NEPC. For example, in 
response to AR inhibition, the Zinc finger and 
BTB domain containing protein (ZBTB46) drives 
NE-differentiation in multiple PCa cell line mod-
els [66]. Moreover, another ZF protein, 
Insulinoma-associated protein 1 (INSM1) is 
expressed in 93% of NEPC patient samples [67].

ZF family transcription factors can also play a 
role in suppressing PCa. For example, multiple 

members of the Krüppel-like family (KLFs) as 
well as REST can negatively affect PCa prolifer-
ation. These proteins are discussed later in the 
chapter in more detail.

 Helix-Loop-Helix (bHLH) 
Transcription Factors

The basic helix-loop-helix domain is comprised 
of two α-helices connected together by a loop 
region. Within a typical bHLH domain, one helix 
is smaller than the other helix. Protein dimers use 
the longer helix for DNA binding activities while 
flexibility of the smaller helix creates space for 
dimerization [68]. bHLH transcription factors are 
expressed in cells from many tissues throughout 
the body, but often in a cell- or organ-specific 
manner. For example, Achaete-scute homolog 1 
(ASCL1), Neurogenin (NGN) and NeuroD/G 
sub-classes of the bHLH family are pro-neuronal 
transcription factors that induce the differentia-
tion of fibroblasts to neurons [68], and may play a 
role in neuroendocrine differentiation. ASCL1 or 
its mouse counterpart mASH1, is expressed in the 
SV40 T-antigen-driven TRAMP mouse model 
[69], and its role in human NEPC is currently 
under investigation [70]. The bHLH family mem-
ber HES6 and cell cycle proteins BUB and 
CDKN2D are direct targets of ASCL1 in cell lines 
derived from TRAMP tumors [71]. Similarly, 
NeuroD1 drives cell proliferation and migration 
in several PCa cell lines [72]. In addition to prolif-
eration, NeuroD1 appears to be linked to 
NE-differentiation as its expression is elevated in 
NEPC patients and induced sharply upon cyclic-
adenosine monophosphate (cAMP)-treated 
AR-independent PC3 and DU145 cells [73]. 
NGN3 is another neural TF from the Neurogenin 
sub-class that is highly expressed in invasive NE 
tumors in the 12T-10 prostate model [69]. The 
expression pattern of NGN3 is particularly inter-
esting since it was observed only in lung metasta-
ses of these NE tumors but not the liver metastases, 
suggesting that it regulates organ site-specific 
metastasis. NGN3 is also upregulated in response 
to hypoxia in PCa, together with suppression of 
another bHLH protein HES1 [74]. Hypoxia 

D. Thaper et al.



443

inducible factor 1 (HIF1) appears to be a driver of 
NE-differentiation under hypoxic conditions. 
Hypoxia is a common pathology in solid tumors 
and the resultant micro-environmental stress is a 
potent inducer of cell plasticity [75]. Upregulation 
of HIF1α is an early event in PCa tumorigenesis 
[76] and therefore, its expression and activity in 
EMP, CSC and/or NE-differentiation is an impor-
tant area of research in PCa. The HIF1 complex is 
comprised of the bHLH transcription factor 
HIF1α and the β-subunit of aryl hydrocarbon 
receptor nuclear translocator (ARNT). In addition 
to NEPC, HIF1α has a near pan-cancer role in 
promoting aggressive tumor types through EMP 
or CSCs as it can promote key players like vascu-
lar endothelial growth factor (VEGF) and SOX9 
(A HMG domain TF discussed later in detail) 
[77]. Stabilization of HIF1α by hypoxia prolongs 
its cooperation with forkhead box protein A2 
(FOXA2), thus driving progression of TRAMP 
tumors to NEPC [78]. Interestingly, activated 
HIF1α promotes transcription of the bHLH fam-
ily member TWIST1 [79], enhancing the meta-
static nature of NEPC. TWIST is an E-box 
suppressor that reduces E-cadherin expression 
and promotes metastasis in multiple cancer types 
including prostate [80]. TWIST1 also regulates 
cell fate decisions in neural crest cells [81].

Another sub-class of bHLH repressor pro-
teins is the inhibitor of DNA binding/differentia-
tion (ID) proteins [82]. In contrast to other bHLH 
TFs, the ID proteins lack a DNA binding domain 
but instead, associate with other members of the 
family and prevent them from binding DNA or 
forming active heterodimers. The ID family con-
sists of four proteins (ID1 to ID4); among them, 
ID1 has been thoroughly studied for its role in 
hormone therapy resistance and promoting 
androgen-independent disease. ID1 is upregu-
lated in prostate cancer [83], and exogenous 
expression of ID1 makes the AR-dependent cell 
line LNCaP insensitive to hormone depravation 
by suppressing AR signaling [84], increasing 
epithelial growth factor (EGF) [85] and mitogen 
activated protein kinase (MAPK) signaling [86]. 
ID1 and ID3 are associated with disease progres-
sion [87], and appear to promote EMP through 
transforming growth factor (TGFβ) signaling 

[88, 89]. Moreover, ID1 downregulation is asso-
ciated with cellular differentiation, whereas ID1 
overexpression inhibits differentiation [90]. ID1 
can transcriptionally inhibit the expression of 
cyclin-dependent kinase inhibitors p21 
(CDKN1A), and p27 (CDKN1B), thereby 
enabling cells to progress through the cell cycle 
faster, without being able to differentiate [91]. 
ID1 is also linked to chemoresistance, as its 
inactivation sensitizing PC3, DU145, LNCaP, 
and C4-2 prostate cancer cells to taxane chemo-
therapy [92, 93]. ID1 is also associated with 
DNPC, a prime example of inhibition of 
NE-differentiation during PCa disease progres-
sion [24]. Characterized by a loss of AR signal-
ing as well as a lack of NEPC marker expression, 
DNPC tumors contain higher ID1 levels and ID1 
is upregulated in DNPC metastases. All four 
members of the ID family (ID1–4) are signifi-
cantly upregulated in DNPC patient-derived 
xenografts and appear to promote androgen-
independent disease progression downstream of 
fibroblast growth factor (FGF) signaling [24].

While the pattern of ID2 expression in PCa is 
similar to ID1 and ID3, ID4 appears to have a 
more growth suppressing function [94] as it pro-
motes senescence [95] and functions as an inhibi-
tor of ID1, ID2 and ID3 activity [96].

HES and HEY family of proteins also belong 
to the bHLH family of TFs; however, they have 
an inhibitory role in neuronal differentiation. 
Their role in progression of PCa is discussed later 
in this chapter. Altogether, the bHLH transcrip-
tional activators and repressors interact with each 
other as well as other proteins to manage the 
equilibrium between undifferentiated and termi-
nally differentiated populations of cells.

 Homeodomain Transcription Factors

The homeodomain (HD) is approximately 60–61 
amino acids long and contains three α-helices 
with the second and third helix forming a helix-
turn-helix motif with DNA binding capabilities 
[97]. While HD-containing TFs make-up the sec-
ond largest family of TFs, other structural proper-
ties sub-divide them into many different classes 
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such as the HOX-class, CUT-class and HNF-
class and many more [97]. Mammalian 
HD-containing TFs have fundamental roles in 
embryonic development and organogenesis [95], 
and some are linked to prostate cancer. For exam-
ple, The LIM sub-class of HD transcription fac-
tors was recently linked to NEPC, as the LIM 
sub-class motifs (LIM Homeobox—LHX) are 
highly enriched in regions of open chromatin 
identified using the ATAC-seq technique with 
prostate cells transformed to NEPC [98]. 
Functioning as transcriptional activators and/or 
repressors, members of the NK-like homeobox 
(NKX) transcription factors comprise a large 
sub-class of homeodomain TFs with a total of 48 
genes and 19 pseudogenes [99]. Several other 
members of the NKX sub-class participate in pat-
terning of the spinal cord [100]. Specifically, both 
NKX2.1, also known as thyroid transcription fac-
tor 1 (TTF1), and NKX2.2 are expressed in 
NEPC [69, 101]. Moreover, NKX2.2 regulates a 
network of microRNAs that increases PCa metas-
tasis, and whose expression in patient tumors 
correlates with poor overall survival [102]. As an 
AR driven tumor suppressor, NKX3.1 is an 
important mediator of growth suppression in nor-
mal prostate epithelium in response to active AR 
signaling, and its loss is an important variable in 
PCa tumorigenesis [103, 104]. Interestingly, PCa 
patients have a loss of NKX3.1 heterozygosity in 
~75% of tumors [105]. Another family member, 
NANOG, promotes pluripotency and is often 
upregulated in undifferentiated cancers with poor 
prognosis [106]. NANOG reprograms PCa cells 
to resist castration-based therapy, thus promoting 
CSC properties in prostate cancer [107, 108].

Within the HD family, the role of HOX-class 
TFs has been investigated in PCa due to the inter-
play of the family member HOXB13 with AR 
[109]. In vertebrates, 39 HOX proteins control 
the anterior-posterior vertebrate body plan during 
development. Interestingly, they exist in clusters 
on chromosome 7 (HOXA), chromosome 17 
(HOXB), chromosome 12 (HOXC) and chromo-
some 2 (HOXD) [110]. A large majority of these 
HOX genes are expressed within the central ner-
vous system and play a crucial role in its develop-
ment [111]. Outside of the urogenital sinus, 

HOXB13 is expressed only in the spinal cord and 
the vertebrate tail bud [112]. It is highly upregu-
lated in CRPC [113], and HOXB13 mutations 
increase the risk of developing PCa [114]. 
HOXB13’s governance of the AR cistrome is 
complex as it activates and/or represses different 
sets of genes in the presence or absence of andro-
gens [109] and therefore could play an interest-
ing yet undefined role in anti-androgen induced 
cell plasticity. In addition to pro-proliferative 
roles through direct suppression of p21 [115] and 
indirect suppression of Survivin (BIRC5) [116], 
HOXB13 also promotes NFκB activity leading to 
increased cell invasion and metastasis [117]. 
Several other HOX-class TFs promote EMP, 
endowing PCa cells with enhanced migration and 
invasion properties. Coincidently four different 
HOX proteins promote expression of the extra-
cellular matrix (ECM) modifiers, matrix metal-
loproteases (MMP). Degradation of the ECM by 
MMPs is crucial for cancer cells to escape 
through the basement membrane and metastasize 
to different sites. Moreover, this alteration of the 
microenvironment itself disrupts cell polarity and 
promotes EMP within the cancer cells [118]. 
HOXA1 regulates expression of SNAI1 and 
MMP-3 [119], while HOXA3 regulates MMP-14 
[120]. In breast cancer cells, HOXB7 regulates 
MMP-9 expression [121], and HOXC11 governs 
both MMP-2 and MMP-8  in vascular smooth 
muscle cells [122]. Though sparse, some research 
has linked development of NEPC to the HOX-
class of TFs. The entire HOXD cluster, including 
surrounding genes like CREB and NEUROD1, is 
activated in response to cAMP [123]. Additionally, 
an evolutionary cousin to the HOX-class, the 
para-HOX gene PDX1, was recently implicated 
in treatment-induced NEPC (t-NEPC) [16], fur-
ther demonstrating the importance of the HOX 
and para-HOX sub-class as regulators of PCa dis-
ease progression.

 HMG Domain Transcription Factors

The high mobility domain (HMG) was first identi-
fied in the protein sex determining region of the Y 
chromosome (SRY). Therefore, the SOX family 
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derives its name from SRY related HMG box 
[124]. The HMG domain TFs contain the SOX 
and the LEF/TCF sub-class of proteins. The SOX 
sub-class is comprised of ~20 TFs [125] that play 
crucial roles in development of various tissues. 
They are sub-divided into groups A–J due to dif-
ferences and similarities in protein domains and 
other structural properties [125]. Based on expres-
sion patterns, members of SOXB1 (SOX1, SOX2 
and SOX3), SOXB2 (SOX14, SOX21), SOXC 
(SOX4, SOX11, SOX12), SOXD (SOX5, SOX6 
and SOX13) and SOXE (SOX8, SOX9, SOX10) 
are expressed in the nervous system and may be 
involved with neural differentiation [125]. 
Structurally, the HMG domain contains both 
nuclear export [126] and import [127] signals and 
modulates nucleocytolasmic localization of SOX 
family proteins as well as binding to the consensus 
DNA sequence (A/T)(A/T)CAA(A/T) [128]. In 
contrast to most TFs, SOX family proteins bind to 
the minor groove of DNA across both sense and 
anti-sense strands (reverse complement sequence: 
TTGTT) while bending the helix about 60°–70° 
[129]. This property has interesting implications 
for prostate cancer as it resembles the 5′ AR half-
site AGAACA or the 3′ AR half-site of TGTTC 
[130], creating opportunities for agonistic and/or 
antagonistic behavior in PCa cells. Indeed, AR co-
operates positively with SOX9 [131] in a complex 
with SOX4 [132], and can be negatively regulated 
by SRY itself [133].

Due to their roles in development, members of 
the SOX family are linked to mechanisms of cell 
plasticity in prostate cancer, like CSCs, NE dif-
ferentiation and EMP.  In particular, SOX4 and 
SOX5 are important regulators if EMP.  For 
instance, SOX5 promotes cancer cell invasion 
and metastatic potential through TGFβ signaling 
and upregulation of the EMP transcription factor 
TWIST1 [134]. Interestingly, SOX4 is an AR 
suppressed gene [135] that promotes plasticity by 
upregulating EMP pathways through collabora-
tion with TGFβ signaling [136] and through 
interactions with ERG [137]. SOX4 was also 
identified in a TF network associated with pros-
tate cancer subtype 1 (PCS1) and progression to 

metastatic disease [138]. While data is limited to 
single publications, both SOX6 and SOX7 appear 
to have tumor suppressive functions in PCa [139, 
140]. In comparison, there have been consider-
ably more studies investigating the role of 
SOX9 in prostate cancer. SOX9, which is down-
stream of ERG and AR signaling, promotes PCa 
tumorigenesis and metastasis in TMPRSS-ERG 
fusion positive PCa [42]. Moreover, SOX9 regu-
lates multiple components of the WNT pathway 
[141], including but not limited to receptors like 
LRP5/6 and FZD5/7 as well as other HMG 
domain TFs like LEF1 and TCF4/TCF7L2 [142]. 
Also, SOX9 appears to play a role in prostate 
cancer initiation and progression [143, 144].

Perhaps the most well-studied SOX family pro-
tein in PCa (or any other cancer) is the SOXB1 
member, SOX2. SOX2 is one of four Yamanaka 
TFs (OCT3/4, SOX2, MYC, KLF4) that induces 
pluripotency [145]. SOX2 is an AR-suppressed 
gene that plays a crucial role in development of 
both CRPC [146, 147] as well as the more undif-
ferentiated phenotypes of prostate cancer dis-
cussed earlier [148]. SOX2 promotes all three 
types of prostate cancer cell plasticity (CSC, NE, 
EMP), and regulates EMP through WNT/β-catenin 
signaling in both breast and prostate cancer cells 
[149]. Inhibiting SOX2 reduces EMP marker 
expression and reverses the loss of the cell adhe-
sion molecule E-cadherin in AR independent PCa 
cell lines [150]. A majority of the SOX2 research 
in PCa focuses on its role in promoting CSC and 
NE phenotypes. SOX2 is upregulated in NEPC 
patients as a consequence of ENZ-resistance, and 
SOX2 is abnormally expressed in the context of 
TP53 and RB1 loss. PCa cells undergo a lineage 
switch through upregulation of SOX2 and differ-
entiation to a NE phenotype. Moreover, suppress-
ing SOX2 expression in cells with TP53 and RB1 
loss greatly reduces their ability to switch lineages, 
which is a mechanism of treatment resistance 
[148]. In addition, SOX2 is upregulated in DNPC 
patient tumors in the context of AR deletion [24]. 
Thus, SOX2 is a context-dependent promoter, if 
not a driver, of the different aspects of cell plastic-
ity observed in prostate cancer.
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 Forkhead Domain Transcription 
Factors

A combination of helix-turn-helix and β-sheets 
forms the forkhead box DNA-binding domain 
(FOX domain). The FOX family of proteins is 
highly variable (44 members) and the ~110 amino 
acids in the forkhead domain can be comprised of 
anywhere between two to four α-helices and 
β-sheets [151]. The FOX proteins are divided into 
sub-classes from A to S based on sequence homol-
ogy and have a wide range of biological functions 
[152]. Within the family, FOXA(1/2), FOXB1, 
FOXC(1/2), FOXG1 and FOXP(1/2) promote 
neural development or participate in the emer-
gence of cell plasticity in PCa cells [152, 153].

FOXA1 and FOXA2, also known as HNF3A 
and HNF3B are pioneer factors with the unique 
ability to interact with and open up closed regions 
of chromatin, thus facilitating other TF com-
plexes to promote specific gene transcription. 
This ability to bind DNA within closed chroma-
tin is attributable to the structure of the FOX 
domains in FOXA1 and FOXA2, which bear 
striking structural similarities with linker histone 
H1 [154]. FOXA1 and FOXA2, respectively, can 
interact with AR and are integral to the NE dif-
ferentiation process in PCa cells. For example, in 
LNCaP cells, more than half of the AR-binding 
events overlap with FOXA1 binding sites [154]. 
Interestingly, the loss of FOXA1 promotes NE 
differentiation [155] and FOXA2 is almost uni-
versally expressed in NEPC tumors [156]. 
Considering the role of FOXA1 as a pioneering 
factor essential for AR activity [157–159], a 
switch from FOXA1 to FOXA2 could be an 
important event in NE differentiation. FOXA1 
also functions as a pioneering factor for ER, cre-
ating an open and easily accessible chromatin 
conformation for ER to bind in breast cancer 
[160]; however, its correlation with ER in pros-
tate cancer has not been confirmed [161]. Thus, 
FOXA1/2, through their interactions with hor-
mone receptors, play important functions in treat-
ment resistance and cell plasticity, and may alter 
the course of PCa progression.

Additionally, FOXM1 is one of the most com-
monly investigated FOX family proteins in PCa. 

As a pro-mitotic TF, FOXM1 regulates transcrip-
tion of genes important for G2/M transition of the 
cell cycle [162]. FOXM1 expression is associated 
with biochemical recurrence (BCR) and more 
rapid progression to metastasis [163]. Loss of 
microRNA (miR) 101 and 27a in metastatic PCa 
results in enhanced FOXM1 signaling and is 
associated with ENZ resistance [164]. 
Interestingly, FOXM1 is also upregulated in 
prostate cancer subtype 1 (PCS1) characterized 
by low AR signaling and lack of response to AR 
pathway inhibitors like ENZ [165]. FOXM1 
activity is enhanced in an LNCaP-derived model 
of ENZ-resistance, and inhibiting FOXM1 
reduces both proliferative and tumor initiating 
capacity [166]. FOXM1 is also upregulated in 
NEPC and remains an attractive target for future 
investigation.

Several other FOX family members appear to 
have roles in NEPC. For example, FOXC2 is a con-
vergent signaling node downstream of ZEB1 and 
SNAI1 that regulates EMP, CSC and NE genes in 
PCa [167]. FOXC2 expression is upregulated in 
response to AR pathway inhibition and also appears 
to play a role in treatment-induced NEPC (t-NEPC) 
[44, 168]. Expression of FOXP2 is linked to BCR 
in ERG fusion negative patients [169] and pro-
motes PCa cell migration and invasion [170]. 
FOXP1 nuclear expression, but not cytoplasmic 
expression, correlates with expression of AR, 
HIF1α and VEGF [171]. FOXP1 also appears to 
play a tumor suppressor role by inhibiting prolif-
eration and migration of the AR positive prostate 
cancer cell line LNCaP [172]. Interestingly, FOXP1 
binding regions overlap with AR binding sites in an 
androgen-dependent manner [173].

 Leucine Zipper (bZIP)

Structurally, the bZIP DNA binding domain typi-
cally contains 30 amino acids, forming an α-helix 
that fits into the major groove of the DNA. The 
α-helix domain contains a leucine residue every 
seven amino acids, creating an opportunity for 
interaction with bZIP domains of other TFs as 
either homo- or hetero-dimers. The interaction 
“zips” up the arms of the helices, squeezing them 
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together, allowing the other end of each helix to 
bind DNA, similar to tongs. In humans, 53 pro-
teins contain the bZIP domain [174], and their 
importance in PCa cell plasticity can be traced 
back to one of the first papers characterizing 
NE-differentiation [176]. PCa cells undergo 
NE-differentiation in response to cAMP signal-
ing [175], which results in downstream activation 
of the bZIP transcription factor cAMP response 
element-binding protein (CREB) [176], thereby 
upregulating several neuropeptides that maintain 
neural plasticity and long term memory [177]. 
CREB activates G-protein coupled receptor 
kinase (GRK3), which promotes 
NE-differentiation through its kinase activity 
[178]. AR pathway inhibition in itself can acti-
vate CREB signaling and promote 
NE-differentiation and angiogenesis through a 
key epigenetic player, Enhancer of Zeste homo-
log 2 (EZH2) [179]. The positioning of the 
Leucine residues along the helix also creates 
highly specific hetero-dimerization opportunities 
within members of the bZIP family. Activator 
protein 1 (AP1) is a homo- or hetero-dimer of the 
bZIP transcription factors cFOS and cJUN, 
which play key roles in the central nervous sys-
tem during propagation of the action potential 
[180]. The AP1 complex governs the AR cis-
trome in prostatic fibroblasts [181], and although 
AP1 activity is enhanced by androgen [182], it 
also inhibits AR signaling in prostate adenocarci-
noma cells [183]. It would be interesting to deter-
mine whether suppression of AR signaling via 
AP1 expression promotes NE-differentiation.

Members of the MYC family, which are some 
of the most potent oncogenes in cancer, contain a 
bZIP domain along with a bHLH domain. These 
hetero-typic transcription factors will be dis-
cussed in the next section.

 Hetero-Domain Transcription Factors

Of the approximately 1640 defined TFs, only 47 
(~3%) contain two different DNA binding 
domains [27]. These rare heterotypic TFs, which 
are among the most potent inducers of cell plas-
ticity, include Yamanaka factors OCT3/4 and 

MYC as well as pan-cancer inducers of EMP, 
ZEB1 and ZEB2 [184].

Over half of these heterotypic TFs contain 
homeodomains, and the Pituitary Octamer UNC86 
(POU) domain sub-class is the largest among 
them. All 16 POU family transcription factors con-
tain a POUS (POU specific—four α-helices) and a 
POUH (homeodomain—three α-helices) con-
nected together by a linker sequence. As a family, 
these proteins are ubiquitously expressed, and dif-
ferent family members play important roles in 
guiding organ development [185]. While the POU 
domains are highly conserved between the family 
members, the variability and flexibility of the 
linker region combined with co-factor activity 
alters the DNA binding capabilities of the POU 
family members. OCT4 is a principal mediator of 
embryonic pluripotency; however, it is also impor-
tant for the transition from embryonic to neural 
stem cells [186]. Several other POU family mem-
bers are important for neurogenesis and neural 
crest formation, specifically POU3F(1–4), 
POU4F1 and POU6F1 [185].

OCT4 promotes PCa initiation [187], resis-
tance to chemotherapy [188], and biochemical 
recurrence [189]. Computational modeling of 
gene expression data sets identified OCT4 along 
with OCT8 (POU3F3) and OCT1 (POU2F1) as 
major transcriptional nodes in metastatic 
CRPC. Previous research had already identified 
OCT1 is a co-factor that modulates AR cistrome 
and activity downstream of GATA2 and FOXA1 
[190]. Interestingly, PCa cells preferentially 
express the short isoform of BRN3a (POU4F1), 
and exogenous expression of BRN3a promotes 
PCa cell proliferation and expression of sodium 
channel SCN9A [191], suggesting a role in neu-
ronal differentiation. BRN2 (POU3F2), also 
known as OCT7, is a key mediator of 
NE-differentiation and may play a role in 
acquired resistance to ENZ as evidenced in an in 
vivo derived model of ENZ-resistance [12]. 
BRN2 expression is significantly higher in NEPC 
samples, and introduction of BRN2 in CRPC cell 
lines is sufficient to induce NE-differentiation by 
upregulating NEPC drivers like SOX2 and mark-
ers like CHGA and NCAM1. Importantly, BRN2 
and AR suppress each other.
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In addition to the POU family, the heterotypic 
Zinc finger E-box-binding homeobox (ZEB) sub-
class of TFs contains a homeodomain and C2H2 
ZF domains; specifically ZEB1 has seven ZF 
domains, whereas its paralog ZEB2 contains eight. 
While their expression patterns vary among tis-
sues, both play important roles in neural develop-
ment as they are crucial for migration of the neural 
crest cells and formation of derivative structures 
during embryonic development [192]. Both ZEB1 
and ZEB2 activate the EMP and CSC signaling 
network in multiple cancers [193]. These func-
tions extend to PCa where both proteins promote 
EMP and CSC properties [194–198] as well as 
chemotherapy resistance [199, 200]. Their rela-
tionship with AR however, is likely contextual 
since AR regulates ZEB1 and ZEB2 either posi-
tively or negatively, depending on the model [201–
203]. Interestingly, RNA-seq data showed that AR 
activity goes down, while ZEB1 expression 
increases and ZEB2 expression decreases during 
NEPC trans-differentiation [45]. Importantly, 
ZEB1 promotes treatment-induced 
NE-differentiation [204], and targeting ZEB1 
reduces expression of EMP, CSC and NEPC mark-
ers in PCa cells [168]. Furthermore, ZEB1 likely 
promotes progression of CRPC as its expression is 
detected in over 50% of visceral and bone metas-
tasis [205]. Also, ZEB1 expression correlates with 
more rapid time to metastasis and biochemical 
recurrence [206]. Lastly, there are three other het-
erotypic sub-classes of homeodomain TFs, PAX 
(paired domain  +  homeodomain), CUT (cut 
domain  +  homeodomain) and PROX (prospero-
homeodomain). Interestingly, almost all of these 
proteins play important roles in neurogenesis and 
neuronal development [207–209]. ONECUT2 
from the CUT-class promotes both PCa progres-
sion and neuroendocrine transdifferentiation by 
suppressing AR expression [210] and by activating 
HIF1α signaling [211]. PROX1 appears to activate 
HIF1α and promote EMP [212]. There are nine 
members of the PAX sub-class, however, only four 
of them contain a complete homeodomain (PAX3, 
PAX4, PAX6 and PAX7). While research of these 
proteins is limited, two studies examining PAX6 
showed that it interacts with AR and suppresses its 
activity [213, 214]. Interestingly, a majority of 

these heterotypic homeodomain TFs reduce 
canonical AR activity by either altering AR expres-
sion or the AR cistrome. Combined with the fact 
that PCa tumors with low AR activity are more 
aggressive and have higher Gleason grade due to 
lack of differentiation, further investigation of 
these heterotypic neural TFs is warranted as they 
may promote this phenotype.

The last major heterotypic TFs belong to the 
MYC and MAX sub-class containing a bHLH and 
bZIP domain (bHLHZ). Acquired from the viral 
oncogene v-MYC, the cellular protein MYC and 
its family members (MYCN, MYCL) are a major 
research topic in cancer biology [215]. Similar to 
other bZIP proteins, the MYC TFs often function 
as heterodimers with MAX or MAD [215]. As 
one of the Yamanaka factors, MYC is integral for 
maintenance of embryonic stem cells [145], and 
interestingly, MYCN plays an interchangeable 
role in regulating the pluripotency of stem cells 
[216, 217]. Both proteins are also important for 
maintenance and expansion of the neural progeni-
tor population of cells [218–220]. In normal pros-
tate epithelium, AR activity suppresses MYC 
expression, while in cancer, AR up-regulates 
MYC (likely through ERG upregulation) [221]. 
Considering the prevalence of the TMPRSS-ERG 
fusion in PCa (~60%), the dysregulation of MYC 
signaling could be an early event in PCa develop-
ment [222]. MYC promotes cell proliferation by 
enhancing the efficiency of ribosomal RNA 
(rRNA) synthesis, consequently increasing ribo-
some number and protein production capacity of 
cancer cells [223]. Moreover, amplification of the 
MYC locus at 8q24 is frequent in PCa, correlating 
with increased metastasis and poor prognosis 
[224]. MYC also promotes EMP [225, 226] and 
CSC [227] phenotypes in PCa and, together with 
a cocktail of proteins, can transform prostate epi-
thelium to NEPC [98].

Within the MYC family, expression of MYCL 
is limited to low Gleason grade PCa patients 
[228], while MYCN is almost exclusively 
expressed in patients with aggressive disease [17, 
23]. MYCN is amplified in 40% of NEPC 
patients, and disrupting its protein stability by 
targeting Aurora kinase A (AURKA) reduces 
growth of NEPC xenografts [17]. In 2016, three 
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landmark studies consolidated the importance of 
MYCN in NEPC.  One study demonstrated that 
MYCN, over-expressed with a constitutively 
active myristoylated AKT, converted prostate 
epithelial cells to castration resistant tumors with 
focal NEPC histology [229]. Another study 
showed that NEPC tumors exhibit enhanced 
MYCN and EZH2 messages [23]. These findings 
were complemented with patient data showing 
that NEPC is an epigenetically driven disease 
with increases in expression of genes responsible 
for both histone and DNA methylation. 
Mechanistically, MYCN was shown to cooperate 
with EZH2 in order to drive NEPC specific his-
tone methylation patterns [230]. On the bases of 
these studies, a clinical trial was established to 
evaluate the efficacy of MYCN inhibition by tar-
geting AURKA (NCT01799278) in NEPC. Even 
though the trial was unsuccessful [231], a small 
subset of patients responded positively to 
AURKA inhibition warranting further explora-
tion with better patient selection. Interestingly, 
MYCN also regulates PARP1 expression, and 
inhibition of either protein (PARP inhibitor 
Olaparib and AURKA inhibitor PHA1.5) reduces 
tumor growth in vivo [232]. Several strategies for 
therapeutic inhibition of MYC and MYCN are 
under active investigation. For example, BET 
bromodomain family proteins regulate expres-
sion of both MYC and MYCN, and treatment 
with BET inhibitors drastically reduces their 
expression across multiple cancers. Several BET 
inhibitors are currently under clinical investiga-
tion and may prove useful for targeting this 
potently oncogenic family in PCa.

 Inhibition of Neural Transcription 
to Attenuate Disease Progression

The expression of terminal differentiation genes 
in each cell type depends on both positive and 
negative transcriptional controls [233, 234]. In 
other words, prostate cancer cells not only 
employ neural transcription factors to promote a 
more malignant state, but they also silence the 
natural inhibitory pathways designed to repress 
the transcription of neural genes. Some of these 

inhibitors of neural differentiation are discussed 
below (Table 2).

 REST

One of the most important repressors of tran-
scription is RE1-silencing transcription factor 
(REST), also known as neuron-restrictive silencer 
factor (NRSF) which was first identified in 1995 
as a master repressor of neurogenesis, silencing 
multiple neuron-specific promoters [235]. 
Expression of REST is high in stem cells but 
drops rapidly in neural progenitors and is main-
tained at very low levels after differentiation, thus 
ensuring precise development [236]. REST is 
therefore fundamental during early lineage com-
mitment as it prevents premature expression of 
terminal differentiation genes in non-neuronal 
cells [233]. Moreover, REST maintains transcrip-
tional silencing of a range of neuronal genes in 
differentiated cells and mediates transcriptional 
responses associated with neural plasticity [236].

REST is a 116 kDa transcription factor, con-
taining a zinc factor DNA-binding domain 
flanked by two independent repressor domains 
located at the amino and carboxy termini. The 
DNA binding domain recognizes a 21–23 base 
pair sequence in the regulatory region of target 
genes known as RE1 elements or neuron-restric-
tive silencer elements. The repressor domains 
interact with co-repressors such as Sin3A and 
coREST to recruit DNA modifying agents, 
namely histone deacetylases (HDACs) and 
methyl CpG binding protein 2 (MeCP2) to alter 
the conformation of chromatin from transcrip-
tionally active euchromatin to transcriptionally 
silent heterochromatin [237].

Table 2 Neural transcription factors with tumor suppres-
sor activity in prostate cancer

Transcription factor family
Members discussed in 
this section

Zinc Finger (ZF) transcription 
factors

REST, KLF family

Helix-loop-Helix (bHLH) 
transcription factors

HES family, HEY 
family

P53-Specific DNA Binding 
Domain

TP53
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In prostate cancer, downregulation of REST 
appears to be associated with development of NE 
phenotype in patients and prostate cancer cell 
lines [238–240]. One interesting protein that has 
been shown to downregulate REST is Ser/Arg 
repetitive matrix 4 (SRRM4), a neural-specific 
mRNA splicing factor that is upregulated in 
NEPC [240, 241]. SRRM4 facilitates the alterna-
tive splicing of REST into a truncated splice vari-
ant called REST4. REST4 binds weakly to RE1 
elements and therefore has diminished repressor 
function. REST4 isoforms can also bind directly 
to REST and inhibit its function [237, 242].

 HES and HEY Families 
of Transcription Factors

The mammalian bHLH-Orange proteins belong 
to the repressor family of bHLH TFs and are 
divided into four subfamilies: Hes, Hey, Helt and 
Stra13/Dec. They have a distinctive motif called 
the “Orange domain”, in addition to the bHLH 
domain that mediates DNA-binding and protein 
dimerization [243]. The “Orange domain” is a 
~35 amino acid motif at the end of the bHLH c 
terminal region and provides a platform for pro-
tein-protein interactions.

The Hes (Hairy/enhancer of Split) and the 
Hey (Hairy/Enhancer of Split related with YRPW 
motif) subfamilies are downstream targets of the 
NOTCH signaling pathway and regulate various 
cell fates during development by repressing the 
transcription of neural genes and inhibiting pre-
mature neuronal differentiation [244, 245]. Hes1 
represses the expression of human ASCL1, an 
important developmental protein in neuronal and 
endocrine cells, which is upregulated in NEPC 
[246]. Similarly, Hes1 inhibits neurogenin3 
expression in a model of hypoxia-induced NE 
differentiation [74]. Moreover, a dominant-nega-
tive form of Hes1 induces increased levels of NE 
markers under normoxic conditions [74]. 
Altogether, the suppression of HES1 and upregu-
lation of ASCL1 and NGN3 may play a crucial 
role in the lineage commitment of PCa cells to a 
NEPC phenotype. All three members of the HEY 
family (HEY1, HEY2, HEYL) function as 
repressors for AR transcriptional activity [247, 

248]. Interestingly Hey1/AR interaction is strong 
in patients with benign prostatic hyperplasia 
(BPH), but lost in patients with PCa [247].

 KLFs

Krüppel-like factors are highly conserved ZF 
transcription factors with roles ranging from pro-
liferation to differentiation, migration, pluripo-
tency and axon regeneration [13, 249, 250]. 
Many KLFs are involved in reprogramming 
somatic cells into inducible embryonic stem cells 
[251]. Some KLF proteins function predomi-
nantly as activators of transcription (KLFs 1, 2, 4, 
5, 6, and 7), while others repress transcription. 
For example, KLFs 9, 10, 11, 13, 14, and 16 have 
repressor activity through their interaction with 
the common transcriptional corepressor 
Sin3A. Sin3A recruits HDACs to attenuate tran-
scription [251]. The Yamanaka factor KLF4, an 
inhibitor of neurite growth [252], is a tumor sup-
pressor in PCa and has been suggested to be a 
predictor of good prognosis in this malignancy 
[14]. KLF4 regulates several different pathways, 
including Hedgehog and the non-canonical 
WNT/Ca+ pathway, involved in the development 
and progression of aggressive prostate cancer and 
therapy-resistant states. KLF4 suppresses EMP 
in PCa by binding directly to the SLUG promoter 
and inhibiting its transcription [253]. Moreover, 
KLF4 expression correlates negatively with 
Gleason score, with highest the expression found 
in indolent disease [14]. Another family member, 
KLF6, also upregulates CDKN1A (in a p53-inde-
pendent manner) and acts as a tumor suppressor 
in PCa [254]. KLF6 is frequently deleted or 
mutated in human PCa [255]. Interestingly, splice 
variants of KLF6 such as KLF6-SV1 demon-
strate an opposite role, i.e., decreasing CDKN1A 
expression and antagonizing the tumor suppres-
sive function of KLF6. Increased KLF6-SV1 
expression accelerates PCa progression and 
metastasis and is associated with poor prognosis 
in patients [256]. Both KLF9, which is important 
in late-phase neuronal maturation [257], and 
KLF13 [258] inhibit PCa proliferation by sup-
pressing AKT signaling.
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 TP53

Aberrations of the tumor suppressor TP53 are 
more common in CRPC compared to adenocarci-
noma and in NEPC compared to CRPC [259, 
260]. Most TP53 mutations found in human 
malignancies are missense mutations (80%) 
within the DNA-binding domain (DBD), which 
negatively affect 3D folding and chromatin bind-
ing. Wild-type tumor suppressor protein 53 con-
tains two N-terminal transcriptional activation 
domains, a proline-rich domain, a DBD, a tetra-
merization domain and a carboxy-terminal region 
with basic residues and is able to orchestrate a 
wide array of cellular functions, including apop-
tosis, transient cell cycle arrest and senescence in 
response to different stressors [261]. p53 also 
controls differentiation as it can negatively regu-
late the transcription of genes like WNT7A, 
NANOG and OCT-4, which are elevated in 
embryonic stem cells and are required for main-
taining an undifferentiated state [262]. 
Accordingly, activation of p53 enhances differen-
tiation of embryonic stem cells and decreases 
OCT-4 and NANOG [263]. Interestingly, mutant 
p53 not only exerts a dominant-negative effect on 
the wild-type protein but also displays enhanced 
malignant behaviors such as migration/invasion, 
increased proliferation and survival [261].

The regulatory processes that prevent neural 
differentiation and control transcription of neural 
genes are not limited to transcriptional repres-
sors. Other proteins (lacking a DBD) also have 
the ability to influence disease progression 
towards a more malignant state by either acting 
as co-activators or co-repressors for TFs or by 
controlling the epigenetic reprogramming via 
post-translational modifications. However, dis-
cussing these players is out of the scope of this 
review, and readers are encouraged to consult 
other resources [264–266].

 Conclusion

There is an increase in the emergence of treat-
ment-induced resistant NEPC upon APIs. A 
review of key players among the diverse classes 

of TFs driving such differentiation reveals a com-
mon theme that these key TFs are often protago-
nists of multiple cellular plasticity phenotypes. 
For example, E-cadherin-suppressing TF, 
SNAIL, regulates both EMP and CSCs [267] and 
NE master regulator, BRN2, modulates metasta-
sis [268, 269] as well as maintenance of CSCs 
[270, 271]. MYCN overexpressing model retains 
remarkable tumor initiating capacity and most 
importantly, have the ability to give rise to both 
adenocarcinoma and NEPC tumors [229]. More 
importantly, upregulation of CSC genes in NEPC 
models is common (as evident from stem cell sig-
natures enriched in NEPC tumors) [272].

In summary, it would be tempting to speculate 
that upon inhibition of an identity-defining pro-
tein like the androgen receptor, PCa cells exist in 
a gradient-like state with adenocarcinoma at one 
end and a meta-stable cell type sharing EMT, 
CSC and NE properties at the other (Fig.  1). 
Subsequently, trigger events in specific combina-
tions and/or sequence may dictate whether resis-
tant CRPC tumors become adenocarcinoma, 
IAC, DNPC or NEPC tumors observed in 
patients. Therefore, understanding the transcrip-
tional processes that lead to IAC/DNPC/NEPC 
pathologies is fundamentally important as it 
might alter survival of PCa patients.
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