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nderstanding the
pidemiology, Natural History, and
ey Pathways Involved in Prostate Cancer

. David Crawford

rostate cancer accounts for about 25% of all the newly diagnosed cancers in American men and was projected to cause
28 000 deaths in 2008. Black men are disproportionately affected; their incidence rate is about 1.6 times greater than

he rate for white men. As the population ages, the number of new cases per year is expected to increase by �60% and
each 300 000 by 2015. This high incidence, coupled with the protracted onset of the disease, makes PCa a particularly
ppropriate candidate for prevention and early intervention strategies. Potential disease precursors, particularly
igh-grade prostatic intraepithelial neoplasia, might help identify men at high risk of developing PCa. Dihydrotest-
sterone, a product converted from testosterone by 5�-reductases, plays an important role in normal prostate growth
nd in the development of PCa. The 5�-reductase levels, particularly type 1, appear to increase during the disease
ourse of prostatic intraepithelial neoplasia and PCa, with greater expression occurring as the disease progresses.
herefore, the inhibition of 5�-reductase could potentially reduce the risk of PCa development, slow or prevent disease
rogression, and/or treat existing disease. A substantial research effort has recently focused on understanding the
athways involved in the disease’s emergence and progression, particularly the 5�-reductase pathway. UROLOGY 73

Suppl 5A): 4–10, 2009. © 2009 Published by Elsevier Inc.
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PIDEMIOLOGY OF PROSTATE CANCER

revalence and Incidence
lobally, prostate cancer (PCa) is highly preva-
lent. It is the most common noncutaneous can-
cer in men.1,2 An estimated 782 600 new cases

nd 254 000 deaths caused by the disease occurred in
007.3 The mortality rates for PCa have been decreasing
n many developed countries (eg, the United States, the
nited Kingdom, and Canada), which has been attrib-

ted to improved treatment and early detection.3,4 In
ontrast, PCa mortality has been increasing in some
sian countries (eg, Japan, Singapore). The list of likely

auses includes increased consumption of animal fat,
besity, and physical inactivity.3

In the United States, in 2008, new cases of PCa were
rojected to account for approximately 25% (186 320) of
ll cancers diagnosed in men.1 Despite the advances in
arly detection, PCa continues to cause substantial mor-
ality in the United States.1,2 It ranked second (10%; 28
60) among the 10 leading cancer-related causes of death
or men in 2008; cancer of the lung and bronchus were first
31%; 90 810). In the United States, the 5-year survival rate
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or localized or regional PCa is 100%. However, when it has
lready metastasized by the time of diagnosis, the 5-year
urvival rate has been as low as 32%.1

The incidence of PCa generally increases with increas-
ng age.2,5,6 According to 1 analysis of U.S. incidence
ata from 2001 to 2005, approximately 37% of cases of
Ca were diagnosed in men �65 years old. Between the
ges of 45 and 54 years, the percentage of diagnosed cases
ncreased to 8.6% from almost no cases in younger age
ohorts. The largest percentage of diagnosed cases was
ound in those 65-74 years old (36% of all cases); 22% of
ll cases occurred in men 75-84 years old, and roughly 5%
f cases were found in those �85 years old.2 Prostatic
issue samples from autopsies of a mostly white male
opulation with no history of intervention related to
rostatic disease revealed an age-dependent increase in
Ca. In that study, about 35% of those men 60-69 years
ld and 46% of those 70-81 years old had PCa.6 The
nited States is likely to see a large increase in the

revalence of PCa as the population ages.

ncidence Among Men of
ifferent Racial Backgrounds
he incidence of PCa varies by race and ethnicity in the
nited States.7,8 Black men, in particular, appear to be

isproportionately affected.2 A prospective study of heart
isease and cancer among male healthcare professionals
ound an age-adjusted rate ratio for PCa of 1.73 to 1 for
lack vs white men. The increased risk of PCa among
lack men remained elevated even after adjusting for

ietary and lifestyle risk factors.8

0090-4295/09/$34.00
doi:10.1016/j.urology.2009.03.001
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Figure 1 summarizes the age-adjusted incidence of PCa
y race/ethnicity in the United States from 2001 to 2005.
Ca was nearly 1.6 times more common in black men
han in white men.2 Black men were also twice as likely
s white men to die of PCa.9 Black men were at the upper
nd of the PCa incidence spectrum in the United States,
nd the next-highest incidence was in white men. As
een in Figure 1, the age-adjusted incidence of PCa was
ower among men of Hispanic, Asian/Pacific Islander,
nd Native American/Alaskan Native ethnicity than
mong white men.

These disparities might be related to differences in the
nvironment (eg, exposure, diet), detection, genetic back-
round, or physiologic status (eg, sex steroid hormone lev-
ls).7,10,11 A role for environmental factors (particularly
iet) has been suggested by the observation that the PCa
ncidence increased considerably in Japanese men who
oved from Japan to the United States.12 Studies exam-

ning the effects of diet on PCa risk have yielded incon-
istent results. For example, an analysis of data from the
ancer Prevention Study II Nutrition Cohort identified

n association between total red meat intake and the risk
f PCa in black men, but not in white men.13 Another
tudy, the Multiethnic Cohort Study, failed to demon-
trate an association between fat/meat uptake and PCa
isk in any of the 4 racial/ethnic groups studied (blacks,
apanese Americans, Latinos, and whites).14

ATURAL HISTORY AND
ATHOPHYSIOLOGY OF PCa

atural History
ur understanding and narrative of PCa’s natural history

s far from complete. This is partly because the disease is
eterogeneous in both morphology and clinical behav-

or.15 About one third of all American men �50 years
ld have histologic evidence of PCa; however, most of
hese cases remain clinically “silent.” Multiple genetic
hanges appear to be necessary for clinically aggressive
Ca to develop.16

How the disease develops when localized varies. Lower
rade tumors (ie, highly or moderately differentiated tu-
ors) tend to have a more protracted course. In contrast,
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igure 1. Age-adjusted incidence of prostate cancer among
ifferent racial/ethnic populations of men (2001-2005).
ata from Ries et al.2
ome high-grade tumors progress more rapidly to meta- p
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tatic disease.17,18 A pooled analysis of 828 patients from
nonrandomized studies found that highly or moderately
ifferentiated tumors yielded a 10-year disease-specific
urvival rate of 87%, but poorly differentiated tumors
ere associated with a 34% survival rate. Similarly, the 5-
nd 10-year metastasis-free survival rates were greater
mong men with lower disease grades (ie, grades indicat-
ng greater differentiation).17

A population-based cohort study examined the natural
istory of untreated, early-stage PCa during a mean ob-
ervation period of 21 years. The study included 223
atients (mean age 72 years, range 41-91). Of these
atients, 106 cases of PCa were detected by examination
f the histologic specimens collected during operations
erformed because of suspected benign prostatic hyper-
lasia, and 117 were identified as palpable clinical disease
hat was localized to the prostate. The disease progressed
n 89 patients (40%), and 39 (17% of the cohort) devel-
ped metastatic disease. However, the study did not
onsider PCa cases detected through prostate-specific an-
igen (PSA) testing, because it had not been available at
he time of diagnosis, and PSA screening did not occur
uring the period when this cohort had been recruited
1977-1984). In most cases, the disease moved slowly
uring the first 10-15 years after diagnosis.18 As reported
y Chodak et al.,17 tumors that were highly differentiated
t diagnosis were associated with lower rates of progres-
ion and PCa death. However, 15-20 years after diagno-
is, substantial decreases occurred in the cumulative pro-
ression-free survival (from 45.0% at 15 years to 36.0% at
0 years), metastasis-free survival (from 76.9% to
1.2%), and PCa-specific survival (from 78.7% to 54.5%)
ates. An increase in PCa mortality rate was also seen
etween the first 15 years of follow-up (15 per 1000
erson-years) and the subsequent follow-up (44 per 1000
erson-years).18 These findings highlight the importance
f time in the development of PCa—time that offers
pportunities for interventions (strategies to prevent or
educe risk) that might be able to alter the usual course,
he standard natural history, of the disease.

athophysiology of PCa
lmost all cases of PCa are adenocarcinoma.15,19 About

% of PCa cases exhibit transitional cell morphology and
re believed to have developed from the urogenital lining
f the prostatic urethra. Few cases of PCa have neuroen-
ocrine morphology. These are thought to derive from
ither neuroendocrine stem cells normally present in the
rostate or processes of aberrant transformation that oc-
ur during cell transformation.20

Figure 2 illustrates the different zones of the prostate.15

n the young adult, the transition zone typically consti-
utes about 5%-10% of the mass of the glandular prostate
nd surrounds the urethra proximal to the entry of the
jaculatory ducts. The central zone accounts for approx-
mately 20%-25% of the mass of the normal glandular

rostate and is positioned below the proximal urethral

5
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egment.15,21 The ejaculatory ducts pass through the cen-
ral zone before entering the urethra.15 About 70%-75%
f the normal glandular structure of the adult prostate
onsists of the peripheral zone, a double row of duct buds
hat surround the central zone laterally and occupy the
pical region of the prostate. The anterior fibromuscular
troma is nonglandular and constitutes about one third of
he mass within the prostatic capsule.15,21 This anatomic
egion is intermingled, with fibers descending from the
ladder neck, as well as from the striated urethral sphinc-
er.15

The transitional zone and other periurethral glands are
here benign prostatic hyperplasia (BPH) develops.21

ost PCa cases (about 70%) begin in the peripheral
one.15,20,21 About 10%-15% of PCa cases develop in the
ransitional zone and 15%-20% in the central zone.20

ost cases are multifocal (ie, multiple independent ma-
ignant clones are present in the same gland). These
ulticentric lesions are often present in different zones of

he prostate and typically are of different grades.19,22,23

ecause multicentric lesions can have different charac-
eristics, one cannot be sure that the characteristics of a
arcinoma identified at biopsy represent the status of the
land as a whole until the prostate has been removed and
horoughly examined.19

NDERSTANDING THE
ECHANISMS INVOLVED IN
EVELOPMENT AND PROGRESSION OF PCa

urrent Understanding of Prostate
rowth: Role of Dihydrotestosterone
estosterone is the main circulating androgen in men.24

n the prostate and other organs, testosterone functions
s a prohormone; it is converted to dihydrotestosterone
DHT) in the prostatic stromal and basal cells by
�-reductase (5AR), an intracellular enzyme present in
he prostate, skin, and liver.24,25 In serum, the ratio of
estosterone to DHT is approximately 10:1. This ratio is
eversed in the prostate.26

DHT is the primary prostatic androgen and plays an
ssential role in prostate development and growth. DHT
as as much as 10 times more affinity for the androgen
eceptor (AR) than does testosterone.27 DHT exhibits
ifferent functions according to the developmental stage
f an individual. In utero, DHT plays a critical role in the
ormal differentiation of the male external genitalia and
rostate. Evidence supporting the role of DHT in pros-
ate development derives from observations of the Gue-
edoce (Dominican pseudohermaphrodites), a popula-
ion characterized by male internal urogenital tracts but
emale-appearing external genitalia until age 12 and
mall prostates as adults.26,28,29 In Guevedoce, 5AR is
eficient.26,30 The testosterone levels are normal, but the
HT levels are markedly suppressed.28 Prostatic diseases

uch as PCa and BPH have not been reported in these

ndividuals, an important consequence of suppressed a
HT levels. Administration of DHT can produce en-
argement of the prostate in these individuals, underscor-
ng the role of DHT in prostate development. DHT is
lso responsible for facial hair, acne, male pattern bald-
ess, and prostate growth.26,29

�-Reductase
hree isoforms of 5AR have been identified; a separate
ene encodes each isoform.31-33 The type 1 isoform is
revalent in extraprostatic tissue (ie, nongenital skin,
iver, and certain brain regions) and is present
hroughout life. Although conflicting results have
een reported,25 several studies have suggested that
ype 1 5AR is also expressed in the prostate and
reputial skin. This isoform appears to be most strongly
xpressed in the prostatic epithelium and predomi-
antly localized in nuclei of luminal secretory
ells.34-36 Its expression increases in PCa (relative to
PH tissue).35 Its expression is low in BPH tissue but

ncreases steadily in prostatic intraepithelial neoplasia
nd in primary, recurrent, and metastatic PCa.37

Type 2 5AR is prevalent in the prostate and is also
resent in the seminal vesicles and epididymis, as well as
n the fetal genital skin. In the skin and scalp, a single
ave of expression of type 2 5AR begins at or just before
irth and ends at around 2-3 years of age.25 The type 2
soform is deficient in the Guevedoce owing to a deletion
n the gene.26,30

Recently, a novel 5AR (type 3) has been reported
pecifically in hormone-refractory PCa cells with little or
o expression in normal adult organs; it appears to play a
ole in hormone-refractory PCa growth and progres-
ion.33 Its potential role as a therapeutic target in PCa
emains to be elucidated.

The activity of 5AR is different in various ethnic
roups and greater among groups with greater rates of
Ca.38 Studies indirectly estimating 5AR activity by
easuring levels of 5�-reduced androgen metabolites
ave provided evidence of elevated 5AR activity

igure 2. Different zones of prostate. Adapted with permis-
ion, from Greene et al.15a © Elsevier.
mong white men compared with Chinese-American

UROLOGY 73 (Supplement 5A), May 2009
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en39 and among white and black men compared with
apanese American men.38 In 1995, Wu et al.40 calcu-
ated the DHT-to-testosterone ratios to indirectly

easure the activity of 5AR. Although large differ-
nces were not seen in the absolute value of the
HT-to-testosterone ratio among ethnic groups, the

atio was greatest among blacks, intermediate among
hites, and lowest among Japanese Americans and
hinese Americans. The DHT-to-testosterone ratio
as significantly lower among Chinese Americans

han among whites and blacks (P � .01), but the
ifference between blacks and whites did not reach
ignificance. The relative differences in the DHT-to-
estosterone ratios reflected the PCa incidence rates in
hese ethnic groups. The DHT-to-testosterone ratio
as also lower among Asia-born Asians than among
sians born in North America (difference not signif-

cant),40 which is notable considering the greater in-
idence rates of PCa that have been observed among
ome Asian men—Japanese-born—who moved from
apan to the United States.12 More recently, a study of

community-based sample of 1899 men in Boston,
0-79 years of age, reported significantly greater DHT-
o-testosterone ratios in black men than in white and
ispanic men, suggesting greater 5AR activity among

AR

D

Potential targets for PCa prevention

Signaling target

• AR signaling
• EGFR signaling
• IGFR signaling

• STAT signaling
• β-catenin signaling
• TLR signaling

Cell cycle regulators

•CDK - cyclin 
•CDKI 
•Rb -E2F
•Telomerase

Cell survival/apoptotic targets

•NF - κ B pathway 
•ATM -Chk1/2
•Bcl -2 family 
•LAP

Angiogenic/metastatic targets

•VEGF 
•HIF -1 α 
•MMP 
•uPA 

5

α

R

Cell growth, ce

igure 3. Pathways involved in prostate cancer (PCa) growth
re potential targets for PCa intervention and risk reduction
ignaling targeted by therapeutic agents to inhibit cell growth
indicates areas in which intervening in cellular pathways o
y which 5�-reductase converts testosterone to dihydro
ranslocation and transcriptional activation of androgen-res
ays, such as ERK1/2, also displayed. 5�R, 5�-reductase

nhibitor; EGF, epidermal growth factor; EGFR, epidermal
inase 1/2; HIF-1�, hypoxia-inducible factor-1 �-subunit; IGF
receptor; IGFR, insulin-like growth factor receptor; LAP, le

uclear factor kappa B; Rb-E2F, retinoblastoma; RTK, recep
ranscription; TGF�, transforming growth factor �; TLR, to
ascular endothelial growth factor. Adapted, with permissio
lack men.41 o
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athways Involved in
ancer Growth and Progression
he development and progression of PCa is a complex
rocess that involves interactions between AR-mediated
ignaling and receptor tyrosine kinase signaling. Figure 3
llustrates the pathways involved in cancer growth and
rogression. The molecular components of these path-
ays include cell signaling, cell cycle regulators, cell

urvival/apoptotic molecules, and angiogenic and meta-
tatic targets.42

AR signaling plays a pivotal role in both the growth of
Ca and the development of hormonal resistance and
isease relapse. DHT binds to the AR, inducing the
HT-AR complex to translocate into the nucleus and

ctivate transcription of androgen-responsive genes.37,42

n the normal prostate, DHT stimulates prostatic epithe-
ial cell function, promoting epithelium growth while
nhibiting cell death.43 The AR is expressed throughout
he progression of PCa, and this progression typically
ersists in patients with hormone-refractory disease.44

uring disease progression, prostate tumors progress from
ndrogen dependent to androgen independent (hormone
efractory).37 Evidence has suggested that the following
rocesses involving the AR contribute to the progression
f PCa: (a) alteration of the normal androgen axis by way

ERK1/2

P

STAT HIF-1α

Telomerase CDK

P

EGF/TGFα/IGF-1

RTK (EGFR/IGF-1R) 

cyclin

le progression and survival, tumor angiogenesis

progression. (Left) Summary of biochemical pathways that
ight) Androgen receptor (AR) and receptor tyrosine kinase
regulated cell cycle progression, and cell survival. Sideways
ase might be possible. Dashed rectangle outlines process
sterone (DHT), which binds to ARs, leading to nuclear
ive genes. Potential interaction with other signaling path-

K, cyclin-dependent kinase; CDKI, cyclin-dependent kinase
th factor receptor; ERK1/2, extracellular signal-regulated
nsulin-like growth factor 1; IGF-1R, insulin-like growth factor
e aminopeptidase; MMP, matrix metalloproteinase; NF-�B,
yrosine kinase; STAT, signal transducers and activators of
receptors; uPA, urokinase plasminogen activator; VEGF,

om Singh and Agarwal.42 ©Society for Endocrinology.
HT
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f dysregulation of AR activity by signal transduction
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ascades; (b) changes in the expression of co-regulators of
he AR; and (c) mutations of the AR that allow it to be
ctivated by ligands, in addition to testosterone and
HT, thus potentially contributing to androgen inde-
endence.44

Growth factors and receptor tyrosine kinase signaling
ontribute to the development and progression of PCa
hrough interactions with AR signaling, as well as by
ndependent pathways. Binding of ligand to AR-positive
uminal cells in the prostate epithelium leads to upregu-
ation of growth factors, which diffuse across the base-
ent membrane to affect stromal cells, leading to acti-

ation of signaling molecules.37 In the prostate, these
ignal transduction cascades can lead to stimulation or
nhibition of AR transcriptional activity.44 Stimulation
f AR transcriptional activity can contribute to PCa
evelopment by promoting proliferation at low androgen
evels. In contrast, inhibition of AR transcriptional ac-
ivity might contribute to progression by promoting se-
ection of clonal populations that are able to proliferate
n an AR-independent manner.44

ole of DHT and 5�-Reductase in PCa
growing body of evidence has suggested that DHT and

AR might play important roles in the development and
rogression of PCa. As described, DHT is regulated by
AR. This enzyme is overexpressed in PCa relative to
PH.45-47 Compared with the levels in BPH, type 1 5AR

s increased in prostatic intraepithelial neoplasia and
rimary PCa and is further increased in recurrent cancer
nd PCa metastasis.46 Type 2 5AR expression is lower in
rostatic intraepithelial neoplasia and primary PCa rela-
ive to the levels in BPH, and the levels of type 2 5AR in
ecurrent cancer and metastases do not differ from those
n BPH. Thus, type 2 5AR expression increases with
isease expression but is nonetheless not elevated relative
o the levels observed in BPH. A recent study by the
ame group confirmed that type 1 5AR is overexpressed in
any PCa cases and demonstrated that the levels of types 1

nd 2 5AR expression are increased in localized high-grade
Ca compared with low-grade PCa.47 As described, the
uevedoce population (Dominican pseudohermaphrodites)
ave a congenital deficiency of type 2 5AR.30 PCa cases
ave not been reported in this group of individuals, pos-
ibly reflecting a requirement of type 2 5AR for the
evelopment of PCa. In Guevedoce, the type 2 5AR
eficiency leads to markedly suppressed DHT levels29;
herefore, less DHT is available to stimulate the ARs. As
escribed, AR signaling plays an important role in the
evelopment and progression of PCa. Together, these
bservations underscore the importance of DHT and
AR in the pathophysiology of PCa.
Scientists have hypothesized that inhibition of 5AR in

dults might reduce the risk of prostatic disease develop-
ent, slow or prevent disease progression, and/or treat

xisting disease.37,48,49 The generally protracted course of

arly PCa provides an important opportunity for early in- i
ervention in this disease. The potential targets for blockade
f androgen signaling include ARs and 5AR.42,50,51 Accord-
ngly, blockade of AR signaling might involve AR inhibi-
ors and 5AR inhibitors (5ARIs). Androgen ablation,
chieved by inhibiting luteinizing hormone release and
dministering AR-blocking agents (eg, flutamide, bicalu-
amide), is currently considered the mainstay of treat-
ent of PCa.48,51 A major drawback of androgen abla-

ion therapy, however, is the development of adverse
ffects, particularly sterility and impotence, which can
esult from the inhibition of testosterone synthesis or AR
lockade. By inhibiting DHT synthesis, 5ARIs reduce
he androgen drive to the prostate while maintaining
estosterone levels and thus would not be expected to
roduce the adverse effects associated with decreased
estosterone levels.48

5ARIs are under investigation as possible tools for
educing the risk of developing future PCa. Finasteride is

type 2 5ARI, and dutasteride is a dual 5ARI that
nhibits both types 1 and 2 5ARs.37 Finasteride was shown
o reduce the incidence of PCa events by �25% in the
andmark Prostate Cancer Prevention Trial (PCPT). How-
ver, a greater proportion of tumors with a Gleason score of
7 were found in the finasteride arm of the trial com-

ared with that in the placebo arm.52 At least part of this
utcome might have been caused by a PSA-driven ascer-
ainment bias, such that PSA had better sensitivity for
etecting PCa in the finasteride arm than in the placebo
rm, resulting in the greater detection of overall and
igh-grade PCa.37 Thus, a potential bias might have been
resent for detecting high-grade disease in smaller glands
n the finasteride group relative to the placebo arm. On
he basis of finasteride’s inhibition of type 2 5AR, it has
een theorized that inhibition of both types 1 and 2 5AR
ould be more effective in preventing PCa because type 1
AR is overexpressed in localized high-grade cancer rel-
tive to its expression in low-grade cancer.49,51

Three Phase III studies that examined the effects of
iving dutasteride to a patient population with BPH to-
ether found an �50% decrease in PCa events.53 This
reliminary evidence prompted initiation of the Reduction
y Dutasteride of Prostate Cancer Events (REDUCE) trial,
hich is powered to evaluate the safety and efficacy of
utasteride in reducing PCa events in a population of men
t high risk of PCa.54 The trial designs of PCPT and
EDUCE have been compared comprehensively in an-
ther report by Andriole in this Supplement. In brief,
ome of the main differences in the trial designs were that
he PSA level for inclusion was �2.5 ng/mL in the
EDUCE trial and was �3.0 ng/mL in the PCPT. The
EDUCE trial lowered the minimum age (by 5 years) for

nclusion. The REDUCE trial was also specifically de-
igned to recruit men at increased risk of developing PCa.
he differences in trial design might increase the chance
f showing the effect of dutasteride on the risk of PCa
ompared with placebo. Whether dutasteride’s dual 5AR

nhibition reduces the PCa incidence more effectively

UROLOGY 73 (Supplement 5A), May 2009
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han type 2 5AR inhibition alone is of considerable
nterest, especially in terms of prevention and risk reduc-
ion paradigms. Other reports in this Supplement have
eviewed the results and design of the PCPT and RE-
UCE clinical trials and discussed how 5ARIs affect the
etection and natural history of PCa in high-risk indi-
iduals.

ONCLUSIONS
Ca is a highly prevalent disease that imposes a signifi-
ant burden on patients and the public healthcare sys-
em. The incidence of PCa is expected to increase as the
.S. population continues to age. Black men appear to be

isproportionately affected; white men are significantly
ess likely to develop the disease; and Hispanic and
sian-American men have lower rates than white men.
he natural history of PCa is far from completely under-

tood, but our picture of the development and progres-
ion of PCa continues to increase as data from a number
f ongoing clinical trials accrue. In most patients, early-
tage PCa exhibits a relatively nonaggressive course dur-
ng the first 15 years after diagnosis. Thus, early inter-
ention can operate within a relatively generous window
f therapeutic opportunity. Testosterone, the primary
ndrogen in men, is converted to DHT by 5AR. DHT
ppears to play an important role in the development and
aintenance of PCa by way of its interactions with the
R. Studies aimed at elucidating the cellular pathways

nvolved in the development of PCa continue to identify
otential therapeutic targets. In the effort to reduce the
isk of PCa, the inhibition of 5AR is a valid, and prom-
sing, treatment strategy.
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