
Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 221–236

Hormonal, cellular, and molecular regulation of normal and
neoplastic prostatic development

Gerald R. Cunhaa,b,∗, Will Rickea, Axel Thomsonc, Paul C. Markerd, Gail Risbridgere,
Simon W. Haywardf, Y.Z. Wangg, Annemarie A. Donjacoura, Takeshi Kuritaa

a Department of Anatomy, University of California, Box 0452, 513 Parnassus Avenue, San Francisco, CA 94143-0452, USA
b Department of Urology, University of California, San Francisco, CA 94143, USA

c MRC Human Reproductive Sciences Unit, Centre for Reproductive Biology, University of Edinburgh Chancellor’s Building,
49 Little France Crescent, Edinburgh, EH16 4SB, UK

d University of Minnesota, Cancer Center, MMC 806, 420 Delaware St. SE, Minneapolis, MN 55455, USA
e Monash Institute of Reproduction and Development, Monash Medical Centre, 246 Clayton Road, Clayton, Vic. 3168, Australia

f Departments of Urologic Surgery and Cancer Biology, Vanderbilt University Medical Center, A 1302 MCN,
116121st Avenue South, Nashville, TN 37232-2765, USA

g BC Cancer Agency, Department of Cancer Endocrinology, 600 West 10th Avenue, Vancouver, BC, Canada, V5Z 4E6

A

teractions.
A thelial bud
f ) specifi
t esenchyme.
E hich play a
h inogenesis
i velopmen
h chyme and
a ferentiation,
e ssion from
n al–epithelial
i
©

K Fibroblas
g

1

u
m
v

ology
ship
s the
cept

s of
evel-
ion
ms as
vents

0
d

bstract

This review on normal and neoplastic growth of the prostate emphasizes the importance of epithelial–mesenchymal/stromal in
ccordingly, during prostatic development urogenital sinus mesenchyme (a) specifies prostatic epithelial identity, (b) induces epi

ormation, (c) elicits prostatic bud growth and regulates ductal branching, (d) promotes differentiation of a secretory epithelium, and (ees
he types of secretory proteins expressed. In reciprocal fashion, prostatic epithelium induces smooth muscle differentiation in the m
pithelial–mesenchymal interactions during development continue postnatally into adulthood as stromal–epithelial interactions w
omeostatic role and in so doing reciprocally maintain epithelial and stromal differentiation and growth-quiescence. Prostatic carc

nvolves perturbation of these reciprocal homeostatic cell–cell interactions. The central role of mesenchyme in prostatic epithelial det
as been firmly established through analysis of tissue recombinants composed of androgen-receptor-positive wild-type mesen
ndrogen-receptor-negative epithelium. These studies revealed that at the very least ductal morphogenesis, epithelial cytodif
pithelial apoptosis and epithelial proliferation are regulated by stromal and not epithelial androgen receptors. Likewise, progre
on-tumorigenesis to tumorigenesis elicited by testosterone plus estradiol proceeds via paracrine mechanisms. Thus, strom

nteractions play critical roles in the hormonal, cellular, and molecular regulation of normal and neoplastic prostatic development.
2004 Elsevier Ltd. All rights reserved.

eywords: Epithelium; Mesenchyme; Stroma; Epithelial–stromal interactions; Epithelial–mesenchymal interactions; Hormonal carcinogenesis;ts
rowth factors; Activin; Inhibin; Sonic hedgehog; Androgen receptors; Estrogen receptors

. Introduction

This review focuses on the hormonal, cellular, and molec-
lar regulation of normal and neoplastic prostatic develop-
ent. The central underpinning of our research is that de-

elopmental mechanisms involved in organogenesis of the
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prostate may have relevance to the genesis and bi
of prostate cancer. One of the pioneers of the relation
between normal development and carcinogenesis wa
pathologist G. Barry Pierce who promulgated the con
that “Neoplasia is a caricature of differentiation”[1]. This
idea is based on observations that virtually all propertie
neoplasms have a counterpart in normal embryonic d
opment. Accordingly, proliferation, differentiation, invas
and apoptosis are events especially relevant to neoplas
well as to the developing embryo. In the prostate these e

960-0760/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2004.10.017



222 G.R. Cunha et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 221–236

are cardinal features of both normal development and car-
cinogenesis.

2. Overview of prostatic development

In all species the prostate develops from the endodermal
urogenital sinus (UGS), which is derived from the caudal ter-
minus of the hindgut called the cloaca (Fig. 1). The urorec-
tal septum subdivides the cloaca into the UGS ventrally and
the rectum and anal canal dorsally (Fig. 1). The endodermal
UGS is an ambisexual embryonic rudiment, which develops
into the prostate, prostatic urethra and bulbourethral glands
in males, the lower vagina and urethra in females, and into the
bladder in both sexes[2]. The endodermal UGS is surrounded
by embryonic connective tissue called urogenital sinus mes-
enchyme (UGM). Before sexual differentiation of the UGS,
UGM expresses androgen receptors (AR) in both sexes and
thus acquires the capacity to undergo masculine development
[3,4]. In response to fetal testicular androgens, epithelial buds
emerge from the wall of the UGS, grow into the surrounding
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UGM in a precise spatial pattern, and thus establish in rodents
the lobar subdivisions of the prostate into dorsal-lateral, ven-
tral, and anterior prostates, each having a characteristic duc-
tal branching pattern[5–8]. The anterior prostate grows in
close association with the seminal vesicles (SV). Indeed, the
epithelial rudiments of the SV and the anterior prostate de-
velop within a common mass of mesenchyme, historically
designated seminal vesicle mesenchyme (SVM)[9]. In real-
ity “SVM” is a mesenchymal inducer of both prostate and SV
with the specific tissue response being determined by germ
layer derivation of the epithelium[10–12].

In the perinatal period (rats and mice), the solid prostatic
buds elongate and then undergo a process of branching mor-
phogenesis, which is completed by the end of puberty[7,8].
Initially, prostatic buds and prostatic ducts are solid. Begin-
ning in the neonatal period the solid epithelial cords canalize.
Ductal canalization begins at the urethra and progresses dis-
tally towards the ductal tips[6]. During ductal canalization
luminal and basal epithelial cells differentiate. Secretory cy-
todifferentiation of the epithelium occurs postnatally in lab-
oratory rodents, and prostate-specific secretory proteins are
initially detected in rats and mice at 12–20 days postnatal
[13]. Prostatic epithelial differentiation is accompanied by
differentiation of the mesenchyme into smooth muscle cells
and fibroblasts[14,15].

3
d

l si-
n atory
i and
U ro-
s ion,
( nch-
i um,
a essed
[

4
i

me-
d t of
ig. 1. Division of the cloaca into the urogenital sinus, rectum and anal
anal. (A) Mid-sagittal view through the pelvis of a 4 week human fetus
howing the cloaca, the blind caudal terminus of the hindgut. The cloaca
as a ventral diverticulum, the allantois, extending up the anterior body wall
nd terminating in the umbilical cord. The urorectal septum grows caudally

owards cloacal membrane to subdivide the cloaca. (B) Mid-sagittal view
hrough the pelvis of a 7 week human fetus showing division of the cloaca into
he urogenital sinus ventrally and rectum and anal canal dorsally. Note that
he division of the cloaca has occurred in a manner in which the mesonephric
uct and ureter empty into the urogenital sinus.
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. Mesenchymal–epithelial interactions in prostatic
evelopment

The prostate develops from the embryonic urogenita
us in the presence of androgens as a result of oblig

nteractions between urogenital sinus epithelium (UGE)
GM. During prostatic development UGM (a) specifies p
tatic epithelial identity, (b) induces epithelial bud format
c) elicits prostatic bud growth and regulates ductal bra
ng, (d) promotes differentiation of a secretory epitheli
nd (e) specifies the types of secretory proteins expr

6,16].

. Androgenic effects and mesenchymal–epithelial
nteractions

Androgenic effects on prostatic development are
iated via androgen receptors (AR) in the contex
esenchymal–epithelial interactions. An important relat

hip between AR and mesenchymal–epithelial interactio
evealed by the ontogeny of AR in the prostate. During pr
al development AR are initially detected solely in UGM p
o and during prostatic bud formation. AR are undetectab
eveloping prostatic buds suggesting that mesenchyma
ot epithelial) AR are critically involved in the early pha
f prostatic development[3,4]. To elucidate the respecti
oles of epithelial versus mesenchymal AR in prostatic de
pment, chimeric prostates were prepared with mesenc
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Fig. 2. Summary of tissue recombination experiments between urogenital sinus mesenchyme and epithelium from Tfm and wild-type embryos. A positive
androgenic response (prostatic morphogenesis) occurs when wild-type mesenchyme is grown in association with either wild-type or Tfm epithelium. Conversely,
vagina-like differentiation occurs when either wild-type or Tfm epithelium is grown in association with Tfm mesenchyme. These results demonstratethat
androgens elicit many of their effects on epithelial development via mesenchymal androgen receptors (redrawn from[132]).

and epithelium from wild-type (wt) and AR-deficient testicu-
lar feminization (Tfm) mice (Fig. 2) [17]. In keeping with the
feminized phenotype of Tfm mice (absence of prostate), tis-
sue recombinants composed of Tfm-UGM + Tfm-epithelium
did not form prostate even in the presence of androgens.
As expected wt-UGM + wt-epithelium tissue recombinants
formed prostate in response to androgens. Tfm-UGM + wt-
epithelium tissue recombinants did not undergo prostatic
development in the presence of androgens, which suggested
a critical role of mesenchymal AR in prostatic development.
This idea was confirmed in the reciprocal wt-UGM + Tfm-
epithelium tissue recombinant in which AR-deficient
Tfm epithelium underwent prostatic development in as-
sociation with AR-positive wild-type UGM (Fig. 2). In
wt-UGM + Tfm-epithelium tissue recombinants the AR-
deficient Tfm epithelium underwent androgen-dependent
ductal morphogenesis, epithelial proliferation and columnar
cytodifferentiation thus forming glandular epithelium re-
sembling prostate[18]. We presume that the developmental

processes occurring in wt-UGM + Tfm-epithelium tissue
recombinants also involved induction of prostatic epithelial
identity and formation of solid prostatic buds that subse-
quently canalized and underwent columnar cytodifferentia-
tion. These experiments demonstrated that many “androgenic
effects” on prostatic epithelial development do not require
epithelial AR. Rather, many androgenic effects expressed in
epithelium are elicited by the paracrine action of AR-positive
mesenchyme. Further analysis of Tfm/wild-type tissue re-
combinants has revealed that epithelial AR are required for
expression of AR-dependent secretory proteins[19,20].

5. Specification of prostatic epithelial identity

The earliest event in prostatic development is specifica-
tion of prostatic epithelial identity. As mentioned above, the
primitive UGE has a very broad developmental repertoire
encompassing both male and female urogenital tract struc-
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tures. Under the influence of androgens, UGM determines
prostatic epithelial identity so that subsequent cell–cell inter-
actions can elicit prostatic bud outgrowth, ductal branching
and prostatic differentiation. The ability of UGM to specify
prostatic epithelial identity was discovered through the anal-
ysis of heterotypic tissue recombinants composed of UGM
plus epithelium of embryonic or fully differentiated adult
urinary bladder, in which bladder epithelium (BLE) was in-
duced by UGM to undergo prostatic differentiation. This re-
markable change in adult epithelial histodifferentiation (blad-
der→ prostate) implies that adult BLE is not committed to a
single differentiated state. Instead, adult BLE differentiation
can be maintained as such or reprogrammed by paracrine cues
from mesenchyme/stroma. The molecules produced by UGM
that induce prostatic epithelial differentiation are unknown.
Induction of prostatic epithelial identity is thought to be an
early event preceding the formation of prostatic buds. In this
regard, the homeobox gene, Nkx3.1, appears in UGE of male
mouse fetuses about 48 h before prostatic buds emerge. Ex-
pression of this transcription factor is androgen-inducible and
occurs in the male, but not female, UGE[21]. Thus, Nkx3.1
is the earliest prostatic marker whose expression occurs at a
time when prostatic epithelial identity is being acquired. In
UGM + BLE tissue recombinants the UGM induces Nkx3.1
in the BLE[22]. While Nkx3.1 is the earliest UGM-induced
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than do the proximal bud segments[27]. This is similar to the
pattern of proliferation seen postnatally[28].

7. Lobe and region-specific identity in the prostate

The rodent prostate is a multi-lobed gland arranged around
the urethra at the base of the bladder. The lobes of the ro-
dent prostate are named for their anatomical position: ven-
tral prostate (VP), dorsolateral prostate (DLP, also sometimes
considered as separate dorsal and lateral lobes), and anterior
prostate (AP). Due to lobe-specific differences in the patterns
of branching morphogenesis, the final shape of each lobe is
distinct. In addition, the lobes have distinct histologic features
with extensive epithelial infolding in the AP, significant but
less epithelial infolding in the DLP, and minimal epithelial
infolding in the VP. The prostatic lobes also express distinct
groups of secretory proteins. Within each lobe, regional dif-
ferences in cell morphology, rates of DNA synthesis, and
secretory activity are also observed along the proximal-distal
(urethra to ductal tip) axis of prostatic ducts[28,29].

In contrast to the rodent prostate, the adult human prostate
is a compact gland without distinct lobes. It is roughly the
size and shape of a walnut (20 g and 4 cm× 2.5 cm). The hu-
man prostate clearly exhibits distinct anatomical regions that
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rostatic marker, studies of Nkx3.1 null mice reveal that
tatic development can occur in the absence of Nkx3.1,
hough subsequent prostatic growth and differentiation
dversely affected[22].

. Prostatic bud stage

In mice and rats prostatic buds form on days 17 an
f gestation, respectively[23]. Bud formation does not o
ur when UGE is grown by itself. Prostatic bud developm
s normally induced in UGE by UGM, but experimenta
an be induced in a variety of endoderm-derived epith
rom the bladder, vagina and the urethra[24,25]. The mecha
ism of prostatic bud formation is poorly understood. W
rst recognizable histologically, prostatic buds are sph
al protrusions about 45�m in diameter extending from th
GE into the surrounding UGM (Donjacour unpublishe
hese small epithelial buds contain the progenitor cell
eneration of the extensively branched ductal trees tha
equently develop. While the number of epithelial cell
newly emerged prostatic bud is probably only a few h

red, evidence from analysis of chimeric mice reveals th
east some of the prostatic buds are polyclonal in origin[26].
hus, each prostatic bud may contain two or more proge

ineages. Localized proliferation in the UGE does not
ede initial bud formation, and there is no local thickenin
pithelial placode formation preceding bud formation.
nly morphological hint of where a bud may form are sm

ndentations of the epithelial basal lamina[27]. In early elon
ating buds, the distal tips have a higher ki67 labeling in
re commonly described as three zones: central zone, t
ion zone, and peripheral zone, reflecting three distinct
f ducts[30]. Comparative observations of prostatic de
pment in rodents and humans demonstrates that pro
orphogenesis occurs in an analogous manner in bot
ans and rodents with several distinct sets of epithelial
rowing out of the urethra into the UGM[5,31]. Neverthe

ess, compelling molecular evidence for homology betw
pecific rodent prostatic lobes and human prostatic zone
et to be identified, and little is known about the molec
asis for the lobe- and region-specific features observ

he prostate. Nevertheless, this aspect of prostatic biolo
mportant because prostatic diseases occur in a highly re
pecific manner since human prostatic adenocarcinom
redominantly a disease of the peripheral zone and b
rostatic hyperplasia is predominantly a disease of the
ition zone.

One gene that participates in establishing lobe-spe
dentity ishomeobox a10 (Hoxa10).Hoxa10 encodes a tra
cription factor that is expressed in both the epithe
nd mesenchyme of the developing prostate. Mice nu
oxa10 have reduced branching in the AP and a partial A
LP transformation based on ductal morphology and bra

ng pattern[32]. These phenotypes implicateHoxa10 in the
stablishment of the AP-specific pattern of branching m
hogenesis. A second gene,fucosyltransferase1 (Fut1) has
lso been implicated in region specific differences in ep

ial proliferation during prostatic development.Fut1 encode
transmembrane carbohydrate-modifying enzyme pres

he secretory pathway and at the cell surface.Fut1 is ex-
ressed in the developing epithelium of all prostatic lo
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However, within each lobe,Fut1 is restricted to a subset of
epithelial ducts. Inhibitory antibodies directed against the
cell-surface fraction of the FUT1 protein reduce epithelial
proliferation during prostatic branching morphogenesis[33].
These observations implicateFut1 as part of the molecu-
lar mechanism that establishes region-specific heterogeneity
within the prostate.

8. Prostatic epithelial cytodifferentiation

All of the above aspects of prostatic development (speci-
fication of prostatic epithelial identity, induction of epithelial
bud formation, and prostatic bud growth and branching) are
induced by UGM, which in turn promotes prostatic epithelial
differentiation into secretory epithelial cells and specifies the
types of secretory proteins expressed. The normal process of
prostatic development involves the emergence of solid ep-
ithelial buds from the stratified epithelium of the UGS, fol-
lowed subsequently by their canalization to form ducts lined
by a simple columnar secretory epithelium. Concurrent with
ductal elongation and branching morphogenesis, epithelial
cytodifferentiation begins shortly after birth in rats and mice.
Epithelial cells of the UGS and the developing solid prostatic
buds express a wide spectrum of cytokeratins (cytokeratins
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trum of membrane proteins, the uroplakins, which are thought
to be essential to accommodate the cellular shape changes
during expansion and contraction of the bladder[38]. Bladder
urothelium is non-glandular and does not express AR. When
adult bladder epithelium (BLE) is combined with UGM, solid
prostatic buds emerge from the basal aspect of the BLE
[25]. These buds elongate, undergo branching morphogen-
esis and differentiate into an AR-positive secretory epithe-
lium that expresses prostate-specific secretory proteins[39].
The types of secretory proteins produced by the epithelium
are specified by the origin of the mesenchyme. When the
ventral subdivision of the UGM is recombined with UGE
or BLE, the epithelium forms prostatic ducts that express
secretory proteins characteristic of ventral prostate[40,41].
Likewise, when adult ventral prostatic epithelium is partnered
with mesenchyme of the anterior prostate/seminal vesicle, the
induced prostatic ducts express secretory proteins character-
istic of anterior and dorsolateral prostate[16]. Thus, UGM
not only elicits secretory cytodifferentiation, but also speci-
fies the types of secretory proteins produced.

Finally, it is important to note that the inductive signals
from UGM that elicit transformation of adult bladder epithe-
lium into prostatic epithelium can induce this change in ep-
ithelial cytodifferentiation across species lines[42], thus in-
dicating that the vocabulary of this cellular dialogue is highly
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, 8, 14, 18 and 19) and p63[34]. As the solid epithelial cord
longate into the surrounding mesenchyme, ductal can

ion is initiated beginning at the urethra and proceeding
ally towards the ductal tips. In rats and mice, as the s
pithelial cords canalize, the epithelium reorganizes into
olumnar luminal cells and a discontinuous layer of b
ells in rats and mice. The luminal cells express cyto
tins 8, 18 and 19 and differentiate into secretory cells[35].
he basal cells express cytokeratins 5 and 14, and p6
re localized along the basement membrane[34,35]. By this
rocess the solid epithelial buds (co-expressing both lum
nd basal cell markers) differentiate into the distinct lum
nd basal cell lineages with characteristic phenotypes

unctional roles, each expressing their characteristic s
f cytokeratins and other marker proteins[34,35]. The third
pithelial cell type that differentiates in the prostate is
euroendocrine cell, which makes up only a small propo
f the epithelial cells and is characterized by the expres
f functional markers such as chromogranin A and syna
hysin[36,37].

Evidence suggests that epithelial differentiation descr
bove is induced and regulated by paracrine influences
GM. This is particularly evident in experiments in wh
mbryonic or adult bladder epithelium (BLE) was grown
ssociation with UGM[25]. Adult bladder epithelium ha
unique histodifferentiation and is characterized as uro

ium. Urothelium is stratified, but usually not keratiniz
rothelium of the bladder is composed of specialized c

hat adopt a narrow dome-shape when the bladder is e
nd a stratified squamous shape as the bladder fills with
ell membranes of bladder urothelium express a unique
onserved in mammals. In this regard, we have shown t
at prostatic mesenchymal inducer can elicit prostatic di
ntiation from urinary bladder epithelium derived from 60
0-year-old men[43]. Not only did the induced adult hum
pithelium exhibit prostatic ductal organization, but the
uced epithelium expressed human prostate specific an
PSA)[43].

. Mesenchymal differentiation

All epithelia are associated with connective tissue, w
lays a critical role in epithelial development and differe
tion. As discussed above in the case of the prostate,
a) specifies prostatic epithelial identity, (b) induces ep
ial bud formation, (c) elicits bud growth and regulates du
ranching, (d) promotes epithelial differentiation into se

ory epithelial cells, and (e) specifies the types of secre
roteins expressed[6,16]. While it is well established th
GM induces epithelial development, it is likewise true
eveloping prostatic epithelium in turn induces UGM to
ergo smooth muscle differentiation[44]. Thus, the deve
pmental interactions between UGM and UGE are rec
al in that UGM induces prostatic epithelial differentiati
nd the developing prostatic epithelium induces and pat
mooth muscle differentiation in the UGM[45]. The role o
pithelium in smooth muscle differentiation is based u

he observation that only small amounts of smooth mu
ifferentiate in grafts of embryonic UGM only, while t
ue recombinants composed of UGM plus epithelium o
her adult prostate, bladder or embryonic urogenital s
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developed prostatic ducts which are surrounded by�-actin-
positive smooth muscle bundles[46]. Tissue recombinants
composed of rat UGM plus human prostatic epithelium fur-
ther demonstrated that human prostatic epithelium not only
induced the rat UGM to undergo smooth muscle differen-
tiation but also determined spatial patterning of the smooth
muscle[47]. Thus, prostatic development occurs as a result
of reciprocal mesenchymal–epithelial interactions in which
mesenchyme induces epithelial differentiation and epithe-
lium induces mesenchymal differentiation.

10. Role of stromal–epithelial interactions in
prostatic apoptosis

Maintenance of adult prostatic epithelium is depen-
dent upon the presence of androgens. Androgen-deprivation
elicited by castration triggers apoptosis of prostatic epithe-
lium [48,49]. Thus, failure to occupy androgen receptors
(AR) is the trigger for prostatic epithelial apoptosis[50]. The
mature prostate contains epithelial and stromal cells, both of
which express AR[51]. This raises the question as to whether
failure to occupy epithelial versus stromal AR is the trigger
for prostatic epithelial apoptosis? To answer this question,
chimeric prostates were constructed with epithelium (E) from
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formed prostate. The hosts were then castrated, which in-
duced apoptosis in the prostatic epithelial cells comparably in
both the rat UGM + Tfm-E and rat UGM + wt-E tissue recom-
binants (Fig. 3). Moreover, androgen-treatment (DHT or T)
inhibited castration-induced epithelial apoptosis in both the
rat UGM + Tfm-E and rat UGM + wt-E tissue recombinants.
These results clearly indicate that epithelial AR are not re-
quired to regulate apoptosis of prostatic epithelium. We could
not test whether stromal AR is essential to inhibit castration-
induced prostatic epithelial apoptosis by androgen, because
AR in UGM is essential to induce prostate. Therefore, an-
drogen may have inhibited apoptosis of prostatic epithelium
through a systemic effect on the host mouse. This issue can
be settled in the future by tissue recombination experiments
utilizing an inducible AR-knockout mouse, with which stro-
mal and/or epithelial AR genes can be inactivated after full
growth of the prostate.

11. Role of fibroblast growth factors in prostatic
development

Studies of gene knockout mice have elucidated some of the
molecules that are involved in prostatic development. Mem-
bers of the fibroblast growth factor (FGF) family such as
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ild-type (wt) or Tfm mice combined with normal rat UG
52]. The resultant tissue recombinants were grafted int
act male nude mouse hosts. One month after grafting,
at UGM + Tfm-E and rat UGM + wt-E tissue recombina

ig. 3. Epithelial apoptotic index in prostatic recombinants. Tissue re
inants were prepared with rat urogenital sinus mesenchyme (rUGM,

s androgen receptor positive) plus either wild-type epithelium (wt-E, w
s androgen receptor positive) or Tfm epithelium (Tfm-E, which is an
en receptor negative). After 4 weeks of growth as grafts to intact
osts, the hosts were divided into four groups. One group of hosts rem

ntact, while the remainder were (a) castrated (control), (b) castrate
mmediately treated with testosterone (+T), or (c) (b) castrated and im
tely treated with dihydrotestosterone (+DHT) as described previously[52].
ach host received both rUGM + wt-E and rUGM + Tfm-E tissue reco
ants. Epithelial apoptosis was assessed by TUNEL and was expre
poptotic index[52]. Note that castration induced epithelial apoptosis c
arably in rUGM + wt-E and rUGM + Tfm-E tissue recombinants. Likew

estosterone and dihydrotestosterone inhibited castration-induced ep
poptosis comparably, thus suggesting that regulation of epithelial ap

is does not require epithelial androgen receptors but instead is mediated via
tromal androgen receptors (figure from[52]).

s of
e ate is
GF7 and FGF10 clearly play important roles in prost
evelopment (see below). FGF10 null mice develop a
enital sinus, but fail to develop prostate[27]. Even though

he testes of FGF10 null mice produce sufficient andro
o induce prostatic development, few if any prostatic bud
bserved in these animals[27]. Because FGF10 null mice d
t birth, prostatic development was studied in vivo by tr
lantation of FGF10 null prostatic rudiments, which sho

ittle growth but did show some signs of prostatic differen
ion [27]. In organ cultures of FGF10 null urogenital sinus
rostatic buds formed when FGF10 and testosterone
dded to the medium, but FGF10 alone did not stimu
rostatic bud formation in wild-type or FGF10 null urog

tal sinuses in the absence of testosterone. Thus, FGF
ot the inducer of prostatic bud formation, but instead
e required for bud stabilization and is definitely mitoge
n developing prostatic epithelium[27].

Following the emergence of prostatic buds from the U
he buds elongate and undergo branching morphogenes
obe-specific pattern[7]. The Tfm/wild-type tissue recomb
ant experiments described above (Fig. 2) demonstrated th
ndrogenic induction of prostatic epithelial development
rowth does not require epithelial AR, but instead is elic
y paracrine factors produced by the AR-positive UGM. T
embers of the FGF family, FGF7 and FGF10, have b

tudied for their roles in the paracrine regulation of pros
uctal growth[53]. In the developing prostate, FGF7 a
GF10 are produced by the mesenchyme. The FGF rec
FGFR2iiib), to which these FGFs bind, is expressed ex
ively in the epithelium[54,55]. Thus, the spatial pattern
xpression of these molecules in the developing prost
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consistent with paracrine action of androgens mediated by
mesenchymal factors. Even though prostatic defects have not
been reported in FGF7 null mice, neutralization of FGF7 with
a monoclonal antibody or a soluble fragment of FGFR2iiib
inhibits androgen-stimulated prostatic epithelial growth and
ductal branching. Exogenous FGF7 and FGF10 largely over-
come the requirement for testosterone during prostatic ep-
ithelial growth and ductal branching[27,54,56]. Even though
testosterone stimulates prostatic epithelial growth in vivo or
in organ culture, it appears that neither FGF7 nor FGF10 are
directly regulated by androgens in vivo[54,55].

12. Role of sonic hedgehog in prostatic development

The sonic hedgehog (Shh) signaling pathway mediates
epithelial–mesenchymal interactions in several tissues during
development and disease, and is involved in prostatic growth
and differentiation. Initial studies suggested that Shh was re-
quired for prostatic development[57] and might be regulated
by androgens[57,58]. More recent studies have shown that
Shh is not required for the formation of the prostate, but that
Shh is involved in subsequent growth and ductal patterning
[59,60]. The expression ofShhand its receptor Patched (Ptc)
correlates with growth and development of the prostate, and
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involvement of stroma in prostate disease as discussed be-
low [61]. Addition of recombinantShhto VPs grown in vitro
caused an expansion of the mesenchyme and showed thatShh
is a mitogen for prostatic mesenchyme. Thus, it appears that
Shh-signaling is not essential for prostatic induction, but is
important for prostatic growth, branching, proliferation and
differentiation.

13. The ventral mesenchymal pad and the
peri-urethral smooth muscle

One crucial requirement for ductal growth and branch-
ing morphogenesis is that the emerging prostatic buds come
into intimate contact with mesenchymal populations rich in
epithelial mitogens and morphogens required for prostatic
organogenesis. In this regard, sub-populations of UGM have
been described that appear to play critical roles in prostatic
ductal growth and branching. The ventral mesenchymal pad
(VMP) is a peripherally located dense zone of the UGM
separated from the UGE by peri-urethral mesenchyme[41]
(Fig. 4). During prostatic development prostatic buds emerge
from the UGE, grow through the peri-urethral mesenchyme
and undergo branching morphogenesis upon entering the
VMP [54]. In tissue recombination experiments, the VMP
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heir expression in the prostate is not directly regulated b
rogens[60]. Additionally, it appears that the primary cau
f prostatic agenesis inShhknockout mice is due to andr
en insufficiency as a result of a testicular defect[59]. Severa
bservations suggest thatShh-signaling is not critical for in
uction of prostatic buds. For example, prostatic budding

nduced in response to testosterone inShhnull mouse UGS
xplants grown in vitro[59,60], and in wild-type testosteron
reated UGS explants cultured with cyclopamine, an inhib
f signaling of all Hedgehog ligands[58–60]. However, when
hhsignaling was disrupted at later stages of prostatic
elopment in vitro, there was a reduction in organ size
ncrease in ductal tip number, and reduced proliferatio
uctal tip epithelia, indicating thatShhis involved in prostati
rowth. Furthermore, in prostates grown in vitro in the p
nce of testosterone, inhibition ofShh-signaling accelerate

he canalization of prostatic epithelial ducts and resulte
ucts that showed morphological similarities to cribrifo
rostatic intra-epithelial neoplasia (PIN). The epithelia

hese ducts also demonstrated precocious and aberrant
ntiation, when examined by immunohistochemistry for
nd cytokeratin 14[60]. The observation of lesions sho

ng morphological similarities to PIN is most intriguing a
aises the question of howShhmight be involved in thei
ormation.Shhis made by prostatic epithelium, and thePtc
eceptor is expressed in the mesenchyme, though it is
ible that very low (but undetectable) levels ofPtc may be
resent in the epithelium. If prostatic epithelium lacks
bility to respond to Shh signaling directly, then the PIN-

esions may result from altered mesenchymal signaling
esult of a lack of Shh activity). This correlates well with
-

as been shown to be able to induce prostatic develop
rom competent epithelium[41]. A key question is what
he identity of the regulatory molecules made in the V
nd how is their activity regulated? FGF10 and FGF7
oth expressed by UGM, but a striking feature of the V

s the high level of FGF10 transcripts (Fig. 4) [54,62]. The
GF10 and FGF7 genes do not appear to be directly regu
y androgens in vivo (reviewed in Thomson[53]), yet it is
lear that there is androgenic control of the inductive a
ty of the VMP/UGM. Recently, we have shown that a la
f smooth muscle can control the interaction of nascent
tatic buds with specialized mesenchyme such as the
63]. A layer of peri-urethral smooth muscle forms in ma
nd females between the VMP and the urethra. This sm
uscle layer is less well developed in males in which pros

uds pass through a gap in this smooth muscle layer t
er the VMP. Androgens partially inhibit development of
eri-urethral smooth muscle layer, modulate smooth mu
ifferentiation, and lead to sexual dimorphism of this smo
uscle layer. When this smooth muscle layer is fully de
ped as in females, rare prostatic epithelial buds appe

n females after the smooth muscle layer has formed ca
nter the VMP to grow and develop in response to andro
hese data indicate that smooth muscle can act as a reg
f prostatic ductal elongation and branching morphog
is, and that this peri-urethral smooth muscle is a barrie
rostatic ductal growth and branching morphogenesis[63].
hree dimensional reconstruction of developing prosta
ales confirms that prostatic buds only elongate and und
uctal branching in areas devoid of this peri-urethral sm
uscle sleeve[31].
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Fig. 4. Localization of FGF10 transcripts in a transverse section through a 19 day embryonic male rat UGS showing ventral prostatic buds (arrows) emerging
from the urogenital sinus epithelium. The ventral mesenchymal pad (VMP), which expresses high levels of FGF10 transcripts (red), is separated from the UGE
by peri-urethral mesenchyme having little or no FGF10 transcripts. At the top of the micrograph (dorsal) the seminal vesicle (SV) rudiments and Wolffian ducts
(WD) are visible (figure from[54]).

14. Activins, inhibins and related proteins

Activins and certain related proteins inhibit ductal growth
and branching morphogenesis of prostate as well as other
branched organs. Activins are members of the TGFIS� su-
perfamily of growth and differentiation factors, and consist
of disulphide-linked homo- and heterodimers of�A and�B
subunits (forming activins A, AB, and B). Inhibins consist
of activin �A or �B subunits linked to an inhibin� subunit
(forming inhibins A and B). Activins and inhibins were orig-
inally isolated as gonadal proteins that regulated pituitary
follicle-stimulating hormone secretion[64,65], and in some
systems inhibins and activins have dual but opposing actions.
Follistatins are activin-binding proteins that regulate activin
bioactivity, restricting ligand access to the receptors. In many
systems there is evidence of an interplay between activins and
follistatins.

The temporal pattern of expression of activin�A and�B
subunits is consistent with a role for activin A rather than
other activin or inhibin ligands in prostatic development in

that activin�A subunits are expressed in the mesenchyme of
developing prostate during early postnatal periods (days post-
natal 2–10) when prostatic development is most intense[66].
In contrast, the inhibin� subunit is expressed in the pubertal
prostate after most of the ductal architecture has developed.
Follistatin, which opposes activin A action, was detected at
the mRNA and protein levels in vivo from 2 days postnatal
and thereafter. Activin receptors and follistatin are predom-
inantly co-localized in the developing prostatic epithelium.
Thus, paracrine control of prostatic ductal branching mor-
phogenesis by activin A involves precise spatial and tempo-
ral expression of endogenous activin A within mesenchyme
associated with ductal tips in conjunction with epithelial ex-
pression of binding proteins (activin receptors and follistatin).

Activin A, when added to developing prostatic explants in
vitro, inhibited ductal elongation and branching, such that the
ductal tips did not bifurcate and elongate but instead contin-
ued to expand as a solid clusters of cells. This effect of activin
on the epithelium of developing prostatic explants was asso-
ciated with an expansion of the mesenchymal cap surround-
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ing the prostatic bud tips, suggesting a role for activin A in
maintaining tip mesenchyme. The interplay between activin
and follistatin in tissue homeostasis, was confirmed with the
addition of exogenous follistatin to neonatal rat prostate ex-
plant cultures, which increased growth and ductal branching
beyond that of controls, presumably due to neutralization of
endogenous activin[66].

In other branched ductal organs such as pancreas, salivary
gland and kidney, activin A is inhibitory and reduces ductal
branching[66,67]. In the mammary gland, activin is essen-
tial for normal ductal elongation and alveolar morphogenesis
[68]. The effects of activin B were not fully explored in the
mammary gland because of limited availability of ligand.
However, the effects of activin A on the mammary gland dif-
fered from that of TGF�, which also inhibited ductal branch-
ing in that TGF� did not inhibit elongation of the ducts or
maintain tip mesenchyme.

Additional importance of activins as negative regulators
of prostatic branching should be viewed in the broader con-
text of the androgen-stimulated prostatic growth and ductal
branching. Activins (and TGF�) signal via the Smad pathway
[69], and there is ample evidence that activin/TGF� and sex
steroid receptor signaling are linked due to the physical inter-
action between Smad-3 and the androgen receptor leading to
intracellular cross-talk[70,71]. Thus, there is a new twist to
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quiescent in the adult prostate. We have postulated that
the highly differentiated growth-quiescent state of the adult
prostate is maintained by reciprocal homeostatic interactions
between epithelium and smooth muscle[73]. Thus, in adult-
hood homeostasis is maintained through reciprocal smooth
muscle–epithelial interactions whose outcome is the recip-
rocal maintenance of functional differentiation and growth-
quiescence in both the epithelium and smooth muscle. We
propose that prostatic carcinogenesis occurs in part as a re-
sult of perturbation of these reciprocal homeostatic smooth
muscle–epithelial interactions. It is likely that prostatic car-
cinogenesis is initiated by genetic damage to prostatic ep-
ithelium. We proposed that perturbation of reciprocal home-
ostatic smooth muscle–epithelial interactions with ensuing
de-differentiation of both the emerging prostatic carcinoma
cells and smooth muscle plays a key role in progression of
initiated epithelial cells. Thus, following genetic insult to pro-
static epithelium, the epithelium fails to signal appropriately
to the adjacent smooth muscle, which in turn begins to de-
differentiate towards a more fibroblastic phenotype[74]. As
smooth muscle begins to de-differentiate, signaling from pro-
static smooth muscle to prostatic epithelium becomes anoma-
lous resulting in progressive loss of control over epithelial
differentiation and proliferation. Accordingly, a vicious cy-
cle is established during progression in which both prostatic
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he complexity of the role of activins in androgen-regula
rostatic ductal growth and branching.

5. Microenvironmental stromal aspects of
arcinogenesis

Many studies have focused on the abnormal prope
f emerging or established malignant epithelial cells du
arcinogenesis. This approach has yielded a wealth of i
ation, especially on the genetic alterations associated

arcinogenesis. However, the process of carcinogenes
lso be examined more broadly in the context of loss of ho
static control over normal tissue architecture, nuclear at
enetic alterations, destruction of tissue boundaries, str
hanges, angiogenesis, and destruction of distant orga
etastatic cells. Indeed, from a more global view it is evid

hat carcinogenesis is a disease of tissue organization r
ng from de-regulation of the finely orchestrated proce
hat determine how cells are integrated into normal tis
nd tissues into organs[72]. Accordingly, our focus has be

he role of the stromal microenvironment in prostatic carc
enesis. From this approach several new models of pro
arcinogenesis have emerged, which may be instrumen
eciphering the mechanisms of progression from norma

ular behavior to tumorigenesis and hence to metastasis
Prostatic organogenesis culminates in the developme

mature gland composed of highly differentiated secre
pithelial cells and highly differentiated contractile smo
uscle cells. In the absence of pathological processes

he epithelium and smooth muscle are essentially gro
pithelium and smooth muscle de-differentiate and pro
te. This hypothesis is supported by many observation
ivo the highly differentiated state of prostatic epitheli
nd smooth muscle is maintained under homeostatic int

ions requiring intimate association of these two cell ty
f growth-quiescent prostatic epithelial and stromal cells
solated from normal adult glands and grown separate
itro, both the epithelial and smooth muscle cells rapidly
ifferentiate and proliferate. This de-differentiation can
ounteracted to some degree by growing epithelial or sm
uscle cells on various extra-cellular matrices[75,76]. Thus,

he intimate cell–cell and cell–extracellular matrix inter
ions seen in vivo are likely to be essential for maintena
f the highly differentiated growth-quiescent state of the
al adult prostate and its constituent cells.
We have proposed a cellular mechanism that integrate

ntogeny of prostatic smooth muscle differentiation du
pithelial–mesenchymal interactions with de-differentia
f prostatic smooth muscle during carcinogenesis[77] and
eduction of smooth muscle in advanced prostatic aden
inomas[15,45,78–80]. The hypothesis is that as prosta
pithelium undergoes neoplastic transformation it lose
bility to maintain (and induce) smooth muscle differe
tion. This possibility was tested in experimental tissue
ombinants in which various normal or neoplastic pros
pithelia were grown in combination with embryonic
GM. We found that only normal (non-neoplastic) epit

ia were fully capable of inducing differentiation of prosta
mooth muscle in UGM[45]. This observation is consi
ent with the idea that one aspect of the carcinogenic
ess is a loss of the ability of the epithelium to induce
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maintain smooth muscle differentiation. It is now evident
that smooth muscle–epithelial interactions are the operative
cell–cell interactions in the adult prostate, and that smooth
muscle–epithelial interactions play key roles in regulating
epithelial differentiation, proliferation and carcinogenesis.

The role of stroma in the initiation and promotion of
carcinogenesis has been considered for many years and is
based upon the observation that “tumor stroma” frequently
exhibits a variety of phenotypic differences relative to nor-
mal stroma[81–83]. Thus, deregulation of epithelial–stromal
interactions has been thought to contribute to both early and
late stages of cancer formation. Furthermore, the continued
interaction of the carcinoma cell with its stromal micro-
environment plays an important role in the biology of the
neoplasm. However, persuasive formal proof of the role of
stroma in carcinogenesis has been lacking until recently.
Thompson et al. were the first to perform experiments de-
signed to test the idea that stromal cells may facilitate pro-

static carcinogenesis. In these experiments, the urogenital si-
nus (prostatic anlagen) or its mesenchymal (UGM) or epithe-
lial (UGE) components were transfected with a virus carrying
the myc and ras oncogenes. In UGM + UGE tissue recombi-
nants containing un-infected UGM plus infected UGE, ep-
ithelial hyperplasias were detected. Prostatic reconstitutions
composed of infected UGM plus un-infected UGE, devel-
oped stromal desmoplasias. Carcinomas were found only in
recombinants in which both UGM and UGE were infected
[84]. Thus, changes were required in both the epithelium and
stroma for prostatic carcinogenesis to occur.

More recently, we have demonstrated that fibroblasts
associated with human prostatic carcinomas (carcinoma-
associated fibroblasts, CAF) can promote carcinogenesis in
initiated but non-tumorigenic human prostatic epithelial cells
[61,85]. In these experiments, CAF cells were isolated from
human prostate cancer surgical specimens and recombined
with the non-tumorigenic SV40T-immortalized human pro-
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rown in vivo in association with either normal human prostatic epithelial c

our-way grid, tumors only develop when initiated human prostatic epithelial
ize differences between CAF + BPH-1 recombinants, which form tumors, v
AF can promote initiated but non-tumorigenic prostatic epithelial cells to fu
an prostatic fibroblasts (NAF) or carcinoma-associated fibroblasts (CAF) were
ells or initiated human prostatic epithelial cells (BPH-1). As indicated in the
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ersus NAF + BPH-1 recombinants, which do not. These studies demonstrate that
ll tumorigenicity (modified from[61].
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static epithelial cell line, BPH-1[86]. BPH-1 cells grafted by
themselves or in combination with normal prostatic stromal
cells rarely formed tumors. Carcinomas developed with high
efficiency when BPH-1 cells were grown in association with
CAF, but not in association with normal human prostatic fi-
broblasts (Fig. 5). BPH-1 epithelial cells of CAF + BPH-1 tis-
sue recombinants formed large poorly differentiated carcino-
mas[61]. In experiments in which fetal UGM was combined
with BPH-1 cells, epithelial proliferation was also stimulated,
but tumorigenesis did not occur. Thus, mere stimulation of
epithelial proliferation is not the single determinant in CAF-
induced promotion of tumorigenesis[87]. Rather than acting
to repress epithelial proliferation (as would be expected of
normal prostatic stroma), stromal cells derived from human
prostate carcinoma (CAF) stimulated epithelial proliferation
and promoted carcinogenesis.

The tumorigenic process promoted by CAF in the non-
tumorigenic BPH-1 cells involved further alterations in gene
expression and characteristic genetic alterations[88,89]. The
genetic alterations induced in BPH-1 cells by association with
CAFs were sufficient to allow BPH1CAFTD cells (tumorigenic
derivative BPH-1 lines isolated from CAF + BPH-1 tumors)
to subsequently grow as tumors independent of a continuing
interaction with CAF. A description of the genetic changes
has been published[89]. These data suggest that interactions
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indirect systemic actions. In intact males estrogens suppress
pituitary gonadotrophins and thus reduce production and se-
cretion of testosterone by the testes[104]. Thus, high levels
of exogenous estrogen affect the prostate in two ways: (a)
androgen deprivation is an indirect effect of estrogen via the
pituitary-testis axis. (b) Estrogens also can act directly on
the prostate to influence epithelial growth and differentia-
tion. The classic direct effect of exogenous estrogen on the
prostate is squamous metaplasia, which is reversible follow-
ing removal of the estrogenic stimulus in most cases.

Steroid hormones also play pivotal roles in prostatic car-
cinogenesis[105], and both androgens and estrogens have
been implicated in prostatic carcinogenesis. For example,
prostate cancer does not occur in eunuchs castrated early
in life. Plasma testosterone levels decline with age, while
plasma estradiol levels remain unchanged or increase dur-
ing aging when prostate cancer develops and is diagnosed.
Thus, the 17�-estradiol (E2)/testosterone (T) ratio is elevated
during the development of prostate cancer[106,107]. African
Americans have the highest incidence of prostatic cancer and
exhibit elevations in both plasma T and E2[108]. Testos-
terone in combination with estradiol (T + E) induces prostatic
hyperplasia and dysplasia in mice and prostate cancer in rats
[109–114]. Thus, androgens alone and in combination with
estrogens play a role in prostate carcinogenesis.

ably
i tro-
g
E les
o e re-
c gens
a t and
i re-
g stro-
m on-
t a,
w m
[
s as
i
c n-
s R,
E ese
r

elial
c bove.
B mbi-
n or-
p lu-
m mal
A x-
p e
o mbi-
n lus
B ed,
n

etween stroma and epithelium during tumorigenesis i
nce genetic changes across tissue layer boundaries.

The mechanisms by which stromal cells influence tum
enesis are poorly understood. Differential gene expre

n normal stroma versus CAF of factors modulating the l
icro-environment has been proposed. In this regard,
orn et al. demonstrated that reactive stromal cells (C
upported establishment of tumors and increased angi
sis in a subcutaneous grafting model[79]. Stromal cells as
ociated with carcinomas are known to produce a va
f matrix metalloproteinases, which may affect tumor in
tion, growth, migration, angiogenesis, apoptosis, inva
nd metastasis[90]. Indeed, tumor stromal cells exhibit a v
iety of phenotypic changes that include abnormal migra
ehavior in vitro[91], alterations in cell surface molecu

92,93], altered expression of growth factors[94–99], expres
ion of prostaglandin-synthesizing enzymes[100,101]and
lterations in ECM[102,103]. Future work on the cellula
nd molecular mechanisms of stromal–carcinoma cell i
ctions may provide the basis for new therapeutic strat

or regulating carcinoma growth and/or apoptosis.

6. Role of stroma in hormonal carcinogenesis

Hormones play a pivotal role in the biology of the prost
ndrogens are required for prostatic development, gro
nd function. The prostate is also an estrogen target orga
strogens can profoundly affect prostatic growth and di
ntiation (see Ḧarkönen and M̈akel̈a, this issue). Estrogen
ffects on the prostate are complex involving both direct
Hormonal carcinogenesis of the prostate is presum
nduced via signaling through androgen (AR) and es
en (ER) receptors. The prostate expresses AR, ER� and
R� [115–119]. In order to elucidate the respective ro
f these steroid receptors, the tissue distribution of thes
eptors must be born in mind as the effects of andro
nd estrogens on the prostate may involve both direc

ndirect (paracrine) actions of these hormones. In this
ard, AR are expressed in both prostatic epithelial and
al cells. The tissue distribution of ER is somewhat c

roversial. ER� is found predominantly in prostatic strom
hereas ER� is found predominantly in prostatic epitheliu

118,120,121]. However, there are reports of ER� in prostatic
troma[122–125]and ER� in prostatic epithelium, such
n basal cells[126], squamous metaplasia[122], or prostate
ancer cell lines[122]. Utilizing tissue recombinants co
tructed with epithelium and stroma from mice null for A
R� and�, we have examined the respective roles of th

eceptors in prostatic carcinogenesis[109].
Many androgenic responses in normal prostatic epith

ells are mediated through stromal AR as discussed a
ased upon the analysis of the Tfm/wild-type tissue reco
ants (Fig. 2), epithelial proliferation, ductal branching m
hogenesis, epithelial cytodifferentiation into basal and
inal cells are mediated via androgenic effects on stro
R [17,127]. In contrast, epithelial AR are required for e
ression of secretory proteins[19,20]. To elucidate the rol
f stromal AR in prostate carcinogenesis, tissue reco
ants were prepared with embryonic rat UGM (rUGM) p
PH-1 cells. BPH-1 cells are clonally derived, immortaliz
on-tumorigenic human prostatic epithelial cells[86]. BPH-1
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Fig. 6. Summary of tissue recombinant experiments on hormonal carcinogenesis elicited by testosterone plus estradiol (T + E) as described previously [87].
(A) BPH-1 cells, which appear to lack androgen receptor and estrogen receptor alpha, progress from non-tumorigenic to tumorigenic at high efficiencywhen
combined with wild-type urogenital sinus mesenchyme (wt-UGM) and treated with T + E. (B) In contrast, comparable UGM + BPH-1 recombinants consistently
give rise to benign squamous metaplasia when treated with T + E provided the UGM is derived from an androgen receptor null Tfm mouse.

cells grafted by themselves form small masses of undifferen-
tiated epithelial cells and never undergo tumorigenesis when
grown in intact male hosts or male hosts treated with T + E
presumably due to the absence of AR and ER� in BPH-1 ep-
ithelial cells[87,128]. Rat and mouse UGM express AR and
ER� [4,121,129–131]. When BPH-1 cells are combined with
rUGM and grown in untreated male mice, the BPH-1 cells
undergo relatively normal prostatic development and form
branched solid epithelial cords that sometimes canalize into
ducts. When rUGM + BPH-1 or mouse UGM + BPH-1 tissue
recombinants are grown in T + E2 treated mice, the BPH-
1 cells undergo carcinogenesis[87]. Because AR and ER�
are only detectable in the stroma of UGM + BPH-1 recombi-
nants[128], these findings suggest a critical role of stromal
hormone receptors in this model of hormonal carcinogen-
esis. If hormonal carcinogenesis involves paracrine mecha-
nisms, then tissue recombinants composed of AR-negative
Tfm UGM plus BPH-1 cells should not undergo carcino-
genesis in response to T + E2. Not surprisingly, wild-type
AR-positive mouse UGM can substitute for rat UGM in the
UGM + BPH-1 model (Ricke and Cunha, submitted). Growth
was modest and benign epithelial structures developed when
wt-mouse UGM + BPH-1 tissue recombinants were grown
for 4–6 months in untreated hosts. In contrast, large trans-
plantable carcinomas developed in wt-mouse UGM + BPH-1
t and
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a ents
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is mediated by paracrine factors whose expression is depen-
dent upon stromal AR, as is the case for many hormonal
effects during normal prostatic development as described
above. Clearly, the stromal microenvironment plays a key
role in hormonal carcinogenesis (Fig. 6).

17. Conclusion

The recurring theme emphasized in this review is that re-
ciprocal interactions between epithelium and the connective
tissue stroma play key roles in both normal development
and carcinogenesis of the prostate (and other organs).
In the embryo these interactions are called epithelial–
mesenchymal interactions, whereas in adulthood they
are called epithelial–stromal interactions. Through these
cell–cell interactions epithelial morphogenesis, growth,
differentiation and function are elicited during normal
development. In adulthood homeostatic epithelial–stromal
interactions are required to maintain the highly differentiated,
growth-quiescent functional state of both the epithelium and
stroma. Carcinogenesis and malignant progression are regu-
lated in part via altered stromal–epithelial interactions, which
foster progression to malignancy. Epithelial–mesenchymal
interactions during development and epithelial-stromal inter-
a n of
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issue recombinants grown in T + E2-treated hosts (Ricke
unha, submitted). Utilizing AR-deficient Tfm mouse UG
fm-UGM + BPH-1 tissue recombinants were constru
nd grown in T + E2 treated hosts. Hormonal carcinogen

n response to T + E2 did not occur in Tfm-UGM + BPH
issue recombinants. Instead, Tfm-UGM + BPH-1 tissue
ombinants underwent benign squamous metaplasia pr
bly due to un-opposed estrogen action. These experim
trongly support the concept that hormonal carcinoge
-

ctions in adulthood are mediated by differential regulatio
rowth/differentiation factors and proteases, which modu

he local micro-environment. As a result of altered cell–
nd cell–ECM interactions progression to malignanc

ostered. Accordingly, altered stromal cells associated
arcinomas profoundly affect a multitude of processes
nclude tumor initiation, growth, migration, angiogene
poptosis, invasion and metastasis[90]. Elucidation of the
ellular and molecular mechanisms of interactions betw
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the stromal micro-environment and carcinoma cells may
provide new therapeutic strategies for regulating growth
and/or apoptosis of carcinomas. The December 2002 issue
of Differentiation provides a collection of reviews on the
role of the cellular microenvironment in neoplasia.
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