
CHAPTER 10 

Branching Morphogenesis of the Prostate 
A ^ Thomson and P.C. Marker 

Introduction 

The prostate is a male sex accessory organ whose development is regulated by androgens 
and mesenchymal/epithelial interactions. The organ comprises branched epithelial ducts 
within a stroma consisting of fibroblasts and smooth muscle as well as other compo

nents such as vasculature and nerves. The function of the prostate is to produce secretions that 
make up part of the seminal fluid, though it is not certain if these are essential for fertility or 
sperm fixnction. There has been considerable interest in the identification of molecules and 
pathways that regulate prostatic growth, due to their relevance in prostatic disease. Few studies 
have focussed direcdy on prostatic branching though some have identified factors or pathways 
that play a role in prostatic growth and branching morphogenesis. Several pathways have been 
identified that appear to influence growth of the prostate and the process of branching mor
phogenesis simultaneously. However, genetic evidence suggests that prostatic growth and pro
static branching morphogenesis are processes that are independently regulated. The prostate is 
not one of the organs widely used for studies of branching morphogenesis, though this seems 
unfortunate as there are many factors which suggest that this organ would be an excellent 
model for the study of branching. These are: the ease with which these organs can be grown in 
vitro, the fact that the prostate is not required for viability, and the late genesis and growth of 
this organ relative to others during organogenesis. 

Anatomical and Endocrine Aspects of Prostate Development 
The prostate is an organ that is found only in male mammals and surrounds the urethra at 

the base of the bladder. The function of the prostate is to add various components to the 
seminal fluid, and these are emptied direcdy into the urethra. The contraction of smooth 
muscle within and surrounding the prostate leads to the expulsion of products made in the 
branched secretory acini through a branched ductal system and thence the urethra. The secre
tory epithelia show a tall columnar morphology while epithelia of the ducts show a more 
flattened morphology. 

The formation of the prostate occurs relatively late in gestation when compared to the 
genesis of most organs. In humans the prostate starts to form between 10-12 weeks of gestation 
while in mice prostatic development begins at El6.5 and in rats at El7.5. At present, the onset 
of prostatic organogenesis is defined by the induction of epithelial buds from the urethra, 
however, it is likely that formation of a condensed mesenchyme involved in organ induction 
precedes this. During prostatic bud induction and subsequent branching morphogenesis, epi
thelial buds grow as solid cords which later differentiate and undergo canalisation. 

Androgens are required for prostatic development, and it is important to note that the 
androgen receptor (AR) is not expressed in epithelia during organ induction but is expressed in 
the mesenchyme.^ This indicates that essential components of bud induction (in response to 
androgens) are found within the mesenchyme, though the identity of these signals is presendy 
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unknown.The importance of mesenchymal to epithelial signalling was established many years 
ago using tissue recombination studies, which clearly demonstrated that AR was required in 
the mesenchymal compartment for prostate development. AR is expressed in prostatic epithe-
lia at later stages of prostatic growth and in adulthood, though epithelial AR is neither neces
sary nor sufficient for normal organ growth.^ This data also indicates that any involvement of 
the AR in branching is likely to be restricted to androgen signalling in the mesenchyme. Fur
ther details of genetic studies implicating androgens and the AR in prostatic development are 
described in the section on mutations that alter prostatic branching morphogenesis. The de
pendence of prostatic growth and branching upon androgens might make the prostate an 
excellent system in which to study branching, since the ability to inhibit or augment growth 
and branching allows for thorough examination of different pathways in these processes. An
other important issue is that, while it is clear that androgens stimulate the growth and branch
ing of the prostate, it is not known if androgens act upon growth or branching independently. 
Thus, the effects on branching may be mediated via general effects upon growth and it remains 
to be determined whether branching is directly affected by androgens. 

In rodents, the prostate consists of anatomically distinct lobes (termed dorsal, lateral, ven
tral and anterior) while in humans it is more compact and composed of different zones that 
differ subtly in their histology. The different lobes of the rodent prostate exhibit functional 
differences in terms of the secretory proteins that they make and also differ in their branching 
patterns. This has allowed for some characterisation of how the separate branching patterns 
arise, using tissue recombination studies. This work has shown that aspects of epithelial iden
tity (such as secretory protein profile) are specified by mesenchymal signals and suggests that 
the distinct branching patterns are also mesenchymally defined.'̂ '̂  

Signals from the mesenchyme play a key role in defining branching pattern, however in 
some circumstances there are limitations of the epithelial response to inductive mesenchyme. 
For example, the mesenchyme of the seminal vesicle will induce prostatic branching in urethral 
or bladder epithelium. The seminal vesicle shows an epithelial architecture which is both highly 
folded as well as branched, yet the mesenchyme of the seminal vesicle will elicit a true branch
ing pattern with a heterologous epithelium (such as bladder). It is worth noting that the semi
nal vesicle epithelium is derived from the mesoderm (pronephric/wolffian duct) while the ure
thral and bladder epithelium are endoderm derived. There are two important conclusions to be 
drawn from this work. Firstly, that some elements of branching pattern can be defined by the 
epithelium and secondly that instructive branching interactions can occur between tissues of 
different germ layer origin (mesoderm and endoderm). 

Epithelial Bud Induction 
Prostatic bud induction from the epithelia of the urethra may be regarded as the initial 

branching event of prostatic growth and it is emerging that bud induction and subsequent 
growth and branching may have significant differences. For example, fibroblast growth factor 
10 (FGFIO) is required for the formation and growth of the prostate, but there is induction of 
a few prostatic buds in FGFIO null mice.^ This suggests that FGFIO may be required for 
prostatic growth but is not essential for bud induction, even though fewer prostatic buds are 
apparent in the FGFIO null mouse. Similarly, the sonic hedgehog pathway has recently been 
shown to be important for prostatic growth and branching, but is not required for prostatic 
bud induction. ̂ ^ While bud induction versus subsequent branching morphogenesis have been 
clearly separated in other systems, these processes have only recently been separated in prostatic 
organogenesis. 

Signals from the mesenchyme are essential for the induction and growth of the prostate 
but there is little information regarding the identity of these molecules or how they are 
regulated. Recent work has shown that smooth muscle may play an important role in regu
lating prostatic induction.^ During prostatic induction it appears that a layer of smooth 
muscle forms between the mesenchyme and epithelium, and that the formation of this layer 



178 Branching Morphogenesis 

Prostatic Bud Induction Prostatic Brandling Morpliogenesis 
/ Lumen ^ 

^ Urethral ̂  
epithelium 

Smooth^ 
muscle 

Inductive. 
mesenchyme 

NKx3.1 
p63 
Shh 

AR 
HoxA10.A13,D13 
Foilistatin 
Activin 

Figure 1. Schematic representation of ventral prostatic induction and subsequent growth and branching 
morphogenesis. On the left side bud induction in males is illustrated, and the role that smooth muscle plays 
in regulating interactions between nascent buds and inductive mesenchyme is shown. Androgens delay the 
development of the smooth muscle allowing organ induction to take place in males. In females, the smooth 
muscle layer forms more rapidly which precludes organ induction. On the right side, early branching events 
of the prostate are shown. It is proposed that smooth muscle also plays a role in regulating growth and 
branching as epithelial buds are direcdy juxtaposed to the mesenchyme whereas maturing ducts are sur
rounded by a layer of smooth muscle. Developing prostatic buds grow and branch as solid epithelial cords 
made up of undifferentiated epithelia. The cords undergo epithelial differentiation and canalisation after 
branching. Examples of factors involved in prostatic growth and branching are shown, in relation to their 
pattern or expression in mesenchmye, epithelium, or both compartments. 

is sexually dimorphic. In females, the smooth muscle layer develops but in males testoster
one inhibits the formation of this layer. The inhibition of the smooth muscle layer is pro
posed to allow continued signalling between the mesenchyme and epithelium, and instruc
tive interactions leading to bud stabilisation and growth. A schematic diagram of prostatic 
bud induction and subsequent growth is shown in Figure 1. Additionally, it is possible that 
smooth muscle also plays a role in branching morphogenesis, as growing epithelial buds lack 
adjacent smooth muscle but mature ducts are surrounded by layers of well differentiated 
smooth muscle. ̂ ^ Such a pattern of discontinuous smooth muscle distribution is also ob
served in the developing lung.^ '̂ ^ At present it is not known precisely how smooth muscle 
might affect mesenchymal/epithelial interactions though there are several possibilities. As 
mesenchyme differentiates into smooth muscle it is very likely that there is a change in the 
expression of growth or branching regulatory molecules and it is also possible that the smooth 
muscle acts as a barrier to the diffusion of regulatory molecules from the mesenchyme. Addi
tionally, it is possible that smooth muscle is a source of molecules that are inhibitory to 
growth or branching. It is also possible that there is a combination of these mechanisms 
active which are involved in the mediating the effects of smooth muscle. 

Growth Factor Signalling in Prostate Branching Morphogenesis 
Various studies have examined the function of growth factor signalling in prostate branch

ing morphogenesis, and this section will discuss those that have used organ culture studies of 
prostatic rudiments grown in vitro. This is a highly tractable system which allows for the addi
tion of growth factors, blocking antibodies, or small molecules that activate or inhibit receptor 
signalling. Figure 2 shows an example of day-of-birth rat prostatic organs grown in vitro. 
Testosterone clearly stimulates growth and branching morphogenesis, and in this example the 
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Figure 2. An organ culture system for testing pathways involved in prostatic growth and branching. The 
system uses day-of-birth (0 day old) rat ventral prostate, although other ages, species and lobes of the prostate 
can be used. Cultures are grown in defined media under serum free conditions, and recombinant proteins, 
antibodies, or small molecules can be added to examine their effects upon prostate morphogenesis. Com
parison of panels A versus C shows the effect of testosterone (T) on ventral prostate growth and branching, 
while panels B and D show similar conditions but with the addition of a steroidal alkyloid (cyclopamine, 
Cy) which inhibits signalling of Shh and related ligands. Effects upon branching can be examined by 
counting tip numbers at the periphery of the organ (described in detail in Freestone et al 2003). 

hedgehog (Hh) signalling pathway has been blocked using a small molecule (cyclopamine) in 
either the presence or absence of testosterone. The advantages of the organ culture system are 
the ability to perform a functional test of a given pathway, however a significant problem is that 
inhibition or stimulation are applied throughout the organ and are not restricted to sites of 
active branching morphogenesis within the organ. Most studies have not examined branching 
in detail but have looked at effects on the whole organ, though a few have studied branching 
direcdy. These limitations notwithstanding, growth factor pathways studied have included fi
broblast growth factors (FGFs), Transforming Growth Factors betas (TGFjis), activin and 
inhibins, and sonic hedgehog (Shh). 

The effects of FGF7 (also known as KGF) and FGFIO have been examined in ventral 
prostate rudiments grown in vitro. ̂  '̂ ^ Both of these factors are made by the mesenchyme and 
act via a receptor which is restricted to the epithelium (FGFR2IIIb) and act as paracrine fac
tors. Addition of recombinant FGF7 or 10 stimulated the growth of the prostate and did not 
appear to result in any distortion of branching pattern. In contrast, addition of T G F p results in 
the inhibition of prostatic growth as well as changes in the branch number. ^̂  Addition of 
T G F p resulted in a decrease in ductal tip number, when the total number of branch tips were 
counted. Fiowever, it is quite diflficult to define individual tips in the whole organ, and it is 
possible that T G F p may have differential effects at the periphery of the organ versus the middle. 
It appears that, when T G F P is added to organ cultures of ventral prostate, there is an increase 
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in epithelial tip number at the periphery and an overall reduction in size (D. Tomlinson and 
AAT, unpublished observations). Another member of the TGPP superfamily which inhibits 
prostatic growth is activin. Cancilla et al showed that addition of activin A inhibited the growth 
of the prostate, and led to little branching morphogenesis. Addition of foUistatin (an antago
nist of activin signalling) led to organ growth and branching in the absence of testosterone. 
These data suggest that activin signalling may be a modulator of growth and branching of the 
prostate. 

Shh signalling has been studied in relation to prostatic growth and recent studies indicate 
that this pathway is involved in branching and epithelial differentiation. Initial studies sug
gested that Shh was required for the formation of the prostate, ̂ ^ but more recent data indicate 
that formation of the prostate is not dependent upon Shh signalling. ̂ ^ In addition, inhibition 
of Shh signalling causes an increase in epithelial tips at the periphery of the organ, suggesting 
that Shh may be an inhibitor of the branching process (Fig. 2). 

Genetic Analysis of Prostatic Branching 
The phenotypes created by spontaneous and engineered mutations in mice and humans 

have provided direct evidence for the roles of several genes in prostatic branching morphogen
esis. In humans, mutations affecting the prostate were identified because they result in andro
gen insensitivity syndrome (AIS) and pseudovaginal perineoscrotal hypospadias (PPSH). In 
mice, spontaneous mutations affecting the prostate were identified because of external pheno
types at other anatomical locations. These mutations include Testicular feminization (Tfm) 
and Hypodactyly (Hd). The remaining mutations affecting prostatic branching morphogen
esis were engineered in mice using homologous recombination and transgenic approaches. A 
clear advantage of using a genetic approach to define the roles of particular genes in prostatic 
branching morphogenesis is that genetics can prove that a gene is required for branching mor
phogenesis in the context of the intact mouse or human. A potential disadvantage of using a 
genetic approach is that many mutations cause defects in other organ systems that can compli
cate the interpretation of prostatic phenotypes. The prostatic phenotypes created by spontane
ous and engineered mutations in mice and humans are summarized in Table 1 and discussed in 
greater detail in the sections that follow. 

Mutations That Affect Endocrine Signalling 
Several circulating hormones regulate prostatic development. The most important of these 

are the androgens."^^ Cellular response to systemic androgens is mediated by nuclear androgen 
receptors that are activated by testosterone or dihydrotestosterone. The requirement for the 
androgen receptor (AM) gene in prostatic epithelial budding and branching morphogenesis is 
shown by the phenotypes caused by AIS mutations in humans and the Tfm mutation in mice.'̂ '̂'̂ ^ 
These mutations are recessive, loss of function mutations in the A/?. The prostatic phenotypes 
caused by the AIS and Tfm mutations include the absence of epithelial budding and branching 
morphogenesis, and the absence of organ-specific cellular differentiation. 

The phenotypes caused by inactivating mutations in the steroid 5-alpha reductase 2 {Srd5a2) 
gene further clarify the roles of specific androgens. Mutations in this gene include the 
pseudovaginal perineoscrotal hypospadias (PPSH) mutations in humans and a mouse knock
out allele created by homologous recombination in mouse embryonic stem {ES) cdXs}^ Srd5a2 
encodes the enzyme A -3-ketosteroid-5ot-reductase (5(X-reductase) type 2 that converts test
osterone to the more potent androgen receptor agonist dihydrotestosterone. During pros
tatic development, testosterone is the major androgen in circulation. Srd5a2 is expressed in 
the mesenchyme of the developing prostate. Thus, testosterone could activate androgen re
ceptors in the prostate through direct binding to androgen receptors, or through local con
version of testosterone to dihydrotestosterone that could subsequently bind androgen recep
tors. When conversion of testosterone to dihydrotestosterone is blocked in the prostate by 
mutations in Srd5a2, the urogenital sinus is specified as prostate but prostatic growth and 
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branching morphogenesis are greatly reduced. '̂ These phenotypes demonstrate that 
dihydrotestosterone is not required for prostatic branching morphogenesis to occur, but 
dihydrotestosterone is required to achieve the normal extent of growth and morphogenesis. 
Further studies have confirmed that nonreducible analogues of testosterone will stimulate 
prostatic growth and branching. 

Genetic experiments in mice have implicated two additional circulating hormones in pros
tatic development. Expression of an antagonist for the growth hormone receptor (GHR) in 
transgenic mice resulted in a small prostate with reduced branching.^^ In mice transgenic for 
the growth hormone receptor antagonist, reduced prostatic morphogenesis occurred in the 
context of an overall dwarfism syndrome caused by the transgene. GHR antagonist transgenic 
mice were about 50% the size of wild type control mice. These phenotypes demonstrated that 
growth hormone (GH) and the GHR act as positive factors that stimulate prostatic branching 
morphogenesis. However, the effects of GH and GHR to stimulate growth and morphogenesis 
are not specific to the prostate. Inactivation oiprolactin in a mouse knockout model resulted in 
a smaller ventral prostate."^^ Steger et al did not measure the dorsolateral prostate or quantify 
prostatic branching morphogenesis so the potential effects on these aspects of prostatic devel
opment are not clear. 

Mutations That Affect Hotneobox-Containing Transcription Factors 
Several homeobox-containing transcription factors have been implicated in prostatic 

branching morphogenesis by genetic data. These include three members of the Hox gene 
family: HoxalO, Hoxal3, and Hoxdl3. Mice homozygous for a knockout allele oi HoxalO 
have reduced branching in the anterior prostate and a partial anterior prostate to dorsolateral 
prostate transformation. Mice heterozygous for a deletion in Hoxal3 [the mouse 
Hypodactyly (Hd) mutation] have reduced size and reduced branching in the anterior pros
tate and dorsolateral prostate.^^ In the case of the Hd mutation, phenotypes in other organ 
systems result in lethality in late gestation for homozygous mutants. Prostatic development 
primarily occurs after birth. Consequently, the phenotypic consequences of removing both 
copies of Hoxal3 for prostatic development cannot be determined using the Hd mutation. 
Mice homozygous for a knockout allele ofHoxdl3 have smaller anterior prostates and dorso
lateral prostate and reduced dorsolateral prostate branching. ̂ ^ These phenotypes demon
strate that each of these Hox genes acts to promote branching morphogenesis in one or more 
prostatic lobes. 

In mice and humans, the Hox genes are organized into 4 paralogous clusters (Hoxa, Hoxb, 
Hoxd, and Hoxd clusters). In many tissues, a comparison of paralogous Hox genes between 
clusters has identified similar gene expression patterns and partially redundant gene functions. 
This is true for paralogous genes Hoxa 13 and Hoxd 13 that act in a partially redundant fashion 
in the prostate. This is shown by a more severe failure of prostatic development in compound 
Hoxal3 Hd/-\-: Hoxdl3 -A mutant mice than the individual mutants.^ The most dramatic 
example of this is for the AP. Mice homozygous for the Hoxd 13 mutation have an AP of wild 
type size and wild type branching.^^ Mice heterozygous for the Hd mutation have only a 
modest decrease in the extent of AP morphogenesis that was not statistically significant in the 
study by Podlasek et al.^^ In contrast, compound Hoxa 13 Hd/-\-: Hoxd 13 -/- mutant mice lack 
the AP entirely. ̂ ^ 

The three Hox gene mutations that alter prostatic morphogenesis also cause developmental 
defects in multiple unrelated organ systems. Mutations in a fourth homeobox-containing tran
scription factor, Nkx3.1, have developmental phenotypes that are limited to a small number of 
glandular organs including the prostate. Mice homozygous for a knockout allele o{Nkx3.1 
have reduced branching in all prostatic lobes without defects in prostatic size. These pheno
types demonstrate that Nkx3.1 acts to promote prostatic branching morphogenesis indepen
dent of prostatic growth. The anatomical sites of other developmental defects in Nkx3.1 mu
tant mice are the bulbourethral glands and salivary glands (see Chapter 9). 
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Mutations That Affect Secreted Signalling Molecules 
Branching morphogenesis during prostatic development is dependent upon mesenchymal-

epithelial interactions such that morphogenesis and differentiation of both the epitheUum and 
mesenchyme are abortive if the epithelium and mesenchyme are grown separately. Not surpris
ingly, the genes implicated in prostatic branching morphogenesis by genetic data include three 
genes encoding secreted signalling molecules, Bmp4, Igfl, and FgflO, that can mediate inter
cellular communication. Mice heterozygous for a knockout allele oiBmp4hsvQ increased branch
ing in the anterior prostate and ventral prostate.^ Mice homozygous for a knockout allele of 
Bmp4 die during embryogenesis prior to prostatic development so the affects of the complete 
absence o£ Bmp4 on prostatic morphogenesis cannot be determined using the allele studied by 
Lamm et al. These data are consistent with a role for BMP4 as a factor that limits prostatic 
branching morphogenesis. 

Mice homozygous for a knockout allele oflgfl have reduced size and reduced branching for 
all prostatic lobes. ' These phenotypes are observed in the context of a severe dwarfism 
syndrome. In the study by Ruan et al only 10% of homozygous mutants survived to the adult 
stage when prostatic phenotypes were assessed. At that age, mutant males were approximately 
20% the size of wild type controls. These phenotypes demonstrated that Igfl acts to stimulate 
prostatic branching morphogenesis. However, the effects of Igfl to stimulate growth and mor
phogenesis are not specific to the prostate. In addition, Igfl mutant mice have decreased circu
lating androgen levels. Consequendy, the prostatic phenotypes in Igfl mutant mice may be 
indirect. 

Mice homozygous for a knockout allele ofFgflO lack nearly all prostatic buds at birth. In 
wild type mice, many prostatic buds and some early ductal branches have formed by birth. 
Homozygous FgflO mutant mice die at birth due to defects in other organ systems. Donjacour 
et al performed rescue and grafting experiments of prostatic rudiments into immuno-deficient 
male host mice to determine the affects of FgflO deficiency on postnatal prostatic branching 
morphogenesis and cellular differentiation. In these experiments, FgflO mutant prostatic rudi
ments exhibited little growth and failed to undergo branching morphogenesis, but they did 
express mature differentiation markers for prostatic epithelial cells. Under the same experimen
tal conditions wild type rudiments exhibited extensive growth and branching morphogenesis. 
These phenotypes demonstrate that FgflO is required for prostatic growth and branching mor
phogenesis. 

Other Mutations 
The p63 gene encodes a nuclear protein that is expressed in many epithelial tissues. Mice 

homozygous for a knockout allele of p63 lack any sign of prostatic budding or branching 
morphogenesis at birth. In wild type mice, many prostatic buds and some early ductal branches 
have formed by birth. p63 homozygous mutant mice die at birth due to defects in multiple 
other epithelia throughout the body. These data are consistent with a requirement for ̂ 63 in 
prostatic morphogenesis. However, sincep63 mutant mice die shordy after prostatic morpho
genesis begins in wild type mice, it is not possible to exclude the possibility that prostatic 
morphogenesis is merely delayed in the absence ofp63 based on the study by Signoretti et al. 

Prostatic Growth and Branching Morphogenesis Are Under Separate 
Genetic Control 

Several pathways have been identified that simultaneously affect prostatic growth and pro
static branching morphogenesis. However, the phenotypes caused by some mutations demon
strate that these are two distinct processes under separate genetic control. For example, the 
ventral prostate has dramatically reduced branching in Nkx3.1 deficient mice, but the ventral 
prostate grows to its normal size in these mice.^' '̂ ^ Similarly, the ventral prostate has in
creased branching morphogenesis in heterozygous Bmp4 mutant mice without an increase in 
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prostatic size. These types of phenotypes demonstrate that genetic mechanisms are present 
within the prostate to regulate prostatic branching morphogenesis independently of prostatic 
growth. 

Conclusions 
Branching morphogenesis in the prostate is regulated by several factors though we are far 

from a comprehensive knowledge of their identity. Since the prostate is a target of steroid 
hormone action there is additional complexity regarding the role of androgens in growth versus 
branching, and much needs to be done in separating the pathways involved in these two pro
cesses. At present, it appears that many mechanisms identified in other organ systems are in
volved in regulating prostatic branching morphogenesis and it seems unlikely that there are 
prostate-specific mechanisms of branching. However, since the organ is dependent upon an
drogens for its development there may be specific pathways involved in the response to andro
gens and it will be interesting to determine how these endocrine pathways interact with those 
involved in growth and branching. 
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