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DEVELOPMENTAL GENETICS OF THE EXTERNAL
GENITALIA

Martin J. Cohn”

1. INTRODUCTION

The incidence of congenital malformation of the urogenital system is second only to that
of the cardiovascular system, yet comparatively little is known about the cellular and
molecular mechanisms that regulate urogenital organogenesis. In this chapter, I review
recent advances in the developmental biology of the external genitalia, and discuss the
implications of this work for our understanding of hypospadias. The majority of research
into external genital development and hypospadias has focused on the endocrine system,
particularly on the role of androgens (see accompanying chapters in this volume). A
relatively unexplored area of genital morphogenesis is the early, genetically controlled
process of pattern formation, when genital tubercle outgrowth and three-dimensional
patterning occurs (Figure 1). These processes occur in the absence of endocrine signals,
and identification of the molecular mechanisms of early genital development is crucial to
our understanding of congenital anomalies.

One of the surprises of comparative developmental studies is that evolution has been
relatively conservative; the same genetic cassettes are involved in development of eyes,
limbs and nerves, for example, in animals as diverse as flies and humans. The knowledge
that genetic circuits have been repeatedly co-opted during the evolution of embryonic
development provides a springboard for investigating the urogenital system. We have
used the vertebrate limb as a paradigm for investigating the mechanisms involved in
external genital development. Limbs and external genitalia undergo many similar
morphogenetic processes, and we have hypothesized that the same molecular
mechanisms may operate during development of the limb bud and the genital tubercle.
Here I report on some of the initial tests of this hypothesis.
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Figure 1. Scanning electron micrograph of the ventral side of a mouse genital tubercle at embryonic day 12.5.

2. BUILDING A THIRD AXIS: BUDDING AND PROXIMODISTAL
OUTGROWTH

Appendages, such as limbs and external genitalia, develop at particular positions
along the anteroposterior and dorsoventral axes of the embryo. The molecular
mechanisms that determine the position at which limbs form are beginning to be
understood (Cohn et al., 1997; Altabef and Tickle, 2002), and the nature of the signals
involved in initiating outgrowth of the limbs is now known (Cohn et al., 1995; Crossley
et al., 1996; Min et al., 1998; Sekine et al., 1999). Local expression of secreted proteins
known as fibroblast growth factors (FGFs) initiates the process of limb budding at two
positions on either side of the body. These limb buds consist of undifferentiated
mesenchyme encased in an ectodermal jacket. Outgrowth of these buds is sustained by a
specialized epithelial structure at the distal tip of the limb bud known as the apical
ectodermal ridge (AER), which is itself a source of secreted Fgf (Figure 2). The AER
may be thought of as a growth factor factory, and the underlying mesenchymal cells
respond to these growth factors by continuing to divide, thereby extending the limb bud
further from the primary body axis. If the AER is removed surgically, chemically or
pathologically, outgrowth of the limb arrests and distal limb structures do not develop
(for a detailed review of the role of FGFs in limb development, see the chapter by Gail
Martin). The earlier in development the ridge is removed, the more severe the truncation,
indicating that the limb is laid down in a proximal to distal sequence (Summerbell, 1974).
For example, a very early excision of the ridge may result in loss of all structures distal to
the humerus, whereas a comparatively late removal of the ridge may lead to loss of only
distal phalanges. Does a similar structure regulate proximodistal outgrowth of the
external genitalia?

150



Developmental Biology of the External Genitalia

The external genitalia begin as a pair of swellings on either side of the cloacal
plate. These swellings grow out in a coordinated manner to form the single genital
eminence or tubercle (Figure 1). The mechanisms regulating the initiation and
maintenance of genital budding are not well-understood. The genital tubercle does not
appear to have a morphologically distinct AER-like structure, however, experimental
manipulations suggest that there may be a functionally equivalent tissue. In 1986,
Murakami and Mizuno demonstrated that the epithelial component of the rat genital
tubercle is required for growth and differentiation of the adjacent mesenchyme
(Murakami and Mizuno, 1986). A similar epithelial requirement has been demonstrated
in the mouse genital tubercle (Kurzrock et al., 1999; Haraguchi et al., 2000). Murakami
and Mizuno found that removal of epithelium resulted in stage-dependent truncation of
the penile tissues, with later removals resulting in loss of progressively more distal
structures. Thus, outgrowth of both the genital tubercle and the limb bud depends on
epithelial signaling, and the connective tissue and skeleton of these appendages are laid
down in a proximal to distal sequence. The parallel between the AER of the limb and the
distal urethral epithelium of the genital tubercle may extend to the molecular level; both
tissues are site of FGF expression (Figure 2), and both can be replaced experimentally by
beads loaded with FGF protein (Niswander et al., 1993; Haraguchi et al., 2000).

A. LIMB BUD B. GENITAL TUBERCLE
Apical Ectodermal Ridge Urethral Epithelium
(Fg/24,89,17) Sonic hedgehog Sonic hedgehog
+
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Zone of Polarizing Activity
(Sonic hedgehog)

Figure 2. Schematic diagram of signaling centers in the limb bud (A) and genital tubercle (B). Both are
depicted in ventral view.
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Loss-of-function mutations in mice thus far have implicated a small number of
genes in the regulation of outgrowth in both limbs and external genitalia. Some of these
genes are simply “outgrowth” genes, in that they are expressed in all organs that grow
distally, whereas others appear to regulate outgrowth specifically in limb buds and genital
tubercles, but not other appendages. Of the former group, Wnt5a, a member of the Wnt
gene family (vertebrate orthrologs of the fly wingless gene), is expressed in a large
number of embryonic outgrowths, including the limb, genital tubercle, tongue,
mandibular arch and distal lung (Yamaguchi et al., 1999; Li et al., 2002). Expression of
WntSa is graded from distal to proximal and, as Wnt5a regulates cell proliferation, loss of
Wnt5a function impairs distal outgrowth of these structures (Yamaguchi et al., 1999; Li
et al., 2002). Of the latter group, members of the Hox paralogy group 13 have been most
intensively studied. Hoxdl3 and Hoxal3 are involved in the patterning of structures at
the terminus of the limbs (i.e., the digits) and the terminus of the primary body axis (i.e.,
posterior vertebrae, anus and genitalia (Figure 3). Hoxd13 expression in the genitalia and
limbs is controlled by a single enhancer (Kmita et al., 2002). Such striking conservation
of genetic regulation suggests a molecular mechanism in support of the idea that limbs
and genitalia have a common evolutionary history (van der Hoeven et al., 1996; Kondo et
al., 1997). Loss of Hoxdl3 and Hoxal3 leads to agenesis of the genital tubercle and
digits, and heterozygosity for either causes malformation of the phallus and limbs (Dollé
et al., 1993; Warot et al., 1997; Zékany et al., 1997). In humans, mutations in the
HOXA13 gene are responsible for Hand-Foot-Genital Syndrome, which affects the distal
aspects of the limb and external genitalia (Goodman et al., 2000). Thus, FGF, Wnt and
Hox genes have important roles in early genital development, and their functions in the
genital tubercle appear to mirror their functions in the limb bud.

Hoxdl3

- Genital Tubercle

Figure 3. Whole-mount in situ hybridization of a mouse at embryonic day 13.5 showing Hoxd!3 mRNA
localization (dark staining) to the genital tubercle and the developing digits of the forelimb and hindlimb buds.
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3. COORDINATING OUTGROWTH WITH PATTERN FORMATION

The external genitalia are clearly polarized along three axes; proximodistal,
dorsoventral (or anteroposterior), and mediolateral. Establishment of these axes, and the
polarization of developmental processes along them, is likely to be a complex business.
Again, the limb is a useful starting point for unravelling these developmental
mechanisms, as we have a relatively detailed picture of the cells and molecules
responsible for polarizing the limb

A specialized group of mesenchymal cells, collectively known as the zone of
polarizing activity (ZPA) or polarizing region, acts to polarize the limb bud along the
anterior to posterior (or thumb to small finger) axis (Figure 2). The polarizing or
organizing activity of these cells was originally demonstrated by classical experimental
embryology, in the form of a ‘cut-and-paste’ experiment. When a limb bud receives a
graft of posterior mesenchymal cells to its anterior margin, the result is a
“posteriorization” of anterior cells (reviewed in Tickle, 2002). In other words, cells at the
anterior margin of the limb bud, responding to a signal emitted by the graft, acquire
posterior character and give rise to posterior digits. The ultimate effect is development of
a limb with a mirror-image duplication of the digits along the anteroposterior axis. Cells
in the polarizing region express the Sonic hedgehog (Shh) gene, which codes for a
powerful secreted signaling molecule. The Shh signal is responsible for the specification
of “posterior” positional identities in the limb bud (Riddle et al., 1993). As such, when
exposed to Shh, cells situated at the anterior of the limb bud are reprogrammed follow a
posterior program of differentiation. Cells with organizing properties are found
throughout the embryo, where they orchestrate developmental processes such as
gastrulation, specification of motor neurons in the ventral spinal cord, and anteroposterior
regionalization of the brain. Moreover, many of these organizing tissues utilize the Shh
signal to polarize neighboring cells. Could a similar organizer exist in the genital
tubercle, and if so, what signal or signals might it utilize to pattern the tubercle?

The pattern of digits that develop within the chick limb bud has long been used
as an assay for polarizing signals. Tissues with organizing activity, such as the
notochord, the floor plate of the neural tube and the node of the gastrula, can lead to
anterior-posterior duplication of the digits. We have previously shown that the urethral
epithelium, but not the adjacent mesenchyme, of the mouse genital tubercle could also
result in a mirror-image duplication of the digits, when grafted to the anterior margin of
the chick limb bud (Perriton et al., 2002). Although this finding demonstrated that
urethral plate epithelium could polarize the limb, further work was required to test its
function during external genital development. Urethral plate epithelial cells express Shh,
which may account for the ability of these cells to polarize the limb (Figure 2). The
function of the Shh-expressing urethral epithelial cells in the genital tubercle was
determined by two independent analyses of genital development in mice with a loss-of-
function mutation in Shk4. Both studies revealed that Shh-/- mice exhibit agenesis of the
external genitalia (Haraguchi et al., 2001; Perriton et al., 2002). Interestingly, Shh is not
required for the initial outgrowth of the genital swellings (Perriton et al., 2002), however
sustained outgrowth, polarized gene expression and cell survival all depend on the
presence of Shh. Thus, the Shh signal from the urethral plate is essential for external
genital development. These findings raise new questions concerning the relationship of
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Figure 4.. Transverse histological section through the genital tubercle of a mouse embryo at embryonic day 16.
Note that mesenchymal condensation and differentiation occurs in arc-like pattern, which is centered around
the urethral plate epithelium

outgrowth to axial patterning. Does the urethral plate also determine dorsoventral
polarity of structures within the genital tubercle? The connective and erectile tissues of
the genital tubercle develop with a radial symmetry focused around the urethral plate
(Figure 4), which is suggestive of an organizing influence of the urethral epithelium on
the surrounding cells. In addition to causing digit duplications, transplantation of the
urethral epithelium to the chick limb bud results both in the formation of an epithelial
tube within the limb and in the induction of ectopic limb muscle around the tube (for
details see Perriton et al., 2002). This result raises the possibility that, within the
tubercle, the urethral epithelium may function in organizing tubulogenesis and in
patterning the smooth muscle cells of the corporal bodies. A number of genes, such a
bone morphogenetic proteins (BMPs), Patched, Gli and FGFs, are expressed in
dorsoventrally restricted patterns. Analysis of the function of these genes in genital
development is presently underway in a number of laboratories.

4. BUILDING THE URETHRA

In addition to having to coordinate axial patterning and outgrowth of the genital
tubercle, the embryo must simultaneously orchestrate complex tissue movements in order
to build a tubular urethra in the appropriate position. The alarmingly high incidence of
urethral malformations, in particular hypospadias, in humans should direct our attention
towards the cellular and molecular biology of urethragenesis. As mentioned previously
in this chapter and elsewhere in this volume, most of the work in this area has concerned
the role of androgen signaling (including androgen agonists and antagonists) in genital
development. The sequencing of the human and mouse genomes has created a new
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opportunity for us to study the genetics of urethral development, and the early indications
are that highly conserved developmental genetic programs play a key role in
morphogenesis of urethral canal. In a screen for genes expressed in tissues affected by
hypospadias, we identified a growth factor receptor, FgfR2, that is expressed in the
prepuce and urethral plate of mouse embryos. Moreover, a loss of function mutation in
this receptor results in gross hypospadias (Perriton, Petiot, Dickson and Cohn,
unpublished data). FGFs and FGFRs have been suggested to act as andromedins, or
mediators of androgen signaling, and it is tempting to speculate that this may account for
the similar genital phenotype in antiandrogen-treated and Fgfr2 -/- mice. Work on
prostate development and disease, however, suggests that the relationship between FGF
and androgen signaling is not quite so clear, with some studies arguing against and others
in favor of the andromedin hypothesis (Thomson et al., 1999, Thomson, 2001). Given the
timing of expression of FGFs and Fgfr2 relative to the production of androgen by the
embryo, it seems likely that the FGF pathway operates independently of androgens
during early genital development. Any andromedin-like function could occur only after
the synthesis of testosterone by the embryo. Our findings suggest that the function of
growth factor signaling in urethral development may be multiphasic. At early stages, a
genetically “wired”, functionally autonomous morphogenetic program regulates urethral
development in the absence of hormones, however after development of the endocrine
system, the embryo’s hormonal milieu provides a new context within which local signals
operate. Understanding the interactions between the local and global signaling systems
that operate within the embryo, and between these endogenous signals and exogenous
environmental agents, will be critical to unravelling the etiology of hypospadias.
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