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REVIEWS

Current understanding of hypospadias:
relevance of animal models

Gerald R. Cunha, Adriane Sinclair, Gail Risbridger, John Hutson and Laurence S. Baskin

Abstract | Hypospadias is a congenital abnormality of the penile urethra with an incidence of approximately
1:200-1:300 male births, which has doubled over the past three decades. The aetiology of the overwhelming
majority of hypospadias remains unknown but appears to be a combination of genetic susceptibility and
prenatal exposure to endocrine disruptors. Reliable animal models of hypospadias are required for better
understanding of the mechanisms of normal penile urethral formation and hence hypospadias. Mice and/

or rats are generally used for experimental modelling of hypospadias, however these do not fully reflect

the human condition. To use these models successfully, researchers must understand the similarities and
differences between mouse, rat and human penile anatomy as well as the normal morphogenetic mechanisms
of penile development in these species. Despite some important differences, numerous features of animal
and human hypospadias are shared: the prevalence of distal penile malformations; disruption of the urethral
meatus; disruption of urethra-associated erectile bodies; and a common mechanism of impaired epithelial
fusion events. Rat and mouse models of hypospadias are crucial to our understanding of hypospadias to
ultimately reduce its incidence through better preventive strategies.

Cunha, G. R. et al. Nat. Rev. Urol. advance online publication XX Month 2015; doi:10.1038/nrurol.2015.57

Introduction

Hypospadias is the second most common congenital
anomaly in boys, occurring in approximately 1:200-
1:300 male births.! The incidence of hypospadias has
doubled over the past 3 decades.? Treatment of hypo-
spadias remains surgical, and multiple surgeries,
especially for more severe forms of hypospadias, are
often required to achieve functional and cosmetically
acceptable outcomes.? Patients with severe hypospadias
are at risk of complications leading to lifelong difficul-
ties with urination and sexual function, and an increased
risk of psychological problems. Thus, hypospadias is
an important health issue, which can be a substantial
burden on health-care resources. For most patients with
hypospadias, the aetiology remains undefined. However,
the leading hypothesis is that a combination of genetic
susceptibility and environmental exposure to endocrine
disruptors might cause this anomaly.*® Accordingly,
if exposure to environmental agents linked to hypo-
spadias is avoided, then the incidence of hypospadias
might be reduced.®” Agents that have been implicated in
the aetiology of hypospadias based upon epidemiologi-
cal studies in humans and experimental animal studies
include progestins, oestrogens, loratidine and various
agents that produce an ‘androgen blockade’ includ-
ing phthalates and anti-androgenic fungicides such as
vinclozolin and procymidone.**® A persistent question
exists concerning the relevance of animal models to
human hypospadias.
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Fundamentally, hypospadias is an arrest in normal
penile development, which can be understood best in the
context of normal penile morphology and development.
Patients with hypospadias typically have disturbances in
penile patterning and malformation and/or abnormal
positioning of the urethral meatus,' which might be situ-
ated distally on the glans, along the penile shaft or in the
scrotum or perineum (Figure 1). In patients with hypo-
spadias, three related anomalies are typically observed:
a urethral defect, a preputial defect and chordee (abnor-
mal curvature of the penis). About 50% of patients with
hypospadias have defects occurring at the glans—shaft
junction or distally on the glans.?* Occurrence of the ure-
thral defect is associated with thinning and absence of,
or abortive corpus spongiosum.' Accordingly, the ure-
thral defects associated with human hypospadias involve
absence of the ventral urethral epithelium, corpus spon-
giosum and the ventral skin (Figure 2d-f).

A substantial amount of published research on hypo-
spadias exists in both rats and mice. Each animal model
has advantages and disadvantages, which will be discussed
in detail. The aim of this Review is to define hypospa-
dias in humans, rats and mice, and to discuss the simi-
larities and differences between normal and abnormal
development of external genitalia in these species.

Anatomy and development of the penis

Adult mouse, rat and human penile anatomy

The terminology describing the anatomy of the mouse
and rat penis is quite different to that used to describe the
human penis and must be understood to avoid confusion.
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Key points

= Hypospadias occurs in approximately 1:200-1:300 newborn males, and is the
second most common congenital abnormality in boys

= For the overwhelming majority of patients with hypospadias the aetiology
remains unknown

= Relevant animal models of hypospadias are needed to improve our
understanding of this congenital anomaly

= Development of the mouse, rat and human penis and prepuce involves similar
epithelial fusion events and disruption of urethra-associated erectile bodies
leading to similar penile and preputial defects

= The ultimate goal of hypospadias research is to prevent or reduce the incidence
of hypospadias in humans by defining the underlying environmental causes and
genetic susceptibilities

Figure 1 | Examples of human hypospadias. Human hypospadias is defined by an
abnormal dorsal hooded foreskin that is deficient ventrally (black arrows) and an
abnormal urethral orifice (white arrows) that can be situated on a | the dorsal
hooded foreskin, b | the proximal glans, ¢ | the coronal margin, d,e | the distal
penile shaft, f | the mid-penile shaft, g | the penoscrotal junction, h | the scrotum,
or i | the perineum. Penile curvature (parts g—i) is another commonly observed
feature of human hypospadias.

In all species, the external part of the penis projects from
the body wall, and the internal part lies beneath the body
surface contour. The internal portion of the human penis
is comprised of the proximal attachments of erectile
bodies. The external or pendulous portion of the human

penis is called the shaft or body of the penis and contains
the corporal body and corpus spongiosum, which sur-
rounds the urethra (Figures 2a, b). The distal portion of
the corpus spongiosum forms the glans, which is small
in size relative to the shaft.”!

The anatomy of the mouse penis is well described,
particularly the specialized distal aspect of the glans,
which is malformed in hypospadias.?? In both the
mouse and rat the internal portion of the penis is called
the body and contains attachments of erectile bodies
to the pubic bones (Figure 2c). The external portion
of the mouse penis, known as the glans, lies within the
preputial space,” and contains the os penis and the
fibrocartilagenous male urogenital mating protuber-
ance (MUMP) as well as several erectile bodies (the
MUMP corpus cavernosa, corpus cavernosum glandis
and the corpus cavernosum urethrae) (Figure 3).%2 The
murine glans penis is relatively long (in comparison to
the human glans) with a proximal shaft and a special-
ized distal region homologous to the human glans penis
(Figures 3, 4a and 5a—c [Au: Figures re-numbered to
reflect order of appearance, OK?]).?>*

Published research describing the anatomy of the rat
penis is limited, and information regarding the pattern-
ing of individual elements comprising the specialized
distal aspect of the glans and the urethral meatus is cur-
rently inadequate. However, the rat penis shares some
features with that of the mouse. Both mouse and rat
penises are housed within a voluminous preputial space
whose walls form a prominent elevation in the perineum.
However, wholemount photos demonstrate dramatic dif-
ferences in the gross and microscopic anatomy of the rat
versus the mouse penis (Figures 3 and 4). The skeletal
elements of the rat penis (like that of the mouse) consist
of a proximal os penis and a distal fibrocartilagenous
element (the rat homologue of the mouse MUMP)
(Figure 4d).>** In mice the fibrocartilagenous MUMP
projects distally beyond the urethral meatus (Figure 3
and 4). By contrast, in the rat this fibrocartilagenous
distal element lies proximally within the substance of
the rat penis in association with the tubular urethra
(Figures 4b, d, e). The rat glans contains a corpus caver-
nosum glandis (Figure 4d, e), but homologies with other
mouse erectile bodies (such as the MUMP, corpus caver-
nosa and the corpus cavernosum urethrae) are yet to be
determined. Thus, the morphologic complexity of the
distal aspect of the penile glans and associated urethral
meatus is substantially different in rats versus mice, and
is inadequately described in the rat. Evidence exists that
hypospadias-inducing agents such as exogenous oestro-
gens or ‘androgen blockers’ not only affect the urethral
meatus, but also profoundly affect the spatial patterning
and differentiation of many of the internal penile struc-
tures in mice.?***? Such inferences are inconclusive in
the rat because current knowledge of normal rat penile
morphology is inadequate.

Normal development of the human penis
The penis is a complex organ containing tissues derived
from all three germ layers, which are organized in
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Figure 2 | Penile anatomy and development. Drawings of human penis a | in mid-
sagittal view and b | in transverse section to illustrate germ layer derivation of the
components of external genitalia. The urethra (blue) is derived from endoderm.
The skin (green) is derived from ectoderm. The exact location of the ectoderm—
endoderm junction in humans is still a matter of debate, but is thought to be near
the urethral meatus [Au: choice of colours selected for benefit of those with poor
colour perception]. All structures circumscribed in purple and shaded flesh colour
are derived from mesoderm and include erectile bodies, connective tissue, blood
vessels, and smooth muscle. ¢ | Photograph of a dissected adult mouse penis.
Large opposed arrows denote the boundary between the body of the mouse penis,
which is situated internally, and the glans, which is situated externally (solid black
line) and cannot be seen in this image because it lies within the preputial space
(dotted lines). Changes that occur in the hypospadiac human urethra in which the
defects involve absence of d | the ventral wall of the urethra, e,f | the corpus
spongiosum and the ventral penile skin.

a spatially precise pattern (Figure 2a). According to
common embryological theory, penile skin originates
from the ectoderm, urethral epithelium is derived from
endoderm, and most of the substance of the penis is
derived from mesoderm, which forms the corporal
bodies, vasculature, connective tissue and dermis.?
Human external genital development is initiated iden-
tically in males and females and results in the formation
of three primordial peri-cloacal elevations, the midline
genital tubercle and bilateral genital swellings. These
undifferentiated structures in both male and female
embryos constitute the ambisexual stage of genital
development. The genital tubercle is the primordium
of both the penis and clitoris. In males the genital swell-
ings fuse to form the scrotum owing to the presence of
fetal testicular androgens.*® At the same time as the male
genital tubercle elongates to form the penis, a solid epi-
thelial urethral plate grows distally into the glans and
canalizes in a proximal to distal direction to form the
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urethral groove, which is bounded laterally by the ure-
thral folds.* The penile urethra forms as a result of sub-
sequent midline fusion of the urethral folds (Figure 6).
Evidence suggests that human hypospadias results from
failure of formation or fusion of the urethral folds."*

Normal development of the mouse penis

Development of external genitalia in mice, like that in
humans, involves formation of the ambisexual genital
tubercle containing a solid urethral plate. In humans,
canalization of the urethral plate creates the urethral
groove whose edges (urethral folds) subsequently fuse
in the midline to form the penile urethra.’! The fusion
of the urethral folds in humans during development is
manifest in adulthood as a ventral penile raphe.?! By
contrast, in mice the urethral plate appears to cana-
lize directly to form most of the penile urethra.’>-3
Nonetheless, a subtle ventral penile raphe is evident
in the adult mouse penis (Figure 4a). Raphes are
adult manifestations of fetal fusion events; however,
the exact origin and importance of the mouse ventral
penile raphe has yet to be explained. Postnatally, the
mouse urethral meatus appears to develop via fusion
events (Figures 7 and 8), similar to those observed in
human penile development, with the exception that
in the mouse the open distal groove and associated
folds should be called the urethral-preputial groove
and urethral-preputial folds since fusion of these folds
completes development of both the distal urethra, ure-
thral meatus and the prepuce. Thus, we believe that
development of the mouse penile urethra occurs in two
phases. Prenatally, the penile urethra develops within
the genital tubercle, presumably via canalization of the
urethral plate to form most of the penile urethra.’>-*
Postnatally, the urethral meatus forms via fusion of
elements that constitute the urethral meatus.*** This
fusion process is inferred from raphes, midline clefts
and processes that define the adult mouse urethral
meatus (Figures 4a and 5a—c). These two mechanistic
scenarios are not mutually exclusive. Both theories are
supported by considerable evidence, but need to be
viewed with the understanding that the mechanism of
formation of the mouse urethra within the ‘penile shaft’
(which occurs prenatally) differs from formation of the
urethral meatus (which occurs postnatally). Postnatal
formation of the mouse urethral meatus appears to
involve multiple epithelial fusion events and, therefore,
differs substantially from prenatal urethral develop-
ment within the shaft of the glans.*>** In adulthood the
mouse urethral meatus is located distally, where the
MUMP joins the MUMP ridge (Figures 3 and 7a, b).
Thus, the mouse urethral meatus forms postnatally via
fusion of the MUMP with the MUMP ridge (Figures 5a,
b).”” The MUMP is known to develop via fusion of bilat-
eral rudiments,’” and the MUMP ridge has a promi-
nent ventral cleft (Figure 5a), which suggests that the
MUMP ridge is formed via fusion of bilateral halves.
Critical examination of the MUMP ridge further reveals
that it is composed of several processes separated by
clefts at various positions around its circumference,

NATURE REVIEWS | UROLOGY

ADVANCE ONLINE PUBLICATION ‘ 3




REVIEWS

Distal
specialization

suggesting that the MUMP ridge formed via fusion
of several bilateral elements (Figure 5a-c).?** Thus,
postnatal development of the mouse urethral meatus
and prenatal development of the human penile urethra
share a common mechanism, namely, epithelial fusion
(Supplementary Table 1).

Preputial development in both humans and mice
occurs as a result of initial epithelial-epithelial contact
and ventral midline fusion of the urethral-preputial
folds (Figures 5 and 7).*** The initial point of epithelial
A R GRS fusion creates a midline epithelial seam, which is subse-
T quently removed to establish midline mesenchymal con-
£ . fluence, thus defining the penile urethra and prepuce
: Prepuce (Figures 5 and 7).%

Body-glans
junction

Normal development of the rat penis
Development of the rat penis, similar to that of the
Figure 3 | Mid-sagittal haematoxylin—eosin stained sections of the adult mouse mouse, begins prenatally and is completed postnatally.
penis. The lower section depicts the glans penis within the proximal portion of the
external prepuce and preputial space. Note the proximal attachment of the
external prepuce to the penis indicated by the large solid arrows. In the upper
section the external prepuce has been removed but large solid arrows indicate its

Urethra

By contrast, human penile development occurs exclu-
sively during prenatal periods (complete by 20 weeks
gestation), owing to the vast differences in the lengths

proximal attachment. The junction between the body and the glans, which are of gestation in rodents versus humans. Prenatal develop-
situated internally and externally, respectively is indicated by the dashed line. ment of the rat penile urethra occurs via extension of the
Modified with permission obtained from the Society for the Study of Reproduction cloacal lumen along the ventral surface of the genital
© Rodriguez et al.?? Biol. Reprod. 85, 1216-1221 (2011). tubercle to its distal tip, and thus prenatal rat penile

urethral development appears not to involve canaliza-

a Mouse b Rat c 3 tion of the urethral plate to form an open urethral groove

Ventral raphe and subsequent fusion of the urethral folds.*’ However,
Meatus
' MUMP

ente! raphg as in the mouse, postnatal fusion events are likely to be

involved in the development of the rat urethral meatus.
The prominent ventral penile raphe evident in adult rats
(Figure 4b) could, therefore, be a manifestation of fusion
events. The significance of the ventral penile raphe in
rats and mice is unclear, but is presumably a manifesta-
end tion of some type of developmental fusion event. The
absence of studies on postnatal urethral development
in the rat has impeded understanding of the mecha-
nism of formation of the rat urethral meatus. Clearly,
for both the rat and mouse, detailed descriptive studies
on penile urethral development are required. Given the
existence of vast differences between the rat and mouse
in terms of both normal adult penile morphology
(Figures 3 and 4) and hypospadias, substantial differ-
ences in penile morphogenesis are likely to exist in these
species. Currently, data on differences in penile develop-
ment between rats and mice are not sufficient to explain
the differences in penile morphology and hypospadias
observed in these species.

Ventral

Figure 4 | Gross anatomy and histology of the mouse and rat penis. a | Ventral view

of the adult mouse penis, note that the MUMP extends ~1 mm beyond the urethral Mouse and rat hypospadias

meatus as well as the subtle ventral raphe. b | Ventral view of the adult rat penis, Mouse and rat urethral hypospadias can be assessed
which is blunt distally, in part due to the internal localization of the using a variety of techniques: scanning electron
fibrocartilagenous “MUMP”. Also note the prominent ventral raphe. ¢ | Distal microscopy, macro-photography, serial histological
end-on view of the rat penis. Note the presence of several epithelial folds (red, sectioning with or without three-dimensional recon-

white and green opposed arrowheads). The urethral meatus is indicated by (M).
The circular process (long arrow) dorsal to the meatus may be the distal aspect of
the “MUMP”. d,e | Histologic haematoxylin—eosin stained sections of the adult rat
penis showing the fibrocartilagenous “MUMP”, tubular urethra and corpus

struction or optical projection tomography. Simple
visual examination of adult penises of rats or mice
with a dissecting microscope is sufficient to recognize

cavernosum glandis. Positions of sections d | proximal and e | distal are indicated abnorma.lity (hypf)spadias? of the urthral meatus in
by the dots and the double-headed arrow in b. Abbreviation: CCG, corpus fresh or fixed specimens (Figure 5), while other defects
cavernosum glandis; M, meatus; MUMP, male urogenital mating protuberance. in penile morphologic patterning require histological
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Figure 5 | Scanning electron micrographs of penises from mice with postnatal
diethylstilbestrol exposure. a,b,¢ | Untreated 60-day-old mice. The MUMP and the
MUMP ridge (white arrows), together comprise the Y-shaped urethral meatus.

The MUMP ridge in turn is composed of several processes (1-4) separated by
prominent deep grooves. The MUMP ridge is also split ventrally by a prominent
cleft. d,e | 60-day-old mice treated with diethylstylbestrol (200 ng/g of body weight)
from birth to day 10. These processes, grooves and ventral cleft are adult
manifestations of a developmental process in which the urethral meatus formed
as a result of multiple fusion events between the MUMP and the elements of the
MUMP ridge. Striking disturbances in penile pattern include shortening of the
MUMP, abnormal size and patterns of MUMP processes, perturbation of fusion
between individual MUMP ridge processes, absence of the ventral cleft and the
presence of a frenulum-like ventral tether attached to the inner surface of the
external prepuce (double headed arrows). Accordingly, the neonatally
diethylstylbestrol-treated mouse has a grossly abnormal urethral meatus, which is
the definition of hypospadias. f | End-on and g | side views of the penis of an adult
aromatase-overexpressing mouse showing severe truncation of the MUMP and
disturbance in the pattern of constituents of the urethral meatus.

examination (Figure 9a, b).?*?” For example, the terato-
genic effects of oestrogen on the urethral meatus can be
seen in mice treated neonatally with diethylstilbestrol
(DES)'%2627 (Figures 5d, e and h) as well as in AROM+
mice expressing both mouse and human aromatases
(Figure 5f, g) in which there is a physiological elevation
in oestrogens.*

Hypospadias in rats and mice can be induced by a
variety of agents, which for the most part fall into two
categories: oestrogenic agents and androgen-blocking
agents. In mouse models of hypospadias, DES is the
most commonly used oestrogenic agent, although other
oestrogenic compounds can also cause hypospadias in
this model."” Androgen blockers include antiandrogens
such as flutamide, vinclozolin and procymidone'”**-*6
as well as 5a-reductase inhibitors such as finasteride.*”*
Phthalates, which inhibit testosterone production by the
testes, also induce hypospadias in rats.*->!

Oestrogen-induced hypospadias has been described
mostly in mice, although other teratogenic effects

REVIEWS

of oestrogens have been described in the rat penis.?®
Oestrogen-induced teratogenic effects on the mouse
penis differ somewhat depending on whether exo-
genous oestrogens are administered prenatally or neo-
natally.?** Unfortunately, the term ‘hypospadias’ has
been used uncritically in the murine literature to refer
to a range of defects, and owing to the pervading image
of human hypospadias, the term ‘mouse hypospadias’
typically conjures the idea of a urethral defect of compa-
rable severity to human midshaft hypospadias, which has
rarely, if ever been seen in mice. To ensure clarity, first
the precise type of hypospadias must be specified: prepu-
tial hypospadias; meatal hypospadias (and abnormal ure-
thral meatus); or midshaft hypospadias. The designation
of impaired (or retarded) urethral-preputial fold fusion
in embryonic mice as ‘hypospadias’ is one point of confu-
sion. For example, in a report of ours (and comparable
reports of many others) pregnant mice were injected with
17a-ethinyl oestradiol or DES from days 12 to 17 of ges-
tation and analysed at 18 days of gestation.'® Analysis
of serial histological sections revealed an extensive open
‘urethral’ groove in the embryonic genital tubercle that
was designated as hypospadias (Figure 7f-j), with an
incidence of 40-57% (n=134), but does this type of
malformation merit the term hypospadias? The tacit
(but unproven) assumption is that embryonic genital
tubercle malformations are irreversible and will prog-
ress to enduring adult penile malformations. The fun-
damental problem with ‘embryonic hypospadias’ is that
in most studies embryonic genital tubercle defects were
not allowed to progress to their definitive adult penile
phenotypes. In a study utilizing the Kim et al.'® proto-
col, 57 mice were treated in utero with DES from 12 to
17 days of gestation, and then aged to 60 days postna-
tal. Expected midshaft penile urethral hypospadias was
not observed in adulthood (n=0/57) and instead mild
malformation of the urethral meatus was observed.?
Similarly, Iguchi et al.*® reported ‘hypospadias’ at the end
of gestation elicited in mice treated with a 5a-reductase
inhibitor, but hypospadias was not found when assessed
at 90 days postnatal.”” In both cases the embryonic
genital tubercle malformations diagnosed as ‘hypospa-
dias’ progressed to normality or to mild adult anomalies.
While some embryonic genital tubercle defects reported
previously might lead to definitive adult penile urethral
malformations, this must be confirmed experimentally
upon attainment of sexual maturity. In this regard, of
22 reports of murine ‘hypospadias’ (Supplementary
Table 2), 16/22 studies were diagnosed as ‘hypospadias’
exclusively in embryonic or neonatal genital tubercles
without verifying that the developmental defects actu-
ally progressed to adult penile hypospadias. Of the
six reports in which mice were examined in adult-
hood,'"**-*¢ adult midshaft urethral hypospadias was
adequately documented in only one study, namely mice
with impaired reverse ephrin-B2/Eph-B signalling.>**
However, germline impairment of ephrin-B2 reverse
signalling profoundly affects earlier development of the
cloaca, and thus the midshaft hypospadias described by
Dravis et al.>* might be a consequence of earlier cloacal
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Figure 6 | Human penile urethral development. Transverse sections of the 12-week old human fetal penis showing a | the
solid epithelial urethral plate (also depicted in diagrams d1 and d2). b | Canalized urethral plate and the urethral folds.

¢ | Formation of the human urethra as a result of fusion of the urethral folds. d | Diagram depicting the solid urethral plate
(d1-d2) , an open urethral groove (d3), and fusion of the urethral folds (d4) and mesenchymal confluence across the
midline e | Diagram depicting proximal to distal fusion of the urethral groove and distal ‘retraction’ of the urethral plate.

f | A photograph of a 12-week old human fetal penis. Note the open urethral groove (opposed arrows), and the position of
the solid urethral plate (arrowhead). Adapted with permission obtained from Elsevier Ltd © Yamada et al.”? Differentiation

71, 445-460 (2003).

malformations having secondary effects on penile
development (Supplementary Table 2). The report of
adult hypospadias involving knockout of the androgen
receptor co-chaperone protein (FKBP52)* clearly shows
a defective urethral meatus with developmental defects
that are consistent with failure of epithelial fusion events.

Interpreting embryonic or neonatal genital tubercle
or penile malformations is often difficult, and therefore
the best time to diagnose mouse or rat hypospadias is
puberty or thereafter (>30 days postnatal), although for
the discerning investigator, teratogenic changes seen
in the neonatal period can indicate the occurrence of
hypospadic development.’®*> Another critical point
is that mouse urethral hypospadias typically involves
distal defects affecting the urethral meatus and not mid-
shaft malformations (Figure 5). The failure of epithelial
fusion events appears to be one of the morphogenetic

mechanisms common to mouse and human urethral
hypospadias.*?7%> Thus, while species differences exist
in regard to normal penile anatomy, development and
development of hypospadias, abnormalities in penile
pattern, namely position and morphology of the ure-
thral meatus owing to perturbation of growth, epithelial
fusion and other developmental events involving the
urethral plate are the essential features of both human
and rodent urethral hypospadias.?®*”** Mouse urethral
hypospadias studies have utilized both prenatal and
neonatal DES treatments, which elicit somewhat dif-
ferent malformations, but are both consistent with the
designation, meatal hypospadias. Clearly, the sever-
ity of the malformation varies with the timing of DES
treatment.?**” Effects of prenatal or neonatal DES seen
in adulthood include defects in the urethral meatus
(Figures 5d and e), a defect in the corpus cavernosum

6 ‘ ADVANCE ONLINE PUBLICATION
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Ethinyl estradiol

urethrae (the homologue of the human corpus spongio-
sum) (Figures 9a and b), and a defect in the ventral
penile skin, manifested as a frenulum-like ventral tether
(Figures 5d and e).?*?%*” In a general sense these fea-
tures of mouse hypospadias have direct counterparts
in human hypospadias (Figures 2d-f), and in both
species involve malformation and malpositioning of the
urethral meatus.?*26%’

REVIEWS

<« Figure 7 | Transverse sections through the genital

tubercles of 18-day embryonic mice. Mice dams were
injected with sesame oil or 17a-ethinyl oestradiol in
sesame oil from days 12-17 of gestation and analysed at
day 18 of gestation, sections are stained with
haematoxylin—eosin. Serial section are from the distal to
proximal direction (a—e and f—j). a | An open ‘preputial/
urethral groove, opposed arrows indicate movement of the
‘preputial/urethral folds’ towards their fusion in the
midline. b | Subsequent epithelial seam removal and

c,d,e | mesenchymal confluence across the midline.
Sections of the ethinyl oestradiol-treated genital tubercle
at comparable locations have f,g | hypoplasia of the
‘preputial/urethral folds’. g,h,i | Absence of their midline
fusion, and an open ‘preputial/urethral groove’ designated
by (*). Double-headed arrows indicate the external
prepuce, asterisk indicates the presence of an open
‘preputial/urethral’ groove. Adapted with permission
obtained from Elsevier Ltd © Kim et al.1° Environ. Res. 94,
267-275 (2004).

Preputial hypospadias in humans, rats and mice is
fundamentally a ventral defect in the prepuce (Supple-
mentary Table 3). The human and mouse prepuce forms
as a result of fusion of the preputial folds (urethral-pre-
putial folds in the case of the mouse) (Figures 7 and
8).3% Accordingly mouse and human preputial hypo-
spadias appears to result from failure of growth and/
or fusion of the preputial folds. In adulthood, murine
preputial hypospadias is easily recognized visually
(Figures 9c and d).

A substantial amount of published research exists on
rat hypospadias, especially in relation to various forms of
‘androgen blockade’. However, descriptions of rat hypo-
spadias are generally inadequate and mostly reported as
text only, with little detailed description of the nature
of the defects. Published wholemount images depict
massive ventral shaft openings in the rat urethra, indi-
cating substantial perturbation of normal development.*’
Given the inadequacy of description of adult rat penile
anatomy and rat hypospadias, the paucity of studies on
rat penile morphogenesis, and the complete absence on
the morphogenetic mechanism(s) of rat hypospadias,
future research efforts are required to capitalize on this
potentially excellent animal model of hypospadias.

Experimental or spontaneous hypospadias in humans,
rats and mice is associated with sex steroid hormone
action and/or perturbation. Accordingly, the presence
of androgen receptors within the developing penis??*8
is an important correlate with hypospadias elicited via
perturbation of androgen action.”?*3525%% Ljkewise,
oestrogen induction of hypospadias is reinforced by the
presence of oestrogen receptors o and B and aromatase
in the developing rodent and human penises.!%?32$360-64

Human studies

The case of ‘DES sons’ is particularly interesting. In a
cohort study of 205 male infants exposed in utero to DES
compared to 8,934 infants without DES exposure, the
incidence of hypospadias was increased ~20-fold (preva-
lence ratio 21.3; 95% CI 6.5-70.1) in infants with in utero
exposure to DES, although the absolute incidence of
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Figure 8 | Sections through an 18-day embryonic mouse genital tubercle. Sections
were stained with anti-cytokeratin 8 (green) and smooth muscle a-actin (red) and
visualized by epifluorescence. Part a is the most distal and part e is the most
proximal. a | The preputial/urethral folds have fused to form a ventral epithelial
seam (*). b,c¢,d | A second epithelial fusion and seam (white arrows) have formed
to separate the urethra from the prepuce. e | The epithelial seam has disappeared
establishing midline mesenchymal confluence (opposed white arrows), and
segregating the urethral epithelium from other epithelia. Note the appearance of
the prepuce (double-headed arrow) Adapted with permission obtained from
Springer Science+Business Media © Baskin et al.>> (2004). Cell Tissue Res. 305,
379-387 (2001).

Pt o 7 Rl -
Figure 9 | Development of the distal adult mouse urethra. CD-1 mice were treated
from birth to day 10 with a | sesame oil or b | DES (200ng/gbw), sections were
analysed using haematoxylin—eosin staining. Corpus cavernosa urethrae are well
demarcated (arrowheads) by smooth muscle in oil-treated mice, but are amorphous
in DES-treated mice. ¢,d | Photographs of external prepuces of adult C57/6 mice
treated from birth to day 10 with oil or DES (200ng/gbw). DES treatment
profoundly impaired preputial development. Blue suture denotes the opening of the
preputial space. Abbreviation: DES, diethylstylbestrol. Reproduced with permission
obtained from Elsevier Ltd © Mahawong et al.?” Differentiation 88, 70-83 (2014).

hypospadias was limited to only four of the 205 boys with
in utero exposure to DES.® These findings suggest that
induction of hypospadias in humans requires genetic
susceptibility, as well as exposure to an eliciting agent
such as DES. A lower than expected incidence of hypo-
spadias was observed in boys with exposure to DES
in utero, therefore, it seems unlikely that hypospadias will
be a consistent finding in the small cohorts of humans
with genetic disorders affecting sex steroid production

or action. Although, in patients with autosomal recessive
5a-reductase deficiency the incidence of hypospadias is
100%.° This latter finding emphasizes the risks associated
with exposure to ‘antiandrogenic’ agents.

Studies from the past 10 years®-** have better defined
the genes associated with hypospadias. A genome-wide
association study of pooled DNA samples from 436
individuals with hypospadias and 494 without revealed a
strong association between two common variants of dia-
cylglycerol kinasek(DGKK; rs1934179 and rs7063116).
However, the function of DGKK in urethral develop-
ment remains unknown.® An even larger genome-wide
association study of >1,000 patients with hypospadias
identified associations between a number of genes that
are known to have key roles in embryonic development
and hypospadias, including HOXA4, IRX5, IRX6 and
EYA1.% Gene array studies of human preputial tissue
from patients with hypospadias have identified a number
of genes with altered expression patterns compared to
foreskin tissue from individuals without hypospadias,
which might have a role in development of hypospa-
dias.®” These genes include CYR61, CTGF, ATF3 and
ZEBI, which are known to be responsive to oestrogen.
Expression studies in human urethral tissue have shown
that ZEBI and ATF3 are especially promising candidates,
owing to their known localization within the developing
urethra.®®"° Conclusive data regarding protein expres-
sion and function in human tissue are currently limited
to a possible association of hypospadias with ATF3
overexpression® and ZEBI mutations.®®’® A number
of defects in single genes such as ATF3, CTGF, CYR61,
ZEBI, EGF, WT1, SF1, BMP4, BMP7, HOXA4, HOXB6,
FGF8, FGFR2, AR, HSD3B2, SRD5A2 and MAMLD1
have been associated with hypospadias.” Further genetic
studies are required in order to fully understand the basis
of genetic susceptibility to hypospadias.

Conclusions

To further the field of hypospadias research, and ulti-
mately to prevent or reduce the occurrence of this serious
congenital anomaly first requires well-defined and repro-
ducible experimental animal models. Herein, we have
defined hypospadias in mouse and rat models and docu-
mented numerous features that are analogous to human
hypospadias as well as differences. Hopefully, future
investigations will benefit from a more precise defini-
tion of mouse and rat hypospadias, making the ultimate
goal of preventing this abnormality more obtainable.
Currently, attempts to identify all the mutated genes that
predispose to hypospadias, and the causative environ-
mental agents that should be avoided during pregnancy
are likely to have merely scratched the surface.

The development of reliable, relevant and adequately
described animal models will enable a better under-
standing of the morphogenetic and molecular mecha-
nisms of hypospadias. Following development of such
models, strategies could be designed to better identify
genetic susceptibilities and to prevent prenatal expo-
sure to oestrogenic compounds and/or other toxic
environmental agents.
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