
ARTICLE

Abnormal urethra formation in mouse models of
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Urogenital birth defects are one of the common phenotypes observed in hereditary human disorders. In
particular, limb malformations are often associated with urogenital developmental abnormalities, as the
case for Hand–foot–genital syndrome displaying similar hypoplasia/agenesis of limbs and external
genitalia. Split-hand/split-foot malformation (SHFM) is a syndromic limb disorder affecting the central rays
of the autopod with median clefts of the hands and feet, missing central fingers and often fusion of the
remaining ones. SHFM type 1 (SHFM1) is linked to genomic deletions or rearrangements, which includes
the distal-less-related homeogenes DLX5 and DLX6 as well as DSS1. SHFM type 4 (SHFM4) is associated
with mutations in p63, which encodes a p53-related transcription factor. To understand that SHFM is
associated with urogenital birth defects, we performed gene expression analysis and gene knockout mouse
model analyses. We show here that Dlx5, Dlx6, p63 and Bmp7, one of the p63 downstream candidate
genes, are all expressed in the developing urethral plate (UP) and that targeted inactivation of these genes
in the mouse results in UP defects leading to abnormal urethra formation. These results suggested that
different set of transcription factors and growth factor genes play similar developmental functions during
embryonic urethra formation. Human SHFM syndromes display multiple phenotypes with variations in
addition to split hand foot limb phenotype. These results suggest that different genes associated with
human SHFM could also be involved in the aetiogenesis of hypospadias pointing toward a common
molecular origin of these congenital malformations.
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Introduction
External genitalia develop tubular or groove-like epithelial

structures for uresis and sperm ejaculation/intake. The

embryonic external genitalia, the genital tubercle (GT),

develops from the posterior embryonic region as a bud-

anlage.1,2 At earlier embryonic stages (before E (embryonic)
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16 in mouse development), the external genitalia of male

and female fetuses are indistinguishable as a common

undifferentiated GT. Epithelial differentiation is one of the

important processes for reproductive organ development.3

During GT development, embryonic epithelial structures

differentiate progressively to form the urethra. An epithe-

lial groove or fold (the urethral groove is evident for the

case of human GT) appears on the ventral side of GT. In the

distal region of GT, the urethral fold (UF) forms a solid

plate of epithelia known as the urethral plate (UP). The UP

canalizes and extends the UF distally into the male glans

region. Later, a UF develops further toward the midline and

finally fuses in the midline to generate the tubular penile

urethra1 and the progressive formation of the UF leading to

midline fusion from proximal to distal regions of the GT

has been reported.4 Within the GT, we have identified a

transient epithelial structure located at the distal end of UP

termed distal urethral epithelia (DUE).5,6 The DUE ex-

presses several growth factors, including Fgf (fibroblast

growth factor), Bmps (bone morphogenetic proteins) and

Sonic hedgehog (Shh).5–9 The proper spatio-temporal

expression of these molecular signals in the DUE is critical

for the regulation of normal GT development5,6,10 and for

the differentiation of the UP to the urethra.1,11,12

Split-hand/foot malformation (SHFM) is a congenital

limb malformation with median clefts of the hands and

feet, and aplasia and/or hypoplasia of the phalanges. The

aetiogenesis of SHFM is not well understood, however,

defects in the development and/or differentiation of the

apical ectodermal ridge (AER) are most probably in-

volved.13,14 Five different forms of SHFM exist in humans

associated with different genetic anomalies.15 SHFM1

(MIM 183600) is associated with genomic lesions on

chromosome 7q21 in a minimal region, which includes

the distal-less-related homeogenes DLX5 and DLX6.16,17

The double knockout of Dlx5 and Dlx6 (Dlx5/6 D-KO) in

the mouse leads to ectrodactyly in the hindlimbs18,19 with

defective development of the middle portion of the AER.

Dlx genes code for homeodomain transcription factor

homologues to insect distal-less and play a key role in the

control of appendage development.20–22 In mammals,

there are six Dlx genes organized into three tail-to-tail

bigenic clusters, Dlx1/2, Dlx5/6 and Dlx3/7.22–24 Dlx genes

are expressed in craniofacial primordia, in the developing

brain, ectodermal placodes, and limbs, where they are both

expressed in the AER19,21,25 and in the underlying

mesenchyme.

SHFM4 (MIM 605289) is caused by mutations in p63, a

gene coding for a transcription factor homologous to p53

and p73.26 Mutations of p63 are also associated with other

autosomal, dominant, human syndromes, including ec-

trodactlyly–ectodermal dysplasia and Cleft lip; EEC (MIM

604292). p63 plays a major role in the control of epithelial

morphogenesis13,14 controlling the expression of stratifica-

tion markers. p63 knockout mice (p63 KO) show severe

defects affecting their skin, limbs, craniofacial skeleton,

hair and mammary gland and in general fail to form

normal ectodermal structures with profound defects in

squamous epithelial lineages. It has been shown that both

p63 and Dlx5 and Dlx6 (Dlx5/6) play a critical role in the

control of AER development.13,14,18,19

It has been known that there is a frequent association of

limb and urogenital birth defects. SHFM has been known as

showing urogenital defects; however, it has been not

known whether such urogenital defects correspond to the

essential SHFM symptoms or they are just among addi-

tional phenotype variations as part of the associated

disorders. In this study, we analyzed for the first time the

urethral defects and abnormalities during urethral epithe-

lialization in both p63 KO and Dlx5/6 D-KO embryos.

Furthermore, we performed an analysis in mice lacking

Bmp7, a putative downstream gene of p63. The similarity in

the UP defects observed in these three mutants suggests a

possibility that the integration of different sets of tran-

scription factor genes, Dlx5/6 and p63, with epithelially

expressed Bmp7 may constitute developmental regulators

for urethra formation. The implications of the current

findings regarding the SHFM phenotypes are discussed.

Furthermore, a possible association between hypospadias

and SHFM1 and SHFM4 is suggested.

Materials and methods
Mouse embryos

The targeted mutant mice for Dlx5/6 and Bmp7LacZ have

been described previously.18,27 The p63 mouse line was

described previously.14 The embryonic samples were

collected at E10.5–E18.5 and GTs were isolated as de-

scribed previously.6 Wild-type or heterozygous littermates

were collected as controls. All experiments were performed

more than three times. Each KO mice showed urethral

defects (abnormal marker expression and histology) more

than 80, 70 and 60% as the frequency for Bmp7, Dlx5/6

and p63 gene knockout mice, respectively. Approximately

40% of the p63 KO specimens showed more severe

phenotypes.

Histology and immunohistochemistry

Mouse GTs were fixed overnight in 4% paraformaldehyde

(PFA)/PBS, dehydrated in methanol, embedded in paraffin

6 mm serial sections that were prepared for hematoxylin

and eosin staining, immunohistochemistry and for in situ

hybridization of gene expression. Antibodies for KERATIN

1 (COVANCE AF109) and KERATIN 14 (COVANCE AF64)

were used.

In situ hybridization for gene expression analysis

Section in situ hybridization was performed on 6 mm
paraffin sections of GTs. After sectioning, samples were

rehydrated, bleached, treated with proteinase K (WAKO)
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and post-fixed in 4% PFA/PBS. Hybridization with digox-

igenin (DIG)-labeled antisense probes was performed at

651C for more than 12h. After hybridization, the slides

were washed as follows: (1) 651C incubation for 30min in

2� SSC and 50% formamide; (2) 651C incubation for

10min in 2� SSC, 50% formamide, 1:1 in TBST buffer

(0.5M NaCl, 10mM Tris-HCl, pH 8.0, 1mM EDTA) and (3)

room temperature for 5min in TBST buffer. The DIG-

labeled probe was detected with an anti-DIG AP (alkaline

phosphatase)-coupled Fab fragment (Roche) and subse-

quent BM-purple (Roche) treatment. The sections were

mounted with Kaiser solution (Merck). Whole-mount in

situ hybridization was performed by standard procedures

with probes for Bmp7, Dlx5, Dlx6, Keratin8, Keratin14, p63

and Fgf8, which were kindly provided by Drs M Yoshida, H

Shibuya, Z Zhao, L Casanova, K Yamanishi, A Bradley and

BL Hogan, respectively.

Results
Epithelial differentiation during the UP to urethra
formation in the embryonic GTs

Proper regulation of epithelial differentiation during UP to

urethra formation is one of the key processes during GT

formation.2,11,12 The extent of epithelial differentiation

was compared between distal and proximal UP epithelia. It

has been shown that progressive epithelial differentiation

occurs from proximal site of GT toward its distal region.

Morphologically, such proximal regions of the GTs display

non-fused UP showing UF connecting further toward the

cloaca (Figure 1g). In contrast, distal part of the UP is

characterized as containing the midline-fused UP

(Figure 1d). Each part represents different degrees of

epithelial differentiation. During GT formation, expression

of several keratin were detected along with the epithelia-

lization of UP. Keratin 8 (K8) is a marker of simple epithelia,

expressed before epithelia stratification. Keratin 14 (K14) is

a differentiation marker, expressed in epithelia that have

committed to initiate a stratification program. K14 and K8

are expressed rather complementary during UP formation

(Figure 1; data not shown). In the distal part of the GT, K8

was expressed in immature UP epithelia (Figure 1b),

whereas K14 expression was detected in the ectodermal

surface epithelia and in more differentiated epithelia, that

is, mainly in part of the urethral ‘seam’ (Figure 1c; data not

shown). By contrast, the proximal UP epithelia was

characterized as expressing restricted K8 expression in

immature epithelia adjacent to the inner prospective

urethral lumen (Figure 1e). Such proximal UP epithelia

show progressed degree of differentiation composed with

thick K14-positive epithelia in the ventral margin adjacent

to the ventral midline seam (Figure 1f). In line with such

differential K8 expression in E12.5–E14.5 GT, the epithelia

of the distal UP was uniformly monostratified, whereas

more proximal urethal regions were multilayered display-

ing more evident signs of differentiation (Figure 1d and g;

data not shown).

p63 is expressed in the developing UP and its
inactivation causes defective urethra formation

p63 has been characterized as one of the major genes

involved in the regulation of epithelial differentiation. In

the view of the highly dynamic epithelial differentiation

processes taking place during the UP to urethra formation,

we examined the pattern of p63 expression during GT

development and analyzed any phenotypic lesions in GT

development of p63 KO (Figure 2). At E10.5, p63 was

expressed in the cloacal membrane (CM; Figure 2a; an

arrow), whereas it was mostly expressed in the DUE at

E11.5–E12.5 and also in the UP (Figure 2b and c). p63 KO

GTs at E14.5 showed severe abnormalities, the entire

disruption of the UP to urethra formation process without

Distal

Keratin 8 Keratin 14 HE

b

E14.5

a b c d

gfe

Proximal

a

Figure 1 Epithelial differentiation of UP of the embryonic GTs. (a) A SEM picture of an embryonic GT at E14.5. (b, c, e, f) Distal UP epithelia express
simple epithelial marker, K8, in the entire UP except for the ventral margin of the UP (b). In contrast, more proximal UP epithelia are composed by
stratified epithelia adjacent to the K8 expression site in the inner part of the UP (e). K14, differentiated epithelial marker, is expressed in the more
differentiated epithelia. Proximal UP epithelia show progressed degree of differentiation composed with thick K14-positive epithelia compared with
distal UP epithelia (c vs f). In line with such differential K8 and K14 expression, histological sections show uniform columnar epithelia in the distal UP (d)
and stratified layers of the epithelia at the more proximal UP (g). The location of white line (a), (b) indicated the distal GT region and the proximal GT
region, respectively (a). Scale bars: 60 mm in (b–g).
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midline fusion (Figure 2d and e; an arrow in e). GT bud

formation per se was recognized in p63 KO embryos.

However, the expression of Fgf8, one of the signals

regulating GT development, was reduced in the DUE of

p63 KO embryonic GTs at E11.0 (Figure 2f and g; the GTs

are marked by arrows and the tail is removed in the mutant

specimen).

Bmp7 plays a role in UP development; a possible
regulation of Bmp7 expression by p63

Bmp7 is one of the important epithelial Bmps involved in

organogenesis. The distal signaling epithelia of the GT, the

DUE, expresses several growth factors, including Fgfs and

Bmp7.5,6,8,10 It has been reported that Bmp7 plays a role as

an epithelial regulator for differentiation28 and it has been

identified as one of the candidate downstream genes of

p63.29 Although its role in GT formation has not yet been

clarified, it may regulate GT apoptosis.8,10 Given the

possible regulation by p63, we examined the expression

of Bmp7 in GTs of p63 KO embryo. Epithelial expression of

Bmp7 was reduced in p63 KO GTs (Figure 3b). This

reduction of Bmp7 expression in p63 KO GTs prompted

us to analyze the extent of epithelial differentiation in the

UP of Bmp7 KO embryos. Bmp7 KO embryonic GTs also

displayed severe UP defects (Figure 3c and d) in contrast to

the proper UP and the ventral midline seam of the wild-

type GTs. To further examine the degree of UP epithelial

differentiation, K8 expression was examined in Bmp7 KO

embryos. In Bmp7 KO embryos, K8 expression persisted in

the ventral margin of the developing UP and was not lost,

as it is observed during the normal progression of urethra

formation (Figure 3e and f; such expression was also

observed at several stages (data not shown)). The pheno-

typic similarity of the UP lesions observed in p63 and Bmp7

KO embryos suggests the possibility that Bmp7 may be one

of the downstream genes of p63 during embryonic UP

formation.

Dlx5 and Dlx6 are expressed during GT formation and
regulate urethra formation

We examined the expression of Dlx5 and Dlx6 during GT

formation. The expression of Dlx5 could be detected at

E10.5 in the CM before the emergence of the GT bud

(Figure 4a). Subsequently, Dlx5 was expressed in the

developing UP and in the GT mesenchyme (Figure 4b) at

E11.5. From E 12.5 onwards, its expression was restricted

and mainly in the distal mesenchymal region of GT

examined up to E14.5 (Figure 4c; data not shown). The

expression pattern of Dlx6 was similar to that of Dlx5 (data

not shown). As a result, p63 and Dlx5/6 were expressed in

an overlapping manner during the development of the UP.

This dynamic Dlx5/6 expression pattern prompted us to

examine their roles during GT development.

Wild type

E10.5

E11.5

E12.5

a

b

d e
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f g
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E

p63 KO

Figure 2 p63 is expressed during the UP formation and urethral defects are observed in p63 KO embryos. (a–c) p63 is expressed in the CM at
E10.5 (an arrow in a), and it is also subsequently expressed in the DUE at E11.5 and in the UP at E12.5. (d and e) p63 KO GTs show ventral GT
abnormalities with an aberrant ventral groove at E14.5 (an arrow in e). (f and g) Fgf8 expression is significantly reduced in p63 KO in comparison to
wild type at E11.0 (arrows). The tail region was removed in the specimen (g). Scale bars: 100 mm in (d, e), 200 mm in (f, g).
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Dlx5/6 D-KO embryos showed severe UP defects during

the UP to urethra formation (Figure 4d and e; note the

defects were observed along the whole proximo-distal (P-D)

aspect of the GT). The prospective future urethra orifice is

located at the distal tip of the developing normal UP

(Figure 4d; an arrow head). In contrast, Dlx5/6 D-KO GTs

displayed an abnormal urethra orifice formation adjacent

to the scrotum (Figure 4e; an arrow head). Mutant GTs

showed defective urethra formation at E18.5 forming a

groove-like structure in the ventral GT (Figure 4f and g; the

arrows show the male tubular urethra and the ventral

midline seam in f in contrast to the ventral groove-like

structure in g). Such urethral defects were also prominent

in female GTs (data not shown). Fgf8 expression was

reduced in Dlx5/6 D-KO embryos (Figure 4h and i).

Functional compensation has been known between Dlx

gene family members such as the case for Dlx5 and Dlx6.30

Single Dlx5 KO embryos displayed no genital abnormalities

(data not shown).

Defects of the epithelial differentiation in the UP of
Dlx5/6 D-KO embryos

To examine the extent of epithelial differentiation, Keratin

expression was examined in wild-type and Dlx5/6 D-KO

embryos. The immature epithelial marker K8 was not

expressed in the normal ventral margin of the UP at E12.5

(Figure 5a). In contrast, in Dlx5/6 D-KO embryos, high

levels of K8 expression persisted in the ventral margin of

the UP epithelia (Figure 5b). In contrast to wild-type GTs,

Dlx5/6 D-KO embryonic GTs showed reduction of K14 and

K1 expression at the ventral GT (Figure 5c–f; arrows).

These results indicate that in the absence of Dlx5 and Dlx6,

the epithelia of the UP do not differentiate properly during

urethra formation.

Discussion
SHFM and hypospadias by the mutation of p63 and
Dlx5/6

SHFM, also known as ectrodactyly or lobster-claw defor-

mity, is characterized by patterning defects of the central

digital rays.31 SHFM appears as genetically distinct pathol-

ogies which share, however, relatively similar clinical

manifestations. Five human SHFM disease loci have been

genetically mapped to chromosomes.17,26,32 –34 The corre-

sponding murine models for p63 inactivation (for SHFM4)

and Dlx5/Dlx6 double inactivation (for SHFM1) show

defects in limb development of varying severity. Often

SHFM appears as a syndromic malformation in which limb

defects are accompanied by craniofacial, urogenital and

ectodermal abnormalities. Although association with cra-

niofacial and ectodermal abnormalities could be explained

from the known functions of the disease genes, the

significance of the urogenital symptoms as part of the

clinical signs of SHFM remained unelucidated.35

In this study, we have shown the similarity in UP

phenotypes of two mouse mutants associated to SHFM

suggesting the necessity to investigate further the presence

of urogenital defects in human SHFM-associated symp-

toms. In fact, some clinical cases have been reported the

presence of urogenital defects, such as hypospadias in

SHFM.36,37 However, the frequency of such urogenital

defects remains unclear as most of the reports mentioned

such symptoms only marginally. In the case of SHFM1, no

prominent reports have so far described for external

genitalia defects.38 Hence, a more careful examination of

external genital phenotypes seem important in the view of

our results.

Hypospadias results from the failure of the formation or

fusion of the UFs. The failure of prospective UF fusion

corresponds to the position of the abnormal opening of the

urethra. In this study, we found that Dlx5/6 D-KO, p63 KO

and Bmp7 KO GTs displayed abnormal location of urethra

orifice toward the scrotum. The frequency of hypospadias

among total birth varies depending on the regions, but it is
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Figure 3 Downregulation of Bmp7 expression in p63 KO embryos;
Bmp7 KO embryos display defects in the UP formation. (a and b) Bmp7
expression in the DUE is reduced in p63 KO GTs at E11.0 (arrows in a
and b). (c and d) A cross-section of the GT at E17.5. UP is present at
the ventral midline in wild type (c). In contrast, Bmp7 KO GTs lack such
UP formation (d). (e and f) Bmp7 KO UP shows remaining K8
expression in the ventral margin in contrast to the wild-type (yellow
arrowheads) at E12.5. Scale bars: 200mm in (a, b), 100 mm in (c– f).
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generally high in USA, Norway and Denmark often reach-

ing to approximately 0.4% of the total birth.39,40 As

abnormalities during the course of UP to urethra formation

may likely lead to hypospadias in newborns,2 the current

study suggests that mutation(s) of Dlx5/6, p63 and Bmp7

may be involved for the occurrence of particular hypo-

spadias associated with SHFM. In fact, recent human

genetic studies indicated the possible involvement of

Bmp7 and Fgf(s) in the development of hypospadias.41,42

Epithelial differentiation during the UP formation of
the embryonic external genitalia (GT)

One of the fundamental characters of the GT development

is to develop endodermal epithelia along with GT forma-

tion, initially as CM and later forming the UP, subsequently

the tubular urethra in the male GT.

Epithelial differentiation marked by a transition of

immature epithelial markers, such as K8 to a more

differentiated stratification marker takes place during

the UP to mature urethra formation.4,11 The process of

mature urethra formation includes multiple steps of

bilateral mesenchyme growth/differentiation, initial mid-

line fusion, epithelial remodeling and subsequent

mesenchyme rearrangement.1,4 It has been suggested that

differential Keratin marker gene expressions correspond to

several steps of the UP differentiation during urethra

formation.1,4 In fact, K14 expression was detected in the

ventral UP adjacent to the surface ectoderm at E12.5 stages

onwards (data not shown). The ventral margin adjacent to

the ventral midline shows differentiated epithelial state

during the normal UP development4 (Figure 1). p63, Dlx5/6

and Bmp7 are expressed in the GT during UP development

(Figure 6). As shown in this study, p63 and Bmp7 are

expressed in DUE with an overlapping manner during the

UP development. Judged by the expression pattern and the

similar symptoms, a possible developmental scenario may

thus apply for p63 and Bmp7 in regulating the urethra

formation. Dlx5/6 D-KO UPs also retained the immature

character during development with persisting K8 expres-

sion. Furthermore, Dlx5/6 D-KO and Bmp7 KO embryonic

GTs also showed the reduction of K14 gene expression

(data not shown). Thus, such an abnormal epithelial status

has been observed in p63 KO, Dlx5/6 D-KO and Bmp7

KO GTs.

Wild type

E10.5

E11.5

H
E

F
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a d
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c E12.5

DIx5/6 D-KO

D
Ix

5

Figure 4 Dlx5 is expressed during the UP formation and Dlx5/6 D-KO embryos show urethral defects. (a–c) Dlx5 is initially expressed broadly in
the CM at E10.5 before GT bud emergence (a). Dlx5 is expressed proximodistally (p–d) uniformly in UP and mesenchyme at E11.5 (b). From E12.5
onwards, its expression is restricted in the distal region of GT (c). (d and e) The prospective urethra orifice is located at the distal tip of the developing
UP in the wild-type GTs at E18.5 (d). In contrast, the urethra orifice of Dlx5/6 D-KO is located abnormally at the developing proximal UP (e). The
arrowheads indicate the location of the urethra orifice. (f and g) A cross-section of the external genitalia at E18.5. The urethra of wild type is canalized
in the glans (f). Dlx5/6 D-KO GTs show defects in the formation of the urethra (g). The arrows indicate the position of the urethra (wild type) and the
aberrant ventral groove (Dlx5/6 D-KO embryos). (h and i) Marked decrease of Fgf8 expression at E11.5 in the DUE (yellow arrowheads). Scale bars:
200 mm in (d, e, h, i), 100 mm in (f, g).
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How such abnormal epithelial differentiation was in-

duced by the above genes remains unclear. Some reports

have suggested a possible transcriptional regulation of

several Keratin genes for epithelial cell proliferation and/or

differentiation.43,44 Some types of Keratins can regulate cell

growth through several signaling pathways.45 Whether an

alteration of Keratin gene expression, such as the case of

K8, thus consequently affects on urethra differentiation,

requires further analyses. Dlx5/6 was shown to be initially

expressed in the CM and subsequently in DUE during the

GT formation from E10.5 to E11.5 in this study. The lack of

Fgf8 expression, the DUE marker, in the double mutant GTs

does not necessarily indicate the absence of DUE because of

the possible compensation with other growth factors

expressed there. During E10.5–E11.5, DUE expressed

Fgf8, Dlx5/6, p63 and Bmp7. This initial Dlx5/6 expression

suggests that DUE formation may contribute to the entire

prospective UP, which will eventually give rise to the UP

phenotypes. According to this hypothesis, DUE might thus

eventually contribute to the entire P-D aspect of the UP

formation, which needs to be studied by epithelial lineage

studies in the future. Some previous reports described such

early staged UP as a cloacal plate, implying that such an

early staged GT is composed with uniform immature

endodermal epithelia.46 Irrespective of these interpreta-

tions, the UP defects in the p63 KO, Dlx5/6 D-KO and Bmp7

KO GTs provide research materials for investigating the

developmental mechanisms of vertebrate urethra forma-

tion and the onset of hypospadias. Similar UP defects of

epithelial differentiation in p63 KO, Bmp7 KO and Dlx5/6

D-KO GTs are striking considering the different nature of

these genes. Although the frequency of SHFM with

hypospadias represents not so frequent among the total

hypospadias, an indication of transcription factors and
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Figure 5 Abnormal epithelial differentiation of the Dlx5/6 D-KO
embryos. (a and b) K8 expression is not detected in the ventral margin
of the UP in wild-type GTs at E12.5 (a: yellow arrowhead). In contrast,
the Dlx5/6 D-KO UP shows the remaining K8 expression in the
corresponding region (b: yellow arrowhead). (c– f) Dlx5/6 D-KO
embryonic GTs show the reduction of K14 and K1 protein expression
in contrast to the wild-type GTs at E14.5 (black arrows). Scale bars:
100 mm in (a– f).
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Figure 6 An illustration showing the kinetics of GT development with the list of gene expression pattern for the developing epithelia and
mesenchyme of GTs. (a–c) The upper figures display the developmental morphologies of the mouse GT at E10.5, E11.5 and E12.5. The lower table
represents the state of expression of developmental genes, p63, Dlx5/6 and Bmp7, in the epithelia and mesenchyme of GTs. þ : expressed, �: not
expressed, *1: faint expression in the mesenchyme, *2 restricted expression in the distal region.
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Bmp7 for regulating urethra development will offer a

unique candidate developmental cascade for further in-

vestigation.

Putative genetic cascades including Bmp7 during the
GT development

One of the key distal epithelial regulators, Bmp7, was

suggested as a downstream candidate gene of p63. Bmp7

has been suggested to regulate epithelial differentiation

during embryonic development,27,28 although its function

during GT formation has remained unknown.

p63 has been implicated in many processes of epitheliza-

tion during organogenesis. In the case of p63-related gene,

p53, multiple downstream target genes for regulating cell

growth/differentiation have been suggested.47 In the case

of p63, some candidate genes for the regulation of

epithelialization or differentiation have been sug-

gested.13,14,48 Recently, the Thesleff group suggested that

Bmp7 is located downstream of p63 during tooth forma-

tion providing evidence for its vital role during tooth

formation.29 The signaling epithelia for tooth formation,

the enamel knot, expresses several growth factors, for

example, Bmp7, Bmp2, Shh, Fgf4 in addition to several

transcription factors.49 In the case of DUE, a similar but

different set of growth factors are expressed, including, for

example, Fgf8, Bmp7 and Fgf9.6,8,50 As epithelial (DUE)-

mesenchymal interactions have been suggested in the

distal GT region with several Bmps involved in such

interactions,8,10 it is possible that in addition to the

identified role of Bmp7 for epithelial differentiation, its

mesenchymal influences also existed. As for human

developmental anomalies, whether Bmp7 is involved for

or can modify the occurrence of SHFM remains unknown.

Bmp7 KO analysis on its null mutation reported subtle digit

phenotypes, which are different from those of p63.51,52 In

sum, this study offers a unique developmental context

with set of different transcription factors and growth

factors in external genitalia formation. Because of the

multiple phenotypic complexity and many candidate

genes, detailed genetic analyses are very difficult by human

genetic studies. The study should be further pursued to

better understand the mechanisms of human heritable

limbs/GT disorders.
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