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Dysregulation of Wnt inhibitory factor 1 (Wif1)
expression resulted in aberrant Wnt-f-catenin
signaling and cell death of the cloaca endoderm,
and anorectal malformations

RC-L Ng"?7, D Matsumaru®, AS-H Ho', M-M Garcia-Barcel6'?, Z-W Yuan®*, D Smith®, L Kodjabachian®, PK-H Tam'?,
G Yamada® and VC-H Lui*"?

In mammalian urorectal development, the urorectal septum (urs) descends from the ventral body wall to the cloaca membrane
(cm) to partition the cloaca into urogenital sinus and rectum. Defective urs growth results in human congenital anorectal
malformations (ARMs), and their pathogenic mechanisms are unclear. Recent studies only focused on the importance of urs
mesenchyme proliferation, which is induced by endoderm-derived Sonic Hedgehog (Shh). Here, we showed that the
programmed cell death of the apical urs and proximal cm endoderm is particularly crucial for the growth of urs during septation.
The apoptotic endoderm was closely associated with the tempo-spatial expression of Wnt inhibitory factor 1 (Wif1), which is an
inhibitor of Wnt-g-catenin signaling. In Wif1**?"#°Z mytant mice and cultured urorectum with exogenous Wif1, cloaca septation
was defective with undescended urs and hypospadias-like phenotypes, and such septation defects were also observed in Shh—'~
mutants and in endodermal f-catenin gain-of-function (GOF) mutants. In addition, Wifl and Shh were expressed in a
complementary manner in the cloaca endoderm, and Wifli was ectopically expressed in the urs and cm associated with
excessive endodermal apoptosis and septation defects in Shh—/~ mutants. Furthermore, apoptotic cells were markedly
reduced in the endodermal f-catenin GOF mutant embryos, which counteracted the inhibitory effects of Wif1. Taken altogether,
these data suggest that regulated expression of Wif1 is critical for the growth of the urs during cloaca septation. Hence, Wif1
governs cell apoptosis of urs endoderm by repressing p-catenin signal, which may facilitate the protrusion of the underlying
proliferating mesenchymal cells towards the cm for cloaca septation. Dysregulation of this endodermal Shh-Wif1-f-catenin
signaling axis contributes to ARM pathogenesis.
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Urorectal development starts at gestational week-4 in humans
and at E10.5 in mice, and is divided into three phases: genital
tubercle (GT) outgrowth, cloaca septation and urethra
tubularization. GT outgrowth is initiated with a paired genital
swellings on either side of the cloaca (caudal end of the
rectum), which fuse medially to form the future external
genitalia. Cloaca septation is the partitioning of the cloaca by
urorectal septum (urs) into the rectum and urogenital sinuses
(ugs). Urorectal development is indistinguishable in male and
female embryos before urethra tubularization. Defective
urorectal development results in a number of congenital
anomalies frequently accompany with deficient excretory and
copulatory functions, greatly influencing the patients’ quality of
life. In particular, the anorectal malformations (ARMs) are the

most common urorectal defects and affect boys and girls with
an incidence of 2-5 in 10 000 live births," but its pathogenic
mechanisms are poorly understood. ARM phenotypes are
also partly included in several diseases, such as Currarino
syndromes, Townes Brocks Syndromes and VACTERL
complex, and these patients display other anomalies including
anal fistula, sacral malformations and renal malformations.>°

During cloaca septation, the urs, an endoderm-lined
mesenchyme, elongates from the ventral body wall to the
cloaca membrane (cm) (Figure 1a). The proximal cm is
regressing when the apical urs endoderm approximates to the
cm leading to the formation of the urethral duct (ud) and the
anal opening, which signifies the completion of cloaca
septation (Figure 1b). After septation, the cm regression
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Normal rat embryos

ARMSs rat embryos

Figure 1

Descent of the urorectal septum and regression of the cloaca membrane during cloaca septation. Schematic diagram of cloaca development showing the

descent of urs and regression of proximal cm leads to anal opening after cloaca septation (a—c). Normal cloaca development in rat embryos from E14.5 to E16.5 (a’-¢'). Rat
treated with ethylenethiourea displayed persistent cloaca at E14.5 (d; n= 12), hypospadias-like phenotypes with incomplete cloaca septation at E15.5 (e; n=15) and E16.5

(f); n=9). Scale bar: 50 um

associated with the proximal-to-distal urs elongation coupled
with fusion of the preputial fold mesoderm along the ventral
midline of the tubercle leads to the formation of urethral
opening at the distal end of the GT (Figure 1c).

Deletion of Shh, Wnt5a or Bmp7in mouse embryos resulted
in reduced proliferation of the urs mesenchyme, incomplete
urs elongation and septation defects.””'° In addition, the cm
was either disintegrated or remained intact in these null
embryos, giving rise to hypospadias-like or persistent cloaca
phenotypes (Figure 1). Nonetheless, deletion of these genes
not only leads to a decrease in cell proliferation but also affect
cell apoptosis.'"12

Shh and Wnt signaling are indispensable for the septation
process. Shh is expressed in the cloaca endoderm and
mediates the proliferation of urs mesenchyme through Gli2.
Shh and Gli2 mutants displayed persistent cloaca. However,
deletion of Shh eradicated the cm, exposing the unseptated
cloaca exteriorly, whereas the cm remained intact in the loss
of Gli2.”'®* Wnt5a is crucial for urorectal development and
regulates the outgrowth of GT.®"° Studies suggest that Wnt-
p-catenin signaling activity is tightly regulated in urorectal
development.' 'S Furthermore, f-catenin expression was

downregulated in Shh mutants.'® Constitutive activated
p-catenin in Shh null background can partially rescue
defective development of the GT and the cm.""1® All these
indicated that Wnt-f-catenin signaling functions downstream
of Shh. How Wnt signaling is regulated during cloaca
septation has not been investigated.

Wif1 (Wnt inhibitory factor 1) is a secreted Wnt inhibitor,
which exerts its inhibitory effect on Wnt signaling by binding
directly to Wnt ligands and by preventing the ligands from
binding to their cell surface receptors. The presence of Wif1
leads to f-catenin degradation, thereby turning off Wnt-f-
catenin signaling.'” Most of the recent studies focused on the
impact of epigenetic silencing of Wif1 in various carcinomas,'®
and restoration of Wif1 activity in cancer cells induced
apoptosis of malignant cancers.'® By contrast, reports on
the regulatory functions of Wif1 in embryonic development are
limited. Previous study suggested that Wif1 has high affinity to
Wnt3a, Wnt4, Wnt5a, Wnt7a, Wnt9a and Wnt11;2° and Wif1
regulated chondrogenesis in cartilage-mesenchyme inter-
faces via the inhibition of Wnt3a-mediated mesenchyme
growth in embryos.?' A recent study revealed that expression
of Wif1 is androgen responsive in prostate bud formation.
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Loss of Wif1 in prostate glands induced ectopic expression of
other secretory Wnt inhibitors to compensate for the loss of
Wif1 activity in these mutants.?2 Furthermore, Smad1 directly
targets the Wif1 promoter and controls Wif1 gene expression
in lung epithelial cell development.?® Taken all these indicated
that Wnt-fS-catenin signaling is precisely regulated in a
number of embryonic developmental processes, and Wif1
modulates the Wnt-f-catenin signaling activity.

In this study, we discovered that the finely regulated
expression of Wif1 is crucial for cloaca septation, and
dysregulated Wif1 expression caused septation defects.
Shh and Wif1 were expressed in a complementary manner
at the cloaca endoderm, and deletion of Shhinduced ectopic
Wif1 expression, associated with excessive endoderm apop-
tosis and septation defects. Comparable septation defects
were observed in Wif1@#%aZ mytant mice, in cultured
urorectum with exogenous Wif1, in Shh~'~ mutants and in
endodermal f-catenin GOF mutants. In conclusion, this study
suggests that Wif1 regulates endodermal cell apoptosis by
mediating and regulating Shh-Wnt-f-catenin signaling, thus
having an essential role during urorectal development.

Results

Wif1 is required for urorectal development. To assess
the requirement of Wiff in urorectal development, we
examined the urorectal development in a transgenic knock-
in mouse Wif1'3°#"a°Z 18 |n the crossing of Wif1'3°a°Z mice,
we repeatedly observed resorption of around 50% of
embryos indicative of early embryo lethality (Supplementary
Table 1). More importantly, about 5% of Wif1'@°%"a°Z mutants
displayed gross anomalies including limb deformities, cranio-
facial abnormalities and urorectal defects (Supplementary
Figure 1). In Wif1’3#%°Z mutants, the external genitalia

development was perturbed, and the ventral midline genital
tubercle was malformed (Figures 2d and e). An apparent
large hollow cloaca existed with cm disintegration (Figure 2f).
It is therefore apparent that loss of Wif1 impedes normal
urorectal development.

Wif1 is dynamically expressed in the midline cloaca
endoderm and complementary expressed with Shh
during septation. To study the expression patterns of
Wif1 in the developing cloaca, we performed immunohisto-
chemical (IHC) staining on normal embryos and enzymatic
staining for f-galactosidase of Wif1'3°?"a°Z embryos. Wif1
expression was first detected at the apical urs endoderm and
cm at E11 (Figure 3a). Its expression level increased sharply
in these regions by E12.5 when the urs endoderm was about
to fuse with the cm. Apart from the cloaca endoderm, Wif1
was also expressed at the distal GT endoderm and the apical
genital mesenchyme (Figure 3b). By E13.5, Wif1 expression
decreased markedly after septation and the formation of
urethral duct (ud) (Figure 3c). The expression pattern
of Wif1 was also reconfirmed by f-galactosidase staining of
Wif1'aZ1acZ embryos (Supplementary Figure S2).
Shh-expressing endoderm cells contribute to the entire
urethra and hindgut.24 To investigate Shh expression pattern
of these endoderm derivatives, we performed ISH and
discovered that Shh was differentially expressed in the cloaca
endoderm during cloaca septation. Shh was expressed in the
cloaca endoderm by E11, whereas only weak Wif1 expression
was detected (Figure 3d). By E12.5, Shh was expressed
weakly in the apical urs endoderm and proximal cm
endoderm, whereas Wift was strongly expressed
(Figure 3e). After the septation was completed at E13.5,
Shh expression remained weak in the apical urs endoderm
and in the proximal cm (Figure 3f). In contrast, no Wif1

Normal
Wif1lacZ/lacZ

Malformed
Wif1lacZ/lacZ

Figure 2 Wif1 is crucial in urorectal development. Normally developed genital tubercle of Wiff'*°?®Z embryos at E12.5 (a) and E14.5 (b, ¢). Defective Wif1'2°Z/acZ
embryos displayed perturbation of GT outgrowth and malformed genital tubercle at E12.5 (d) and E14.5 (e). Ventral view of the malformed GT at E14.5 showed the unseptated

cloaca with a large hollow space and degraded ventral cloaca membrane (f)

Cell Death and Differentiation



Wif1l regulates cloaca septation @
RC-L Ng et al

981

Wif1

Shh

p-catenin

Figure 3 Complementary expression pattern of Wif1 and Shh in the cloaca endoderm. Wif1 expression (brown) at the tip of the urs endoderm and the proximal cloaca
membrane epithelium was increased from E11 (a) to E12.5 (b) before septation but reduced drastically at E13.5 (¢). Shh expression (purple) in the cloaca endoderm and
rectum endoderm showed a complementary expression pattern with Wif1. Shh was expressed at the entire cloaca endoderm by E11 (d). Shhwas expressed at a very low level
in urs and cloaca membrane endoderm, whereas Wif1 was expressed strongly at E12.5 (e) and E13.5 (f). Nuclear f3-catenin immuno-reactivity (arrowheads) was localized in
the apical urs endoderm when Wif1 expressed weak at E11 (g and ¢'). At E12.5 and E13.5, nuclear f3-catenin immuno-reactivity was only detected in the basal urs endoderm
(arrowheads) (h, h" and i, i') but not in the apical urs endoderm (h’”” and i”’). 3D reconstruction of Wif1 expression domains at E12.5 showed Wif1 expression in the midline of
the septating cloaca (j and j'). Coronal sections of the distal and proximal region of the genital tubercle showed that Wif1 was not expressed in the distal midline ugs endoderm
(k) but in the proximal midline endoderm (1). Expression of Shh was detected in the entire distal ugs endoderm (m), but its expression was absent in the proximal midline
endoderm (n). White arrowheads indicate the plane of coronal sections. Regions highlighted were magnified as shown. Scale bar: 50 um
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expression was detected in the endoderm, whereas Shh was
strongly expressed. This indicates that Shh and Wif1 were
expressed in a complementary manner in the cloaca
endoderm from E11.5 to E13.5.

A 3-dimensional expression analysis revealed that the
expression domains of Wif1 were localized at the midline
cloaca endoderm of the canal connecting the urogenital sinus
(ugs) and the rectum (re) of E12.5 urorectum (Figures 3jand ).
Shhwas expressed in the entire distal ugs endoderm, whereas
Wif1 was not expressed (Compare Figures 3k and m). In the
cloaca, Shh was strongly expressed in the bilateral ugs
endoderm but weakly at the midline urs endoderm and hg
endoderm (Figure 3n). This indicated that there is tight
complementary expression of Shh and Wif1 in the midline
cloaca endoderm.

Restricted expression of Wif1 in the cloaca endoderm
prompted us to examine whether Wnt signaling was sup-
pressed in those Wif1-expressing regions. Immunostaining
revealed that nuclear -catenin was detected in the apical urs
endoderm at E11 when Wif1 was weakly expressed (Figures
3g and ¢'). By E12.5 and E13.5, nuclear f-catenin signals
were markedly reduced in the apical urs endoderm and
proximal cm endoderm where Wif1 was strongly expressed
(Figures 3h, h", I, i'). It is highly possible that the reduction in
nuclear f-catenin was due to the inhibitory effect of Wif1
during septation.

Next, we examined whether a deletion of Shh would affect
Wif1 expression in the cloaca endoderm. Staged deletion of
Shh in embryos elicited different urorectal defects ranging
from external genitalia agenesis, persistent cloaca to hypo-
spadias-like phenotypes.’® Deletion of Shh in embryos
induced ectopic and precocious expressions of Wif1 in the
urs endoderm and cm endoderm by E11.5 (Figure 4b).
Cyclopamine inhibits Hh signaling by inactivating the trans-
membrane protein, Smoothened (Smo) and blockage of Shh
in the GT explant caused GT agenesis.?>2” We could verify
that cyclopamine induced GT outgrowth retardation and
unseptated cloaca. More importantly, Wif1 was ectopically
expressed in the entire cloaca endoderm and the surface
ectoderm of cyclopamine-cultured urorectum (Figure 4h). In
addition, both cytoplasmic and nuclear f-catenin immuno-
staining were further decreased in the Wif1-expressing
endoderm in Shh mutant embryos (Figure 4f). Thus, disrup-
tion of Shh signaling disturbed the unique temporal spatial
pattern of expression of Wif1 in the cloaca endoderm, in
associate with defective urorectal development.

Wif1 inhibited endodermal Wnt-$-catenin signaling and
led to cloaca septation defects. Active Wnt-f-catenin
signaling can be localized by using a reporter transgenic
mouse Topgal?®®?. By E12.5, LacZ-positive cells indicated
that Wnt-f-catenin signaling was active in the distal urethral
epithelium (dUE). The Wnt-f-catenin signaling was absent in
the proximal cm (Figure 5a). After septation was completed
by E13.5, LacZ staining was even stronger in the dUE, but
the proximal cm still remained LacZ-negative (Figure 5b).
To assess the impact of Wif1 on Wnt activity in urorectal
epithelium and urorectal development, we cultured the E12
Topgal®?* urorectum with exogenous mouse Wif1 protein
for 24 h. Upon increasing doses of Wif1 protein, LacZ-positive
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cells were reduced in the dUE (Figure 5c). In the titration
analysis, 2.5 ug/ml of Wif1 protein induced a marked reduction
in LacZ activity in the dUE. We therefore repeated the culture
with the Wif1 protein (2.5 pg/ml) and increased the incubation
time to 36h to examine whether exogenous Wif1 protein
affected septation. Addition of Wif1 protein to the culture
induced cm disintegration (Figure 5e), which was similar to the
cm degradation defects in Shh~/~ mutant embryos.®

Increased Wif1 expression enhanced cell apoptosis
leading to cloaca membrane disintegration. The cm is
several cells thick at E10.5-11.5, the regressing proximal cm
becomes a one-cell-thick epithelium by E13.5, and sub-
sequently the proximal cm degenerates leading to the
formation of the anal opening and the urethral duct. Wif1
expression was detected in the degrading proximal cm. This
observation prompted us to study whether programmed cell
death was linked to the proximal cm degradation and Wif1
expression. We performed TUNEL staining and immuno-
fluorescence for Wif1 on mid-sagittal sections of the
developing urorectum. Apoptotic cells were detected not
only in the proximal cm but also in the apical urs endoderm.
The number of apoptotic cells increased from E11.5to E12.5
before septation (Figures 6¢c and g). Wif1-expressing cells in
the cloaca endoderm were also TUNEL positive throughout
the septation process from E11.5 to E13.5 (Figures 6d, h and
I). Once the rectum was separated from the urogenital sinus,
the number of apoptotic cells decreased and fewer cells
showed Wif1 expression. These results suggested that Wif1
expression pattern was closely associated with cell apoptosis
in the cloaca during septation.

Given that inactivation of Shh and abnormal expression of
Wif1 caused disintegration of the cm, we tested whether
endodermal apoptosis increased in response to the preco-
cious expression of Wif1 in Shh~/~ mutant embryos. TUNEL
staining and immunofluorescence staining for Wif1 indicated
that cell apoptosis was increased in the cm of Shh~/~ mice,
where ectopic Wif1 expression was localized (Figures 7a and b).
The cm disintegration in Shh~/~ mutant embryos at E13.5
could be due to elevated cell apoptosis of the cm at the early
stage of urorectal development (Figures 7c and d). This
suggested that precocious Wif1 expression in cm led to early
cm disintegration resulting in perineal urethra.

To study whether Wnt-f-catenin activity determines cell
apoptosis in the cloaca endoderm, we used the Shh®eERTZ/+ -
B-cat™ embryos and Shh®®ERTZ* pcaf™(®d to examine
the requirement of Wnt-f-catenin signaling on endodermal
cell death during septation. f-cat’ embryos contain two loxP
sites flanking exon 3 and 6, and f-catenin loss-of-function
(LOF) mutant was generated upon cre recombination.
Constitutive active f-catenin’(©*® mutants (f-catenin gain-
of-function (GOF)) served as a tool for studying the effects of
increased endogenous f-catenin. LOF and GOF mutants
were analyzed at E18.5 for urorectal development sub-
sequent to TM treatment at E9.5. TM treatment at E9.5
induced robust Cre-recombination in the urs endoderm and the
dUE (co-submitted MS: Miyagawa et al.). Both urs endodermal
p-catenin loss-of-function (LOF) and gain-of-function (GOF)
mutants induced by TM treatment at E9.5 displayed cleft-like
phenotypes in their perineal region, but the growth of urs was
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Figure 4

In vivo and in vitro deletion of Shh elevated Wif1 expression. Wif1 was weakly expressed at E11.5 in control littermates (a). Deletion of Shhinduced precocious

Wif1 expression in the cloaca membrane endoderm and cloaca canal endoderm at E11.5 (b). By E12.5, a similar expression pattern of Wif1 was observed in both control (c)
and Shhmutant embryos (d). However, the cm in Shh mutant was much thinner than the control embryo. Both cytoplasmic and nuclear f3-catenin immunoreactivity decreased
markedly in Shh mutant embryo (f) as compared with the control littermate (e). /n vitro inhibition of Shh signaling by cyclopamine induced ectopic expression of Wif1 in the
entire cloaca endoderm and surface ectoderm of the GT explant (h; n=5) compared with the control (g). Scale bar: 50 um

not similarly affected in these mutants (co-submitted MS:
Miyagawa et al.). The urs descended relatively normally and
protruded out of the cloaca in the LOF mutants, but the urs
failed completely to descend in the GOF mutants. As revealed
by TUNEL staining, the number of apoptotic cells in the urs
endoderm of f-catenin LOF mutants was comparable to that of
control embryos (Figure 7f). At E11.5, the high level of
endogenous Wif1 probably caused degradation of f-catenin

and hence a very low level of f-catenin activity in the apical urs
endoderm. Therefore, it was not unexpected that further
deletion of f-catenin in the endoderm displayed no drastic
effect on the apoptosis of these endoderm cells of f-catenin
LOF mutants. By contrast, TUNEL-positive apoptotic cell were
absent in the urs endoderm of the f-catenin GOF
mutants (Figure 7g). Hyperactivation of Wnt-f$-catenin
signaling in the cloaca endoderm promoted cell survival.
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2.5 pg/mL Wifl

36 hours culture

Figure 5 Exogenous Wif1 suppressed Wnt-f-catenin signaling in the developing midiine urorectum. f-gal-positive cells in Topgal®?~ embryos were localized at the

distal urethral epithelium at E12.5 (a) and E13.5 (b). GT explant from the Topga

/acz/ +

embryos at E12 were cultured for 24 h with increasing concentrations of Wif1 protein.

The number of 5-gal-positive cells (arrowheads) decreased in explants cultured with higher concentration of Wif1 proteins (). GT from the E12 Topgal®?* embryos cultured
for 36 h with exogenous Wif1 (1.5 ng/ml) displayed cloaca membrane disintegration and un-septated cloaca (e) compared with the control (d). Scale bar: 50 um

This supports our hypothesis that Wif1 inhibits Wnt signaling to
induce apoptosis of the apical urs endoderm.

Discussion

Reciprocal interactions between the urs endoderm and the
neighboring mesenchyme are critical for the urs development
and cloaca septation. Endoderm-derived Shh integrates with
Whnt--catenin signaling to regulate GT and urs development
(co-submitted MS: Miyagawa et al.).'* However, it is not
known how these two pathways coordinate to regulate the urs
development for cloaca septation.

This study indicates that the elongation of the urs,
regression of the cm and the formation of an anal opening
depend on the activity of canonical Wnt signaling, which is
regulated by Wif1, downstream of Shh in the urs endoderm.
Disruption of these activities in mice dysregulates endodermal
apoptosis and arrests the septation event causing cloacal
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defects, resembling human congenital anorectal malforma-
tions (ARMs).

Temporal-spatial expression of Wif1 is crucial for cloaca
septation. The temporal-spatial expression of Wif1 at the
midline cloaca endoderm of the canal linking the urogenital
sinus and the rectum closely correlates with key events for
cloaca septation including descent of the urs, midline fusion
of the urs endoderm with the cm endoderm and degradation
of the proximal cm.

Wif1 expression pattern associates with programmed cell
death in the apical urs endoderm and the cm during septation.
Colocalization of Wif1 expression and apoptosis was also
observed in developing vertebrae and interdigit mesenchyme
of the developing limb bud (data not shown), suggesting a
causal relationship of Wif1 and programmed cell death during
embryonic development. Furthermore, pro-apoptotic function
of Wif1 has also been reported in cancer cells.'® Thus, ectopic
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Figure 6 Wif1 colocalized with apoptotic endoderm cells during cloaca septation. AntiWif1 staining (Red) and TUNEL staining (Green) were colocalized in the urs tip
endoderm and proximal cloaca membrane epithelium of the septating cloaca from E11.5 to E12.5 (a-h). The number of apoptotic cells decreased after cloaca septation
together with the decrease in Wif1 expression level in the cloaca endoderm at E13.5 (i-l). Scale bar: 50 um

and precocious Wif1 expression in Shh~/~ urorectal region
and cyclopamine-treated urorectum explant could induce
aberrant programmed cell death of the cloaca and contribute
to developmental defects of the urs and cm. We also
discovered that ETU-induced ARMs rat embryos displayed
ectopic Wif1 expression in the cloaca endoderm
(Supplementary Figure S3). Taken together, these data
indicated that finely regulated Wif1 expression is crucial for
cloaca septation, ectopic Wif1 expression was linked to
aberrant programmed cell death of the cloaca endoderm
and extirpated cm disintegration and mal-developed urs.
Wif1 expression associated with the reduction in nuclear
p-catenin of the apical urs endoderm and proximal cm, and
Wif1 caused a reduction in the X-gal activity of Topgal®®?
urorectum, indicating that Wif1 inhibited Wnt-f-catenin
signaling in the developing urorectum. Wnt-f-catenin signal-
ing promotes survival, whereas inhibition of Wnt-f-catenin
signaling induced programmed cell death.?>*° A recent
publication also indicated that secreted Wnt inhibitors
promote apoptosis in embryonic development.®! Therefore,
the ectopic and precocious expression of Wifl in E11.5
Shh~'~ embryos and cyclopamine-treated urorectum explant
inhibited the Wnt-p-catenin signaling leading to aberrant cell
death of the cloaca endoderm and the cm. The importance of
the Wif1-mediated urs endodermal Wnt-f3-catenin activity and

cell death for cloaca septation was further supported by the
lack of urs endodermal cell death and septation defects in
p-catenin GOF mutants. Concomitantly with the ectopic
induction of endoderm Wif1 expression in Shh '~ mutant,
p-catenin signaling has also been shown to be reduced in the
endoderm.'® Inthe E11.5 8-catenin GOF mutant embryos, the
apical urs endoderm did not undergo apoptosis, instead
the apical urs endoderm proliferated, and the urs failed to
elongate to septate the cloaca (this study and co-submitted
MS: Miyagawa et al). The proliferation of the urs
mesenchyme was only reduced at the later stage of septation
at E13.5 in GOF mutants (co-submitted MS: Miyagawa et al.),
suggesting that the proliferating urs mesenchyme per se was
not sufficient to drive the early descent of urs. Therefore,
midline cloaca endodermal cell death contributed to the
septation process, and Wif1 induced programmed cell death
by inhibiting Wnt-f-catenin activity.

A proportion of Wif1 ~/~ mutant mice are normal and fertile,
but develop bone tumors.'® This study showed that deletion of
Wif1 caused early embryo lethality and anomalies in tissues
that expressed Wif1 including the urorectum, albeit at
incomplete penetrance, which indicated critical functions of
Wiff in embryo development. Wif1#°?"aZ mutants are
genetically equivalent to the p-catenin GOF in urs, and
perineal cleft phenotype of f-catenin GOF mutants are also
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Figure 7 Elevation of Wif1 expression increased cell apoptosis in the cloaca endoderm through Wnt-f-catenin signaling. Wif1 expression (Red) associated with cell
apoptosis (Green) in wild-type embryo (). Ectopic Wif1 expression domain (Red) in the cloaca membrane and at the tip of the urs colocalized with apoptotic cells (Green) in
E11.5 ShhEFT2~ mice (b). The cm was still intact at E13.5 in control embryos (c), whereas the cm was completely degraded at E13.5 resulting in perineal urethra in
Shhe®ERTZ/= embryos (d). Asterisk indicates the absence of cm. Apoptotic cells (Green) in E11.5 wild-type control embryos (e), in mutant embryos with endodermal deletion
of S-catenin (f) or with endodermal induction of constitutive active -catenin (g) were localized by TUNEL. Scale bar: 50 um

observed in Wif1'3°#a°Z mytants. However, around 45% of
Wif1'a%1a°Z mice develop normally, indicating that other Wnt
inhibitors may be induced to compensate for the lack of Wif1
function in these normally developed Wif1'##"aZ gmbryos as
suggested elsewhere.??

During GT development, f-catenin expression in the endo-
derm was suggested as essential for the protrusion and proper
morphogenesis.’'® The elongation defect of the urs in
p-catenin LOF mutants could be attributed to the decreased
cell proliferation in the urs mesenchyme (co-submitted MS:
Miyagawa et al.). Thus, the cloaca septation defects in ETU-
treated rats and in Wifi-treated urorectum could be mainly
attributed to the reduced proliferation of the urs mesenchyme.

Our analysis highlights that Wif1 controls canonical Wnt
signaling during septation; however, the possibility that Wif1
regulates noncanonical signaling during urorectal develop-
ment cannot be totally excluded. Indeed, mutation of Ror2, a
key component in the noncanonical Wnt signaling, caused
defects similar as Whnt5a knockout embryos,*? suggesting a
contribution of noncanonical Wnt signaling in urorectal
development.

Endodermal patterning by Shh and Wifi. Endoderm-
derived Shh promotes the mesenchyme proliferation essen-
tial for GT outgrowth and urs elongation, and proliferation
defect of the mesenchyme due to defective Shh signaling
contributes to urorectal defects in mice.'®3® This study
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revealed that the endoderm at the apical urs expressed high
level of Wif1 and low level of Shh, whereas the endoderm of
the basal urs expressed only Shh and not Wif1. Such distinct
endodermal expression patterns of Shh and Wif1 suggest a
basal-apical (B-A) patterning of the urs endoderm. Ectopic
and precocious expression of Wifl in Shh~/~ E11.5
embryos revealed that Shh negatively regulated Wif1
expression in the endoderm and suggested that B-A
patterning defect of the urs endoderm also contributed to
the abnormal septation in Shh~/~ mice. Shh has been
previously shown to repress the expression of Bmp4 at the
dUE."® The promoter of the Wif1 gene has a Smad binding
site and phospho-Smadi (downstream mediator of Bmp
signaling) induced Wif1 expression in lung epithelial cells.®
Dorsomorphin selectively inhibits the BMP type | receptors
and thus blocks BMP-mediated Smad1/5/8 phosphoryla-
tion.3435 Dorsomorphin caused a retardation of urs descent
and septation defect in mouse urorectum, associated
with a reduction of phosphorylation of Smad1 of the
urorectal endoderm (Supplementary Figure S4). However,
Wif1 expression of the endoderm was unaffected by
dorsomorphin, which indicated that Shh regulation of Wif1
expression in the urorectal endoderm was not through Bmp.

Endoderm-derived Shh modulates Wnt signaling activity by
regulating Wif1 expression, and this endoderm Shh-Wif1-
Whnt--catenin signaling axis may facilitate the descent of the
urs for cloaca septation (Figures 8a—f). The urs mesenchyme
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Figure 8 A model of signaling crosstalk regulating Wif1 and urs development. Evidence indicated that Wif1 is negatively regulated by Shh in the urs endoderm. The
expression of Wif1 modulates the activity of Wnt-f3-catenin signaling to control cell survival of the apical urs endoderm and cloaca membrane endoderm (a). A hypothetical
mechanistic model to indicate how Wif1 facilitates the urs descent and cm degradation during cloaca septation (b—f)

cells proliferate producing new cells, and the increasing
number of mesenchyme cells exerts outward mechanical
force within the constrained urs endoderm. The Wif1-
expressing apical urs endoderm undergoes apoptosis, which
leaves a weaken endoderm boundary for the mesenchyme
cells to relief such mechanical force constraint, facilitating the
‘directional elongation’ of the urs toward the cm. Wif1
expression in the proximal cm induces cell death and cm
regression to one-cell-thick epithelium. The cm is eventually
peeled off forming the anal opening and the apical urs is
exposed to the exterior forming the perineum, and ud is
formed between the urs and the remaining cm.

In summary, both deletion of Wif1 (Wiff =/~ mutants) or
ectopic induction of Wif1 (Shh~—/~ mutants and ETU-treated
rats) in the urs endoderm causes ARMs, but the differences of
phenotypes are likely attributed to different pathogenic
causes, which are in line with the complex pathogenic nature
of ARMs. The identification of a duplication of another Wnt
inhibitor gene DKK4 in patients with ARMs and that excess
DKK4 caused ARM phenotype in culture urorectum?®® further
revealed the significance of the modulation of Wnt signaling
by Wnt inhibitors for urorectal development. A synthetic
chemical Di-n-butyl phthalate (DBP) is extensively used in
industrial products and is also a common environment
pollutant in many countries. DBP could be found in urine of
women of childbearing age®” as well in blood, breast milk and
urine of women undergoing parturition.® In utero exposure to
DBP caused ARMs in rats®*™*' and patterning defects in
zebrafish,*? with downregulation of Shh and Wnt signaling
pathways. As Wif1 is dysregulated in Shh~—'~ embryo
(curretnt study), it is not unexpected that Wif1 expression
is also affected by DBP in rat embryos with ARMs.
Taken together, our results indicate that endoderm

Shh-Wif1-Wnt-f-catenin signaling must be precisely regu-
lated and its dysregulation contributes to ARMs.

Materials and Methods

Animals. The mutant mice Shh®ERT2 43 |yjjf1/acZ1acZ 18 TopgafacZ 44 p_cafoxts
and f3-cat’©3¢ were previously described. C57BL/6N mouse strain was used to
maintain the genetic background and littermates were used as the control. Mice
were kept under 12-h lights on/12-h dark cycle. For mating, male and female mice
were housed together and the appearance of vaginal plugs in the morning was
treated as embryonic day 0.5 (E 0.5). The tamoxifen (TM)-inducible Cre
recombinase system removes the floxed sequence from the targeted allele.*”
TM (Sigma, St. Louis, MO, USA) was dissolved in sesame oil at 10 mg/ml. Four
milligrams and 2 mg of TM per 40 g body weight were fed to Shh®ER: -catenin*
and  Shh°®ER:p-catenin®®% pregnant female, respectively. Under these
conditions, no overt teratological effect was detected in these embryos.
Urorectum culture. Urorectums of ICR and Topga/®?* mouse embryos at
E12 were dissected and cultured as described previously.®® Urorectums were
cultured with BGJb medium with or without the addition of exogenous Wif1 protein
(2.5 ug/ml; R&D Systems, Minneapolis, MN, USA) or Dorsomorphin (5mM;
Millipore, Burlington, MA, USA) and were incubated at 37 °C, 5% CO,.

Histology. Mouse embryos were fixed overight in 4% paraformaldehyde
(PFA; wiv) in PBS, dehydrated through gradient ethanol, embedded in paraffin
and 6 um serial sections were prepared. Hematoxylin and eosin staining was
processed according to standard protocol.

Immunohistochemical and Immunofluorescence staining.
Embryos were fixed in 4% paraformaldehyde ovemight and embedded in paraffin
wax. Midsagittal sections (6 m) or coronal sections (8 um) were deparaffinized in
xylene and hydrated in graded ethanol to water. Antigens were retrieved by
incubating with 10 mM citrate buffer. Peroxidase was inactivated in 1.5% hydrogen
peroxide/methanol. Sections were blocked with 1% BSA/PBS. Sections were
then incubated with Goat anti-Wif1 (1:100; Santa Cruz Biotech Inc., Santa Cruz,
CA, USA) and Rabbit anti-S-catenin (1:100; Cell signaling Tech. Inc., Beverly,
MA, USA) at 4 °C ovemight. For IHC analysis, sections were incubated with rabbit
anti-goat (1:200; Dako, Glostrup, Denmark) and Mouse anti-rabbit (Dako) after
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stringency wash in PBS. Color was developed and then sections were
counterstained with hematoxylin. For immunofluorescence, sections were
incubated with AlexaFluor 594 Donkey anti-goat (1:200, Invitrogen, Carlsbad,
CA, USA). Sections were mounted in mounting solution containing DAPI
(Vectalabs, Burlingame, CA, USA).

In situ hybridization. For section ISH, embryos were fixed in 4%
paraformaldehyde, embedded in paraffin wax and sectioned in 6 um. ISH was
performed as previously described.'®

X-gal staining. Embryos were fixed for 15min in 4% paraformaldehyde and
incubated in X-gal staining solution (40mM potassium ferrocyanide, 40 mM
potassium ferricyanide, 4 mM MgCl,, 1 mg/ml X-gal in DMSF) until optimal color
developed. Samples were rinsed in PBS and post-fixed in 4% paraformaldehyde
and imaged under a dissection microscope. Embryos were then cryosectioned and
imaged on a Nikon Eclipse E600 microscope.

TUNEL analysis. Hydrated sections were treated in Proteinase K (20 pg/ml)
at 37 °C for 10 min. Reaction was stopped by 10 mM glycine solution. The sections
were incubated with 50 x mixture of TUNEL solution (Roche Diagnostic, Basel,
Switzerland) at 37°C for 1h. Sections were mounted in mounting solution
containing DAPI (Vectalabs).

3D-reconstruction. Serial coronal sections of the caudal region of mouse
embryos were stained. The background color and color were edited by Adobe
Photo element 7.0 Windows PC version. Edited photos were imported into
3D-doctor software (ABLE Software Corporation, Lexington, MA, USA) and aligned in
position. 3-Dimension images of the urorectum were rendered by stacking up the
serial orientated photos. All the parameters inputted followed the guidelines as
described in the manufacturer manual.

ETU (ethylenethiourea) induction of ARMs in rat. ETU was
dissolved in distilled water (1% wt/vol). Pregnant rats were fed with 1% ETU
(125mglkg) at gestational day 11.5. Control rats were given same volume of
water. E14.5 embryos were collected for histology or immunostaining for Wif1. The
urorectal region of E14.5 embryos (both from control and ETU group) were
dissected for mRNA preparation for GeneChip analysis or real-time RT-PCR
verification.
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