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Development of the metanephric kidney begins with the induction of a single ureteric bud (UB) on the caudal Wolffian duct
(WD) in response to GDNF (glial cell line-derived neurotrophic factor) produced by the adjacent metanephric mesenchyme
(MM). Mutual interaction between the UB and MM maintains expression of GDNF in the MM, thereby supporting further out-
growth and branching morphogenesis of the UB, while the MM also grows and aggregates around the branched tips of the UB.
Ror2, a member of the Ror family of receptor tyrosine kinases, has been shown to act as a receptor for Wnt5a to mediate nonca-
nonical Wnt signaling. We show that Ror2 is predominantly expressed in the MM during UB induction and that Ror2- and
Wnt5a-deficient mice exhibit duplicated ureters and kidneys due to ectopic UB induction. During initial UB formation, these
mutant embryos show dysregulated positioning of the MM, resulting in spatiotemporally aberrant interaction between the MM
and WD, which provides the WD with inappropriate GDNF signaling. Furthermore, the numbers of proliferating cells in the
mutant MM are markedly reduced compared to the wild-type MM. These results indicate an important role of Wnt5a-Ror?2 sig-
naling in morphogenesis of the MM to ensure proper epithelial tubular formation of the UB required for kidney development.

RorZ is a member of the Ror family of receptor tyrosine kinases
and acts as a receptor or coreceptor for Wnt5a to activate a
noncanonical Wnt signaling pathway and to inhibit the canonical
Wnt signaling pathway (1-4). Wnt5a-Ror2 signaling primarily
regulates cell polarity and migration in a variety of cell types (1,
5-11). Wnt5a-Ror?2 signaling also plays a crucial role in maintain-
ing neural progenitor cells in a proliferative, undifferentiated state
in the developing neocortex (12). During mouse development,
Ror2 and Whnt5a are expressed in various tissues and organs in
spatiotemporally similar manners (13—15). Furthermore, Ror2-
and Wnt5a-deficient mice exhibit overall similarities in their phe-
notypes (1, 15-18). In humans, mutations within the Ror2 gene
cause an autosomal-recessive form of Robinow syndrome (RRS),
which is characterized by short stature, mesomelic limb shorten-
ing, brachydactyly, vertebral abnormalities, and a typical fetal face
(19, 20). Importantly, several renal abnormalities, including dou-
ble ureters and kidneys, hydronephrosis, and rudimentary kidney,
have been reported to be associated with RRS (21, 22). However,
the role of Wnt5a-Ror2 signaling in kidney development is largely
unknown.

Development of the metanephric kidney depends on proper
interactions between the ureteric epithelium and metanephric
mesenchyme (MM) (23). In mice, it begins at embryonic day 10.5
(E10.5) to E11.0, when a single ureteric bud (UB) emerges from
the caudal Wolffian duct (WD) and invades the dorsally localized
MM. The UB then grows and undergoes branching morphogen-
esis to form the collecting duct system, while the MM aggregates
around the branched tips of the UB and undergoes mesenchymal-
epithelial transition and tubulogenesis to form nephrons. Defects
in these early induction events can result in congenital anomalies
of the kidney and urinary tract (CAKUT), a major cause of renal
failure in children (24). Although mutations within several genes
have been identified as the cause of human CAKUT, little is known
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about the molecular pathogenesis of these disorders (25). Accu-
mulating evidence demonstrates that GDNF (glial cell line-de-
rived neurotrophic factor), a growth factor that is produced by the
MM, plays central roles in UB induction, acting via its receptor,
Ret, expressed in the WD (26-31). Several mechanisms have been
reported to regulate GDNF-Ret signaling during UB formation:
the transcription factor FoxCl1 and Slit2/Robo2 signaling repress
the rostral expression of Gdnf (32, 33), while Sproutyl, an intra-
cellular inhibitor of receptor tyrosine kinase signaling, reduces the
sensitivity of the WD to GDNF (34). Aberrant regulation of
GDNF-Ret signaling might result in ectopic activation of GDNF-
Ret signaling, leading to ectopic formation of the UBs in the ros-
tral WD.

Here, we show that Ror2 is mainly expressed in the MM during
the initiation of UB formation and that both Ror2- and Wnt5a-
deficient embryos exhibit ectopic UBs, resulting in the formation
of duplicated ureters and kidneys. Furthermore, loss of Ror2 or
Whnt5a causes spatiotemporally aberrant interaction between the
MM and WD due to abnormal positioning of the MM, thereby
providing the WD with inappropriate GDNF signaling. These re-
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sults suggest that Wnt5a-Ror2 signaling regulates morphogenesis
of the MM, an important process ensuring proper epithelial tubu-
lar formation of the UB required for kidney development.

MATERIALS AND METHODS

Animals. ICR (JclICR; CLEA, Japan) mouse embryos were used for ex-
pression analysis of Ror2 and Wnt5a. The generation of Ror2-deficient
mice has been described previously (18). Wnt5a-deficient mice were ob-
tained from A. McMahon (15). HoxB7-EGFP transgenic mice, which were
generated by F. Costantini (35), were obtained from the Jackson Labora-
tory. All animal experiments in this study were approved by the Institu-
tional Animal Care and Use Committee (permission number P110901-
R3) and carried out at the Institute for Experimental Animals, Kobe
University Graduate School of Medicine, according to the Kobe Univer-
sity Animal Experimentation Regulations.

Organ culture. Kidney primordia isolated from HoxB7-EGFP-ex-
pressing embryos at E11.0 or E11.5 were placed on transwell filters (0.4
pm [in diameter] pore size; Corning) and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM)—F-12 medium (Sigma) supplemented with
10% (vol/vol) fetal bovine serum and 0.5% (wt/vol) penicillin-streptomy-
cin (Invitrogen) in a humidified atmosphere at 37°C with 5% CO,. The
culture medium was changed every 24 h.

Histology and immunostaining. Embryos were fixed in 4% (wt/vol)
paraformaldehyde (PFA) at 4°C overnight, embedded in paraffin, and
sectioned at a thickness of 7 um. The sections were stained with hematox-
ylin and eosin using a standard protocol or immunostained with anti-
Ror2 antibody (1:200), which was prepared as previously described (36).
For preparation of cryosections, fixed embryos were equilibrated with
30% (wt/vol) sucrose, embedded in OCT compound (Sakura Finetek),
and frozen. Sections were prepared at a thickness of 10 pwm and stained
with the respective antibodies and DAPI (4',6-diamidino-2-phenylin-
dole) (Sigma) or phalloidin (Invitrogen). Cryosections were also used for
the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) assay (Click-iT TUNEL Alexa Fluor imaging assay
kit; Invitrogen). Whole-mount immunofluorescence staining of the kid-
neys was performed as previously described (37). The following antibod-
ies were purchased commercially: anti-PH3 (ab10543; abcam; 1:400),
anti-phospho-Erk (p-Erk) (4370; Cell Signaling; 1:200), anti-Pax2 (PRB-
276P; Covance; 1:500), and antipancytokeratin (C2562; Sigma; 1:200).

Whole-mount in situ hybridization. The kidneys were fixed in 4%
(wt/vol) PFA at 4°C overnight and treated with 10 pg/ml proteinase K in
phosphate-buffered saline (PBS) containing 0.1% (vol/vol) Tween 20
(PBST) for 10 min at room temperature. After postfixation with 4% (wt/
vol) PFA containing 0.2% (wt/vol) glutaraldehyde for 20 min at room
temperature, the tissues were prehybridized in hybridization solution
{50% (vol/vol) formamide, 500 mM NacCl, 0.5% (wt/vol) 3-[(3-cholami-
dopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 0.1%
(vol/vol) Tween 20, 100 pg/ml yeast tRNA, 0.5 mg/ml heparin, 10 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.0), 1 mM
EDTA} and hybridized in hybridization solution containing the probe (2
pg/ml) at 63°C overnight. After washing and RNase treatment, specimens
were incubated with alkaline phosphatase-conjugated antidigoxigenin
antibody (Roche; 1:2,000), and positive signals were visualized with ni-
troblue tetrazolium  (NBT)-5-bromo-4-chloro-3-indolylphosphate
(BCIP) (Roche). The cDNAs for Hoxd11 and Robo2 probes were obtained
by RT-PCR and subcloned into pBluescript and pCRII, respectively. The
cDNAs for Slit2 and Foxcl probes were kind gifts from G. Martin (Uni-
versity of California, San Francisco, CA) and T. Kume (Northwestern
University School of Medicine), respectively. Digoxigenin-labeled ribo-
probes for Ror2, Wnt5a, Ret, Gdnf, Hoxdl11, Robo2, Slit2, and Foxcl were
prepared as previously described (14, 38, 39).

Quantitative RT-PCR. For separation of the kidney epithelia and
mesenchymes, pooled kidneys isolated from the ICR mouse embryos
(E11.5) were treated with pancreatin-trypsin enzyme solution (2.5% [wt/
vol] pancreatin; 0.5% [wt/vol] trypsin in Ca®"/Mg*" -free Tyrode’s sa-
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line), and the epithelia and mesenchymes were separated mechanically. Total
RNAs were isolated from the separated tissues by using an RNeasy minikit
(Qiagen). For expression analysis of Gdnfin mutant kidneys, total RNAs were
isolated from the kidneys of each individual embryo (E11.0). Quantitative
reverse transcription (RT)-PCR was performed as previously described (40).
Relative mRNA levels of the respective genes of interest were determined after
normalization by levels of 18S rRNA (18S). Forward and reverse primer sets
for PCR were as follows: Wnt5a, 5'-CAAATAGGCAGCCGAGAGAC-3" and
5'-CTCTAGCGTCCACGAACTCC-3'; Ror2, 5'-TGAACACTTGGGAGTG
CCTT-3"and 5'-CTGCTTTCTGTACAACGTTG-3"; Gdnf, 5'-CGCTGACC
AGTGACTCCAAT-3" and 5'-AAACGCACCCCCGATTTTTG-3'; Ret, 5'-
GGCATTAAAGCAGGCTACGGCA-3" and 5'-GAGGAATAACTGATTGG
GAA-3; 18S, 5'-ATGGCCGTTCTTAGTTGGTG-3' and 5'-CGCTGAGCC
AGTCAGTGTAG-3'.

Transmission electron microscopy. Transmission electron micros-
copy (TEM) was performed as previously described (41). Briefly, the kid-
neys were dissected from E18.5 embryos and fixed in 2.5% (wt/vol) glu-
taraldehyde and 2% (wt/vol) PFA solution in 0.1 M phosphate buffer (pH
7.4) (PB). After washing with 0.1 M PB containing 7% (wt/vol) sucrose
several times and postfixation with 1% (wt/vol) osmium tetroxide in 0.1
M PB, the tissues were dehydrated in graded series of ethanol and embed-
ded in epoxy resin, which was polymerized at 65°C for 48 h. Ultrathin
sections (thickness, 0.1 pm) were performed with a diamond knife on an
MT-7000 ultramicrotome (RMC Products). Sections were collected onto
40-mesh copper grids and contrasted using 4% (wt/vol) uranyl acetate
and lead citrate. The sections were examined under TEM (EM-002B; Top-
con) at a low magnification (X500) and a high magnification (X2,000).

RESULTS AND DISCUSSION

Ror2 is expressed in the metanephric mesenchyme during the
initial phase of ureteric budding. We first examined the Ror2
expression pattern during kidney development by immunohisto-
chemistry. At E10.5, when a UB starts to emerge from the caudal
WD, Ror2 was mainly detected in the MM, which is recognized as
a mesenchymal condensation adjacent to the caudal WD (Fig.
1A). Expression of Ror2 in the MM was also observed promi-
nentlyat E11.5 to E13.5 (Fig. 1B to D), partially decreased at E14.5
(Fig. 1E), and became undetectable at E15.5 (Fig. 1F). Only min-
imal Ror2 expression could be detected in WD, the UB, the col-
lecting ducts, and the developing nephron tubules at E10.5 to
E14.5 (Fig. 1A to E). Immunofluorescence analysis showed strong
Ror2 expression at the MM cell membranes surrounding the UB
tips (Fig. 1G). In agreement with the expression pattern of Ror2
protein, Ror2 mRNA was mainly detected in the MM, as assessed
by whole-mount in situ hybridization (Fig. 1H). In contrast,
Wnt5a mRNA was detectable in both the MM and WD/UB epi-
thelia at E11.0 (Fig. 1I). These observations were also confirmed
by real-time RT-PCR analysis of kidney epithelia (WD/UB) and
the nephrogenic mesenchyme (NM), which contains the MM and
mesonephric mesenchyme (MesM), both separated from E11.5
kidneys (see Fig. S1A in the supplemental material). Like Gdnf,
which is exclusively expressed in the MM (42), Ror2 was highly
expressed in the NM, while Wnt5a was detected in both the
WD/UB and NM/MM (see Fig. S1B in the supplemental mate-
rial). These findings suggest that Wnt5a-Ror2 signaling might
function primarily in the MM during the initial phase of UB for-
mation.

Loss of Ror2 or Wnt5a results in duplicated ureters due to
ectopic formation of the ureteric buds. To study the roles of
Wnt5a-Ror?2 signaling in kidney development, we examined phe-
notypic features of the kidneys and urinary tracts from Ror2 and
Whnt5a knockout (KO) mouse embryos. At E18.5, 54% of the
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Pan-cytokeratin

FIG 1 Ror2 is predominantly expressed in the MM during the initial phase of UB formation. (A to F) Immunohistochemical analysis of Ror2 in embryonic
kidneys, showing strong Ror2 expression in the MM (arrowheads). The asterisks indicate the developing nephrons. Enlarged images of the boxed regions in
panels D and E are shown at the bottom. (G) Double immunofluorescence staining of kidneys (E11.5) with anti-Ror2 (red) and antipancytokeratin (green)
antibodies, showing Ror2 expression in the MM (arrowheads) surrounding the tips of the UB (arrow). (H and I) Whole-mount in situ hybridization of kidneys
(E11.0) with Ror2 (H) and Wnt5a (I) antisense probes. Scale bars, 0.1 mm. CD, collecting duct.

Ror2™/~ (n = 35) and all of the Wnt5a~"~ (n = 6) embryos ex-
amined displayed a duplicated ureter/kidney phenotype either
unilaterally or bilaterally, while Ror2™* (n = 5), Ror2™"~ (n =
18), Wnt5a™" (n = 7), and Watsa™~ (n = 12) embryos had
apparently unaffected kidneys (Fig. 2A to F; see Fig. S2A in the
supplemental material). In addition, among six Wnt5a ™/~ em-
bryos with duplicated ureters, five embryos exhibited hydrone-
phrosis and hydroureter (Fig. 2C and F), phenotypes that are often
caused by impaired connection of the ureter to the bladder and
frequently associated with ureter duplication (32-34, 43-45). In
contrast, hydroureter was observed in only 9% (3/35) of Ror2™/~
embryos (see Fig. S2B in the supplemental material). Examination
by transmission electron microscopy revealed that most of the
renal corpuscles (8/10) in Wnt5a™~/~ kidneys with severe hydro-
nephrosis did not contain capillaries but were occupied by undif-
ferentiated cells. Such abnormalities in the renal corpuscles were
somewhat less prominent in Wnt5a '~ kidneys without severe
hydronephrosis (5/10), and all of the renal corpuscles examined
contained normally differentiated cells in wild-type (WT) (n =
15) and Ror2~'~ kidneys (n = 15), which did not show any ap-
parent hydronephrosis (see Fig. S3 in the supplemental material).
Thus, there is a possibility that abnormal development of the renal
corpuscles is associated with hydronephrosis, as suggested by oth-
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ers (46—48). Further studies are required to clarify the mecha-
nisms underlying abnormal development of the renal corpuscles
in Wnt5a mutants. Our findings indicate that, as in other tissues,
such as the limb bud, loss of Wnt5a results in more severe defects
than loss of Ror2 in the developing kidney, probably reflecting a
redundant function(s) of another Ror family member, Rorl,
which is also expressed in the urogenital tract (13). Importantly,
several renal abnormalities, including double ureters/kidneys and
hydronephrosis, are associated with an autosomal-recessive form
of RRS (21, 22), which is caused by mutations within Ror2 (19,
20), indicating that Ror2™"~ and Wnt5a~/~ mice can serve as a
model for understanding the pathogenic mechanisms of renal
malformations in individuals with RRS. Interestingly, the pheno-
types observed in Ror2™’~ and Wnt5a~’~ kidneys are character-
istic of human CAKUT, which is caused primarily by abnormali-
ties during the initial phases of kidney induction (24), suggesting
that impaired Wnt5a-Ror2 signaling may potentially be involved
in the pathogenesis of CAKUT in humans.

Since formation of duplex ureters and kidneys is attributable to
ectopic formation of the UB (33, 43), we next examined UB for-
mation in Ror2 KO and Wnt5a KO embryos. To this end, these
mutant mice were crossed with HoxB7-EGFP mice, which express
enhanced green fluorescent protein (EGFP) in the WD and its
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FIG 2 Abnormal kidney development in Ror2- and Wnt5a-deficient mice. (A to C) Urogenital systems from WT (A), Ror2~/~ (B), and Wnt5a~’~ (C) embryos
at E18.5. The inset in panel B shows a magnified view of the boxed region with duplicated ureters (arrows). The asterisks in panel C indicate hydroureters. (D to
F) Hematoxylin and eosin staining of kidneys (E18.5). The arrows and asterisks indicate duplicated ureters and renal pelves, respectively. Scale bars, 1 mm. (G
to K) HoxB7-EGFP (green)-expressing kidneys that were isolated from embryos with the indicated genotypes at E12.5. The arrows indicate duplicated UBs. The
insets in panels I to K show images of the boxed regions after whole-mount immunofluorescence staining with anti-Pax2 antibody (red). Scale bar, 0.1 mm. (L
to O) Organ culture of Ror2- and Wnt5a-deficient kidneys. HoxB7-EGFP-expressing kidneys were isolated from embryos with the indicated genotypes at E11.0
(designated 0 h) and cultured for up to 48 h (L and M) or 72 h (N and O). The arrows indicate duplicated UBs. Scale bars, 0.1 mm.

derivatives, the UB and collecting ducts, and then UB formation
was analyzed in whole-mount kidneys at E11.5 to E12.5. We found
that 52% of Ror2™’~ (n = 25) and 42% of Wnt5a~'~ (n = 19)
embryos indeed exhibited duplicated ureters with branched UB
tips at E11.5 to E12.5, while all of their Ror2*/* (n = 21) and
Wnt5a™"" (n = 15) littermates had a single ureter (Fig. 2G to J; see
Fig. 5A to D). Duplicated ureters are known to arise as a conse-
quence of either the formation of two separate UBs from the WD
(complete duplication) or premature branching (bifurcation) ofa
single UB (incomplete duplication) (49). Among the mutant kid-
neys with duplicated ureters, 38% (Ror2”’") and 50%
(Wnt5a~'") of the kidneys showed complete duplicated ureters
while the remainder showed incomplete duplicated ureters. Al-
though these two types of duplication appear to be distinct, their
underlying mechanisms may be similar, since both induction of
the UB and its initial branching are driven by signals from adjacent
MM (23), suggesting an important role of Wnt5a-Ror?2 signaling
in the properties of the MM. We also found that 53% of Wnt5a™/~
embryos (n = 19; E11.5 to E12.5) failed to form branched UBs on
either side but had one or multiple short UBs or bulges instead
(Fig. 2K; see Fig. 5E), a phenotype that was not observed in
Ror2™’~ embryos, probably due to functional redundancy be-
tween Rorl and Ror2. This finding was unexpected, since we did
not observe renal agenesis in Wnt5a~’~ embryos at E18.5, raising
the possibility that the short, unbranched UB(s) observed at E11.5
to E12.5 could grow and branch to develop the duplicated kidneys
and ureters by E18.5 in vivo, even though the short, unbranched
UB at E11.5 failed to branch within 3 days of organ culture (see
Fig. 5E’), probably reflecting the delayed UB outgrowth of the
mutant kidneys, as mentioned below.
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To examine genetic interactions between Wnt5a and Ror2, we
crossed Ror2™/~ Wnt5a™*’~ mice with Ror2*/~ mice and assessed
the ureter and kidney phenotypes of the embryos at E12.5. All of
the Ror2""~ Wnt5a*’~ embryos examined showed a single ureter
on either side (n = 7/7), while Ror2™"~ Wnt5a™/~ embryos exhib-
ited unilateral (n = 3/7) or bilateral (n = 1/7) agenesis of the
ureter/kidney or double ureters (n = 2/7) (see Fig. S4 in the sup-
plemental material). Among the 3 embryos with unilateral ureter/
kidney agenesis, 1 also had duplicated ureters in the contralateral
kidney (see Fig. S4 in the supplemental material). Since agenesis of
the ureter/kidney was observed in Wnt5a /" but not Ror2 /"
embryos at E12.5 (Fig. 2G to K; see Fig. S4 in the supplemental
material), our results indicate that loss of one allele of Wnt5a can
enhance the ureter/kidney defects in Ror2™/~ embryos, resem-
bling those in Wnt5a~/~ embryos. The observed genetic interac-
tions between Wnt5a and Ror2 suggest that Wnt5a and Ror2 act in
the same pathway during kidney development.

We next analyzed the pattern of UB formation by organ culture
of kidney rudiments isolated at E11.0. Explants from WT E11.0
embryos exhibited a single unbranched UB at the caudal WD,
which then elongated and branched once to form a T-shaped UB
within 24 h of culture and branched further within 48 h (Fig. 2L
and N). In contrast, explants from Ror2 ™/~ or Wnt5a /" litter-
mates exhibited a single or two closely positioned bulges at E11.0
(0 h), which then developed into two distinctly separated UBs
within 24 h of culture and grew further to form duplex T-shaped
UBs within 48 to 72 h (Fig. 2M and O). The process of UB forma-
tion in these mutant kidneys was markedly delayed compared
with WT kidneys (Fig. 2L to O). Taken together, these results
suggest that Wnt5a-Ror?2 signaling might be required for restrict-
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FIG 3 Gdnf expression is mislocalized in Ror2- and Wnt5a-deficient kidneys. (A to E) Whole-mount in situ hybridization of kidneys (E11.0) with Gdnf
antisense probe (brackets). The WD and UBs are outlined. Scale bar, 0.1 mm. (F to H) Whole-mount immunofluorescence staining of kidneys (E11.0)
expressing HoxB7-EGFP (green) with anti-p-Erk antibody (red). Images of anti-p-Erk staining alone (top row) and merged images (bottom row) are

shown. Arrows indicate UBs. Scale bar, 0.1 mm.

ing the budding of the WD to a single site and for proper UB
outgrowth and subsequent branching.

Gdnf is mislocalized in Ror2- and Wnt5a-deficient kidneys.
Accumulating evidence demonstrates that GDNF functions as a
primary induction factor of the UB by acting through the Ret
receptor expressed in the WD (26-31). Since the expression pat-
tern of Ret was apparently unaffected in Ror2™/~ and Wnt5a™/~
kidneys (see Fig. S5 in the supplemental material), we then exam-
ined the expression of Gdnfin Ror2~/~ and Wnt5a '~ kidneys by
whole-mount in situ hybridization. At E11.0, Gdnf expression was
highly concentrated around the tip of the single UB in WT kidneys
(Fig. 3A and C). Importantly, however, in Ror2™’~ and Wnt5a™ '~
kidneys, Gdnf expression was spread rostrally relative to the nor-
mal UB, which arises at the caudal end of the WD, but its signal
intensity was reduced compared with that detected in WT kidneys
(Fig. 3A to D). The rostral spread of the Gdnf-expressing region is
consistent with the observation that the ectopic UB(s) arose ros-
trally compared to the normal UB’s position (Fig. 3A to D). An
essentially identical pattern of Gdnf expression was observed in
Ror2™'~ and Wnt5a~’~ kidneys. However, in some Wnt5a™ /"~
kidneys with impaired UB outgrowth, Gdnfwas not detected (Fig.
3E). Quantitative RT-PCR analysis revealed that expression levels
of Gdnfin E11.0 kidneys were comparable among different geno-
types, except for some Wnt5a~’~ embryos, where Gdnf was only
marginally detected (see Fig. S6 in the supplemental material).
Together with the results of in situ hybridization, these data indi-
cate that, although Gdnf expression is more widespread spatially,
its local concentration is reduced in Ror2™/~ and Wnt5a /"~ kid-
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neys with duplicated UBs, atleast at E11.0. Our results also suggest
that the reduced local concentration of Gdnf may cause the delay
of UB outgrowth in Ror2™/~ and Wnt5a /" kidneys. We next
examined the activity of Erk signaling, one of the main down-
stream signaling pathways elicited by GDNF-Ret (50, 51), by
whole-mount immunofluorescence staining. We found high lev-
els of p-Erk at the single UB in WT kidneys, as well as the dupli-
cated UBs in Ror2™"~ and Wnt5a~/" kidneys (Fig. 3F to H), con-
sistent with the spatial expression pattern of Gdnfsurrounding the
UB(s). Taken together, these results support the notion that loss of
Wnt5a-Ror2 signaling results in mislocalization of Gdnf expres-
sion in the MM, which induces ectopic activation of GDNF-Ret
signaling in the WD, leading to ectopic formation of the UB.
Loss of Ror2 or Wnt5a results in malpositioning and growth
reduction of the metanephric mesenchyme. It has been reported
that loss of Slit2, Robo2, or Foxcl results in ectopic formation of
the UBs due to aberrant expression of Gdnf (32, 33). Whole-
mount in situ hybridization of E11.0 kidneys revealed that the
expression patterns of these genes are virtually unaffected by loss
of either Ror2 or Wnt5a (see Fig. S7 in the supplemental material),
suggesting that Wnt5a-Ror2 signaling may regulate spatial expres-
sion of Gdnfand UB formation through mechanisms independent
of signaling mediated by Slit2/Robo2 and Foxcl. It has been well
established that mutual interaction between the MM and UB is
required for maintaining expression of Gdnf in the MM, thereby
supporting further outgrowth and branching morphogenesis of
the UB (23, 52). Since Ror2 is predominantly expressed in the MM
during the initial phase of UB formation, we hypothesized that
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Cc Whitsat*
E10.5

E11.0

FIG 4 Aberrant morphogenesis of the MM in Ror2- and Wnt5a-deficient
kidneys during UB induction. (A to D) Kidneys expressing HoxB7-EGFP
(green) were isolated from embryos at E10.5 and E11.0 and subjected to
whole-mount immunofluorescence staining with anti-Pax2 antibody (red).
All images are lateral views with anterior at the top and dorsal at the right. The
arrowheads and arrows indicate the MM and MesTs, respectively. Scale bar,
0.1 mm. (E and F) Frozen sections of kidneys (E10.5) were stained with phal-
loidin (green) and anti-Pax2 antibody (red). Scale bar, 0.1 mm.

loss of Ror2 or Wnt5a causes aberrant morphogenesis of the MM,
which may give rise to inappropriate interaction between the MM
and WD, resulting in ectopic budding and mislocalized Gdnf ex-
pression. To confirm this notion, the mutant kidneys expressing
HoxB7-EGEP were isolated from embryos at E10.5 and E11.0, and
the spatial distribution of the MM was determined by whole-
mount immunofluorescence staining with anti-Pax2 antibody,
which labels the MesM, WD, and UB, in addition to the MM. As
reported previously (37), at E10.5, the MM was located along the
caudal WD, almost separated from the MesM, and stretched dor-
sally but not ventrally at the UB domain in WT and Ror2™/~
kidneys (Fig. 4A and C). In accordance with the dorsal positioning
of the MM, in WT and Ror2™/~ kidneys, the UB was bulged dor-
sallyat E10.5 (Fig. 4A and C). At E11.0, we found a well-developed
MM that was clearly separated from the caudal WD and accumu-
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Wnt5a~”- Whnt5a™-

Whnt5a+/*

FIG 5 Impaired UB outgrowth in Wnt5a-deficient kidneys is associated with
the loss of proper interaction between the MM and UB. (A to E) Kidneys
expressing HoxB7-EGEP (green) were isolated from embryos at E11.5 with the
indicated genotypes. (A’ to E') After organ culture for 72 h, the kidneys were
subjected to whole-mount immunofluorescence staining with anti-Pax2 anti-
body (red). Magnified images of the boxed regions are shown at the bottom.
The arrows indicate MesTs. Scale bars, 0.1 mm.

lated around the UB tip with concomitant outgrowth of the UB in
WT kidneys (Fig. 4A and C). In contrast, the MM in Ror2~’~ and
Wnt5a~'" kidneys was relatively small and did not stretch to the
dorsal side of the WD at E10.5 (Fig. 4B and D). At E11.0, the
mutant MM was still mainly positioned at the ventral side and
only slightly at the dorsal side of the caudal WD without any in-
tervening space between the MM and WD (Fig. 4B and D). An
essentially identical pattern of MM positioning was observed in
Ror2™’~ and Wnt5a~’~ kidneys, consistent with the pattern of
their Gdnfand pErk distribution. Thus, in addition to the fact that
the mutant MM was somewhat smaller, it was abnormally juxta-
posed to the caudal WD continuously during initial UB forma-
tion, implying the presence of a putative ectopic UB stimulating

A

Ror2+/+ Ror2-/- Wnts5a+/+ Wntbsa

% PH3* MM cell
o N A~ O

[ —

Ror2++ Ror2”/- Wnt5a+/+ Wnt5a”/-

FIG 6 Decreased mitotic cells in the MM of Ror2- and Wnt5a-deficient kid-
neys. (A) Kidneys (E11.0) expressing HoxB7-EGFP (green) were subjected to
whole-mount immunofluorescence staining with anti-Pax2 (blue) and anti-
PH3 (red) antibodies. (B) Relative proportions of PH3-positive cells (means *+
standard deviations [SD]; n = 3) in the MM (Pax2-positive, EGFP-negative
cells). More than 300 cells were counted for each sample. *, P < 0.005; £ test.
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factor, like GDNF, in the WD continuously. These results suggest
that Wnt5a-Ror2 signaling is required for proper positioning of
the MM during initial UB formation.

To further study MM formation in Ror2~/~ and Wnt5a '~
embryos after E11.0, mutant kidneys were isolated at E11.5, when
duplication (Fig. 5B and D) or outgrowth defects (Fig. 5E) of the
UB were apparent in the mutant embryos. After 72 h of organ
culture, MM formation was examined (Fig. 5A" to E'). As shown,
each of the duplex UBs in both Ror2™/~ and Wnt5a~’~ kidneys
formed numerous UB tips that were surrounded by the MM, as
observed in WT kidneys (Fig. 5A" to D'), indicating that in these
mutants with duplicated UBs, MM formation by itself was unaf-
fected. In contrast, Wnt5a~/~ kidneys with impaired UB out-
growth at E11.5 failed to form a branched UB even after 72 h in
culture, and the MM was poorly developed and/or maintained
without associating with the UB (Fig. 5E’). Similar results were
obtained with Wnt5a~’~ kidneys isolated from embryos at E12.5
(Fig. 21 to K, insets). These findings indicate that although Wnt5a-
Ror2 signaling is required for proper ureteric budding from the
WD, once the UB grows to a certain extent, mutual interaction
between the UB and MM supports their further outgrowth and
branching, irrespective of Wnt5a-Ror2 signaling, by maintaining
Gdnf expression. Wnt5a /"~ kidneys with impaired UB outgrowth
at E11.5 may fail to create proper interactions between the UB and
MM, resulting in arrest of their further growth and UB branching.

Interestingly, we found ectopic formation of mesonephric tu-
bules (MesTs) in close proximity to the MM in Ror2~/~ and
Wnt5a~'~ kidneys at E10.5 and E11.0 (Fig. 4B and D). Section
immunofluorescence analysis confirmed the presence of extratu-
bular MesT structures adjacent to the MM in Wat5a /" kidneys,
while this was never detected in WT kidney sections that con-
tained the MM (Fig. 4E and F). Ectopic formation of MesTs was
also observed in the section of Ror2~/~ kidneys (data not shown),
as well as in organ-cultured Ror2™/~ and Wnt5a~/~ kidneys with
duplicated UBs (Fig. 5B and Fig. 5D"). However, induction of the
ectopic MesTs was not correlated with the presence of multiple
UBs, since it also occurred in Ror2™/~ and Wnt5a~'~ kidneys with
asingle UB (data not shown), as well as in Wntsa "/~ kidneys with
impaired UB outgrowth and branching (Fig. 5E’). During kidney
development, the MesTs are known to arise adjacent to the rostral
WD through mesenchymal-epithelial transition (MET) of the ros-
tral MesM (53), where Wnt9b secreted from the WD plays a cen-
tral role by activating the canonical Wnt pathway (54) while the
caudal MesM disappears through apoptosis (37). Since Wnt5a-
Ror2 signaling can inhibit the canonical Wnt pathway (2), it is
conceivable that loss of Ror2 or Wnt5a might induce ectopic acti-
vation of the canonical Wnt pathway, resulting in the formation of
extra-MesTs.

We next examined whether the smaller size of the MM in mu-
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tant kidneys at E10.5 to E11.0 (Fig. 4A to D) is due to decreased cell
proliferation or increased apoptosis. TUNEL staining revealed
very few apoptotic cells at comparable levels in both WT and mu-
tant kidneys (data not shown). On the other hand, Ror2™’ and
Wnt5a~/~ kidneys showed a statistically significant decrease in
phospho-histone H3 (PH3)-positive proliferating cell numbers in
the MM adjacent to the UB (Fig. 6), suggesting that a decreased
rate of cell proliferation is at least partly responsible for the smaller
size of the MM in the mutant kidneys during the initial phase of
UB formation.

Loss of Ror2 or Wnt5a does not affect the positioning of the
posterior IM that gives rise to the metanephric mesenchyme. It
has been shown that at E9.5 the intermediate mesoderm (IM) is
differentially patterned along its anterior-posterior axis, i.e., the
Pax2-positive anterior IM (MesM), which gives rise to the meso-
nephros but not the metanephros, and the Pax2-negative, Hox11-
positive posterior IM, which contains the precursor of the MM
and therefore can develop the metanephros (55). As mentioned
above, loss of either Ror2 or Wnt5a causes compromised posterior
extension (15, 18), raising the possibility that the aberrant posi-
tioning of the MM would be secondary to mispositioning of the
posterior IM, which gives rise to the MM. In fact, Ror2 was ex-
pressed in the Pax2-negative posterior IM as well as the Pax2-
positive anterior IM at E9.5 (Fig. 7A). We examined the expres-
sion pattern of the Hox11 family gene Hoxd11, since its expression
is known to be restricted to the posterior, metanephric level of the
IM at E9.5 and to be essential to specify the metanephric region
along the anterior-posterior axis of the IM (53, 56). Whole-mount
in situ hybridization in E9.5 embryos showed expression of
Hoxdll in the posterior ends of both control and mutant
(Ror2™/~ and Wnt5a~/") embryos in similar patterns (Fig. 7B to
E). The sizes of the HoxdII-expressing domain relative to the
trunk size along the vertebrae were almost comparable between
the control and mutant embryos (Fig. 7F), indicating that the pos-
terior IM was normally patterned and positioned along the ante-
rior-posterior axis at E9.5. In agreement with this result, the pro-
portions of proliferating mesenchymal cells around the posterior
WD in E9.5 kidneys were similar in both the control and mutant
embryos (data not shown). We next examined the position of the
anterior IM, i.e., the MesM, by anti-Pax2 whole-mount immuno-
staining, since the MesTs, derivatives of the MesM, were aber-
rantly positioned in the metanephric region of Ror2™’~ and
Wnt5a~’~ embryos at E10.5 (Fig. 4). Importantly, the relative
positions of the caudalmost MesM along the WD were not signif-
icantly different between the control and mutant embryos (Fig.
7G to K), indicating that, like the posterior IM, the anterior IM is
normally positioned, at least at E9.5. Taken together, these results
suggest that the aberrant positioning of the MM in Ror2 and
Whnt5a mutants at E10.5 is not due to the mispatterning or mis-

FIG 7 Normal positioning of the posterior IM in Ror2- and Wnt5a-deficient embryos at E9.5. (A) Immunofluorescence staining of E9.5 embryos with anti-Pax2
(red) (left) and anti-Ror2 (red) (right), counterstained with DAPI (blue). Ror2 is detected in both the anterior and posterior IM. Scale bar, 0.1 mm. (B to E)
Whole-mount in situ hybridization of embryos (E9.5) with Hoxd11 antisense probe. fl, forelimb bud; hl, hindlimb bud. Scale bar, 0.1 mm. (F) Length from the
tail tip to the rostral limit of the Hoxd1-expressing domain (a) relative to the length from the tail tip to the level of the midforelimb bud along the vertebrae (b)
(means = SD; n = 3). (G to]) Kidney rudiments were isolated from Ror2*/* and Ror2™/~ embryos expressing HoxB7-EGFP (G and H, green) or Wnt5a™* and
Wnt5a~'~ embryos (I.and J) at E9.5 and subjected to whole-mount immunofluorescence staining with anti-Pax2 antibody, which labels the WD, MesM, and
MesTs, shown in red (G and H) or white (I and J). Multiple stacked confocal images were reconstructed into one continuous image, where the borders of
individual images are indicated by the dashed lines and the WDs (I and J) are pseudocolored in green for ease of identification. The arrows indicate the
caudalmost MesM. The insets show enlarged images of the boxed regions. Scale bar, 1 mm. (K) Length between the rostral end of the WD and the point where
the caudalmost MesM exists relative to the length of the WD (means * SD; n = 5).
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positioning of its precursor, the posterior IM, at E9.5. After E9.5,
in Ror2™"~ and Wnt5a~/~ embryos, the MM differentiated from
the posterior IM may fail to grow thoroughly in the metanephric
region, resulting in mispositioning of the MM, while the caudally
developing MesM may abnormally differentiate into the MesTs in
close proximity to the metanephric region. Nevertheless, it is still
possible that a secondary change in the organization of the meta-
nephric field would occur due to gross alterations in posterior
extension, since we have not explored in depth the formative pe-
riod between E9.5 and E10.5. Thus, we also cannot rule out the
possibility that the ectopic MesTs influence the normal develop-
ment of the MM, although the mutant kidneys with ectopic MesTs
did not necessarily show UB phenotypes.

In summary, we show here that noncanonical Wnt5a-Ror2
signaling plays an important role in regulating proper formation
of the MM, at least partly by mediating cell proliferation. As sug-
gested by our present study and other studies (37), the MM pro-
gressively migrates or accumulates from the anterior ventral side
of the caudal WD to the region of the future MM (the dorsal side
of the caudal end of the WD). Thus, our results suggest that, in
addition to cell proliferation, mesenchymal cell migration is im-
paired in Ror2~/~ and Wnt5a~/~ kidneys, resulting in more ante-
rior and diffuse distribution of a Gdnf-expressing MM. Aberrant
formation of the MM in the mutant kidneys gives rise to inappro-
priate interaction between the MM and WD due to abnormal
positioning of the MM, resulting in inappropriate GDNF signal-
ing at the WD, leading to ectopic budding. The ectopic UBs in
turn maintain ectopic Gdnfexpression for their further outgrowth
and branching morphogenesis. However, Wnt5a /"~ kidneys with
more severe phenotypes fail to create proper interaction between
the MM and WD or UB, resulting in loss of Gdnf expression and
impaired outgrowth and branching of the UB. Further studies will
be required to clarify the role of Wnt5a-Ror2 signaling in mesen-
chymal cell migration during ureteric budding. It is also impor-
tant to examine Rorl Ror2-double mutants to clarify the possible
functional redundancy between Rorl and Ror2 and to elucidate
further the mechanisms by which Wnt5a-Ror signaling regulates
kidney development.
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