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SUMMARY

Reciprocal cell-cell interactions between the ureteric

(Gdnf). Gdnf encodes a mesenchymally produced ligand for

epithelium and the metanephric mesenchyme are needed to the Ret tyrosine kinase receptor that is crucial for normal

drive growth and differentiation of the embryonic kidney to
completion. Branching morphogenesis of the Wolffian duct
derived ureteric bud is integral in the generation of ureteric
tips and the elaboration of the collecting duct system.
Wntll, a member of the Wnt superfamily of secreted
glycoproteins, which have important regulatory functions
during vertebrate embryonic development, is specifically
expressed in the tips of the branching ureteric epithelium.
In this work, we explore the role of Wntll in ureteric
branching and use a targeted mutation of théVntl1locus
as an entrance point into investigating the genetic control of
collecting duct morphogenesis. Mutation of th&Vntl1gene

ureteric branching. Conversely, Wntll expression is
reduced in the absence oRet/Gdnf signaling. Consistent
with the idea that reciprocal interaction betweenWVntlland
Ret/Gdnfregulates the branching processWntll and Ret
mutations synergistically interact in ureteric branching
morphogenesis. Based on these observations, we conclude
that Wntll and Ret/Gdnf cooperate in a positive
autoregulatory feedback loop to coordinate ureteric
branching by maintaining an appropriate balance of
Whntll-expressing ureteric epithelium andGdnf-expressing
mesenchyme to  ensure continued metanephric
development.

results in ureteric branching morphogenesis defects and
consequent kidney hypoplasia in newborn miceWntl11

functions, in part, by maintaining normal expression levels
of the gene encoding glial cell-derived neurotrophic factor

Key words:Wnt11, Metanephric kidney, Ureteric branching
morphogenesifRet Gdnf, Epithelial mesenchymal interaction,
Mouse

INTRODUCTION organs, and involves the regulated growth and branching of an
epithelial primordium within a mesenchymal environment. The
The adult metanephric kidney of mammals is primarily derivedRefGdnf signaling pathway is a major regulator of ureteric
from two embryonic tissue sources: the ureteric epithelium anldranching in the metanephric kidney (Airaksinen and Saarma,
the metanephric mesenchyme. Metanephric development 2002; Davies and Bard, 1998; Lechner and Dressler, 1997;
launched with an outgrowth of the Wolffian duct, termed theManie et al., 2001). Glial cell-derived neurotrophic factor
ureteric bud, into the neighboring uninduced metanephri¢Gdnf), a member of the T@Fsuperfamily, functions as a
mesenchyme (Saxen, 1987). The classical co-culturggand secreted by the metanephric mesenchyme that binds to
experiments of Grobstein have demonstrated that theéhe Ret tyrosine kinase receptor and @ERo-receptor, both
arborization of ureteric epithelium into the mature collectingof which are expressed within the ureteric epithelium (Durbec
duct system, and the terminal differentiation of mesenchymet al., 1996; Pachnis et al., 1993; Sariola and Saarma, 1999;
into functional nephrons, is dependent upon continued cell-cellega et al., 1996). Targeted mutagenesiGdrfif Retor Gfral
interactions between the component ureteric epithelium anesults in failed ureteric bud morphogenesis and consequently
mesenchyme (Grobstein, 1953). Genetically or chemicallkidney agenesis (Schuchardt et al., 1994; Sanchez et al., 1996;
induced perturbation of either component tissue or of signalin§chuchardt et al., 1996; Cacalano et al., 1998; Enomoto et al.,
between these tissues obstructs metanephric growth at898). Conversely, ectopic activation of Ret/Gdnfpathway
differentiation (Davies and Bard, 1998; Davies and Daveyinduces the appearance of supernumary ureteric tips.
1999; Lechner and Dressler, 1997). Implantation of Gdnf-coated beads into kidney explant cultures
Epithelial branching morphogenesis is common to thetimulates ectopic ureteric tip formation from the Wolffian duct
development of the kidney, lung, pancreas and other ductéBrophy et al., 2001; Pepicelli et al., 1997; Sainio et al., 1997).
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Similarly, in the Foxcl mutant, an expanded mesenchymalMATERIALS AND METHODS

Gdnf expression domain is the target of ectopic ureteric bud

invasion from the Wolffian duct resulting in multi-lobular Construction of the targeting vector, gene targeting and
kidneys (Kume et al., 2000). Based on these and cell migratigt¢neration of Wnt11 knockout mice

studies using MDCK cellsGdnf has been proposed as a The targeting construct, containing 4.8 kb 6fafid a 4.0 kb of '3
mesenchymally localized chemoattractant that promoteomology regions (Fig. 1A), was transfected intdd& R1 ES cells

Wolffian duct derived ureteric bud outgrowth (Tang et al. derived from 129Sv strain (Nagy et al., 1993) using a BioRad gene
1998). pulser. ES cell clones were selected positively with G418 for presence

: the PGK-neo cassette (Swiatek et al., 1994) and negatively with
Several members of the Wnt gene family are express AU for absence of the MC1TK cassette (Mansour et al., 1988; Stark

in the dgveloplng kldney. Wit genes encode_ Secretegt al., 1994). Surviving colonies were isolated, trypsinized and seeded
glycoproteins with important roles in regulating cell gntg mouse embryonic feeder cells or onto non-coated 24-well plates
proliferation, tissue patterning and morphogenesis duringyr DNA isolation. Southern blot analysis was used to detect a
vertebrate embryogenesis (Wodarz and Nusse, 1998). The Watriction fragment length polymorphism (RFLP) on DNA purified
ligands are thought to elicit their cellular responses by bindinégom 240 colonies by using a 2 ExzoRV genomic fragment as & 3

to transmembrane Frizzled receptors (Bhanot et al., 199&)robe (Fig. 1A)Spe digestion leads to generation of a 20 kb fragment
Among the Wnt member&yntll Wnt7h Wntg Wnt2band in the wild-type allele, whereas replacement of exons IV and V of the
embryonic mouse kidney (Kispert et al., 1996; Lin et al., 2001'8ads to the generation of a 10 kb mut8p# fragment (Fig. 1A).
Stark et al., 1994)Vnt11is unique in that it shows a striking ON€ 0ut of 240 screened ES cell clone showed homologous

. . . o . recombination in thewntll locus. The clone was subjected to
expression pattern in the branching ureteric tips Squest"'g)uthern blot analysis using thepsobe and ameoprobe to confirm

a possible function in regulating ureteric branchingihe targeting event (Fig. 1A). The correctly targeted ES cell line was
morphogenesis (Kispert et al., 1996). In addition to its kidneyised to generate chimeras by routine blastocyst injection. Germline
expressionyWntllis expressed in multiple embryonic tissues,transmission of the targeted allele was monitored by RFLP analysis
including the node, heart primordium, somites, branchialising the 5 probe andSpé digestion on a Southern blot. All
arches and limb buds (Kispert et al., 1996). Analysis ofubsequent genotyping was carried out by Southern blotting or PCR.
zebrafishsilberblick (slb), a mutation in zebrafiswntll, and  Southern blotting was performed using Amersham Pharmacia Biotech
experiments in Xenopus suggest Watt11signals through the Hybond N' membranes according to the manufacturer's guidelines.
planar cell polarity (PCP), and not the canoniatatenin  Radioactive probes were labeled using Random Primers DNA
pathway, to regulate convergence and extension movemegbellng System (Invitrogen). For PCR, genotyping, the wild-type

duri trulation that el te th is (Hei b t ele was identified using primersC3GGCACTGTCCAAGA-
uring gastrulation that elongate the axis (Heisenberg et alyrcc3 and BAGCTCGATGGAGGAGCAGT3 which amplify a

2000; Tada and Smith, 2000). RecenWntll has been 520 pp fragment. The mutant allele was identified using primers
implicated in the regulation of cardiogenesis X@nopus 5GGATCGCAGGCATGTGTCAC3 and 3TACCGGTGGATGTG-
(Pandur et al., 2002). GAATGTGTGCG3 which amplify a 250 bp fragment. The PCR
In the kidneyWnt11is expressed in the tips of the branchingconditions are 40 cycles of 94°C for 30 seconds, 58°C for 30 seconds
ureter at all stages of ureteric development (Kispert et algnd 72°C for 1 minute.
1996). In addition, the implantation @dnf coated beads TheRetmutant allele has been described (Schuchardt et al., 1996).
causes induction of ectopic ureteric tips and upregulation g€ Retmutant embryos were genotyped by PCR as described in
Wntl1at these sites (Pepicelli et al., 1997; Sainio et al., 1997pchuchardt et al. (Schuchardt et al., 1996). In double mutant crosses
Furthermore, genetic and chemical perturbation of sulfateff €¥@mine genetic interactions, Southern blot genotypingBairHl
’ - . - igestion and probing with theogene identified a 1.1 kb band unique
p_roteoglycan Synthes]s blocks — ureteric . branching  an theRetmutation and a 3.8 kb band unique to Wietl1mutation.
simultaneously results in loss bfntllexpression (Bullock et
al., 1998; Kispert et al., 1996). These experiments indicate Mouse crosses
correlation between the formation of ureteric tips, theAll Wntllphenotypic analysis was performed with mice maintained
appearance dfVntllexpression and the initiation of ureteric in the 129/Sv background. TlRetmutant allele was obtained from
branching. F. Costantini and maintained in the 129/Sv background. To visualize
In order to determine the function dntll during Ureterig branChir(‘jg morphc;gefnelhs,.jf, maleh mice expressingpmge
metanephric kidney development, we generated a target&gfompinase under control of thioxB7 enhancer were crossed to
knOCk0LFI)t mutation yof theWn?llIocus. V\?e report here tf?e %osaZB YFRemales (Srinivas et al., 2001; Y_u et al., 2002). Kldneys
henotvoic analvsis of th&/ntl1mutant mice and show that from HoxB7 Cre RosaZE_S YFI%mbryos_were dissected gnd examined
phenotyp 1aly ST under fluorescence using a GFP filter set on a Nikon SMZ1500
Whntl1lis required for embryonic viability and also for normal stereoscope.
ureteric branching morphogenesis. In the absencé/rdfl1 _ _
function, branching morphogenesis is abnormal resulting iffNA isolation and RT-PCR
kidney hypoplasia. We show th&vnt11 regulates ureteric Total RNA was isolated from P1 kidneys using TRI reagent (Sigma)
expression. UretericWntll expression is reciprocally performed using the SuperScript Plasmid System (Invitrogen) with

. : the Wnt11 forward primer 5SGAATTCCGAGGAGAGAGCTCCG-
dependent upoRe1Gdnf signaling. Wntlland Retmutants s aa 504 thewnt11reverse primer 5 CTAGAGAGCCACCC-

genetically interact in the branching morphogenesis procesg,aacaaAAAG3'. PCR products were digested wiicaRI and
We propose that théwntll and RefGdnf signals may xhgq and cloned into pCR2.1 (Invitrogen). PCR products were

participate in a positive, autoregulatory feedback l00p t@equenced using ABI BigDye cycle sequencing. Wild-type and
coordinate branching of the ureteric epithelium and hencgutantwntl1cDNA sequences were compared to genomic sequence
normal morphogenesis of the normal kidney. obtained from the Celera database.
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Fig. 1. Gene targeting of the
murineWntl1locus. (A) Targetin
strategy. Genomic sequences
spanning th&Vntl1llocus were .
cloned and subjected to restricti 5 1 l
mapping and sequencing to loce
the intron-exon boundaries. The

A

i N ™ A A
homologous recombination ever LS %oé}%o‘?:o%@o& P +02/°§00t$+°6 &P %O&A%q?}
lead to deletion of exons 4 and (& [ (d (f ( ((faf [ mf m [ [ widtype
and around 1.5 kb of intron 5 an - = allele
lead to generation of a truncatec = 3 probe
transcript at amino acid 28 __ S'probe i\“d:;?\
onwards in the corresponding b P N N N 9 §
Wntl1 protein. The'53andneo &{o& Q,OéL \%Oc;‘i’é\ %QQQ@P +°0 & T i
probes used to screen for gene " [ | p—i— g [ — QIgSing
targeting with Southern blot are vector
indicated, andbpe digestion was — Neo probe S
used as a diagnostic enzyme to S AA A N oc}\ . (Sp‘} QL
screen the targeting event. Cutti \%0‘3\@‘\ %ocg‘ko%?q*_ o& Q,O& R CJQ@ CJQ@ ¢(P _,;53 & & f
of the wild-type locus witlSpe r‘° ik [ (dIf « ( ( ( [t TiGaiad
was expected to generate aroun E:{ a = Ioc%s

20 kb fragment where tHeGKnec R
introduces additiongbpe in the

targeted allele and was expecte:
generate a 10 kb fragment. B
Primers to monitor the wild-type

and mutant allele are also

indicated with arrowheads.

(B) Genotyping thaVntllknock

out allele. Genomic DNAs from
Wntllwild-type, heterozygote

and homozygous mutant alleles

were digested withflll, Southern

blotted and probed with tH&/nt11

cDNA 240 bp kb Nco fragment

within Exon VI. TheWntl1lallele

specific polymorphism is shown
whereby thevnt11wild-type

allele is associated with a 7.0 kk

band, while theVntl1mutant D
allele is associated with a 5.5 kk
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band. (C)Wntllhomozygous
mutant kidneys produce a
shortenedVnt11mRNA. Gene-
specific primers were used to R
PCR wild-type and mutant P1
kidney mRNA. The wild-type
product is 1.8 kb, while the&/nt11
mutant product is 1.3 kb, in
agreement with the expected siz

EGLVSAQVQLCRSNLELMRTIVHAARGAMKACRRAFADMRWNCSSIEL
APNYLLDLERGTRESAFVYALSAATISHTIARACTSGDLPGCSCGPVPGE
PPGPGNRWGGCADNLSYGLLMGAKFSDAPMKVKKTGSQANKLMRLH
NSEVGRQALRASLETKCKCHGVSGSCSIRTCWKGLQELQDVAADLKTR
YLSATKVVHRPMGTRKHLVPKDLDIRPVKDSELVYLQSSPDFCMKNEKV
GSHGTQDRQCNKTSNGSDSCDLMCCGRGYNPYTDRVVERCHCKYHW
CCYVTCRRCERTVERYVCK

resulting from deletion of Wntl11

exons IV and V. (D) The first 28 amino acids of the mutéint11protein match the wild-type sequence. Downstream of the exon IV/V
deletion (arrow), the reading frame is out of frame resulting in a null allele.

Histology and quantitating kidney size hydrated, blocked in PBS/0.1% Triton X-100/1% dry milk/2% BSA
Kidneys were fixed in 4% paraformaldehyde and taken through and stained with a 1:20 dilution afpan-cytokeratin mAb (Sigma) at
graded alcohol series in preparation for paraffin wax sectioningd°C overnight. After washes in PBS/0.1% Triton X-100, staining was
Sections were cut at Am and stained with Hematoxylin/Eosin. visualized with a 1:2000 dilution of Alexa 568 goat-anti-mouse
Kidney size was quantified throughout the whole kidney by countingecondary antibody (Molecular Probes). Confocal images were taken
absolute numbers of glomeruli in Hematoxylin/Eosin stained section@n a Zeiss LSM510 Axioplan confocal microscope.

Glomeruli were identified by the presence of a Bowmann’s capsule o

and Capi”ary tuft. In situ hybrldlzatlon

) ] Whole-mount in situ hybridization was performed based on the method
Immunohistochemistry described by Wilkinson (Wilkinson and Nieto, 1993). Digoxygenin-
For whole-mount immunocytochemistry, same stage E12.5 kidneydTP labeled antisense riboprobes were prepared from the following
were fixed in methanol prior to antibody staining. Kidneys were retemplatesWnt11(Xhd/T3), Ret(BanHI/T7), Pax2 (Xba/T3), Emx2
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(ECRI/T7). TheGdnf antisense probeH(ndlll/SP6) was made from  Taple 1. In utero lethality occurs inWnt11*- intercrosses
pcDNA3/Gdnf originally cloned by Andreas Zimmer.

In all hybridization experiments, only kidneys from same stage Genotype
embryos were used. Embryos were staged according to the lung Age ++ (%) +— (%) —/— (%)
branching pattern and only embryos with the same stage of lUng™ " gg 5 (=38) 18 63 18
branching were used. At this stage of lung development, the medial, g12.5 (=361) 24 59 17
caudal and accessory bronchi of the right lobe, and the left lobe main E18.5/P14=152) 32 55 13

bronchus are clearly visible. Wild-type and mutant kidneys were
pooled together during all steps of the protocol to ensure that they The frequencies divntllgenotypically wild type \Wnt11/+),
were exposed to identical experimental conditions. Wild-type andéterozygousWnt11"-) and mutant homozygou#/ft1’) embryos at

mutant kidneys were distinguished based on attachment to entig@t-5' Elsza”g Combi”et;jl IflS.dS/;?é'gups a{ep?k;lgt\;\.l;} Frequ_Jert]cies were
il H H etermine y Southern pblot an genoty] —arenrs
gonad (wild-type kidney) or half a gonad (mutant kidney). After color ecovered in non-Mendelian ratios beginning at E122%gst,P<0.001). The

Qevelopmer:)t, kidneys were washed in PBT (PBS.+ 0.1% Tween-2 equencies ofVnt1 1~ continue to decline by P1. Homozygous newborn
fixed in 4% .paraformaldehyde, dehydrated in methanol an nt1t’-animals all die within 48 hours of birth for unknown reasons.
photographed in benzyl alcohol:benzyl benzoate (1:1). Images were

captured with a Nikon DXM1200 digital camera on a Nikon

SMZ1500 stereoscope and assembled using Photoshop 7.0.

RESULTS

Wntl1 targeting

The Wntllgene is spread over seven exons (Fig. 1A). Th
Whntlllocus was mutated by targeted deletion of exons IV an
V in mouse 129 ES cells (Fig. 1A). Homologous recombinan
129 ES cells were isolated and used to generate chimeric mic
Germline integrants were identified and bred to homozygosit
Wntl1homozygous mutant mic&Mnt11-) were identified by
Southern blot and genomic PCR analyses (Fig. 1B). Southe
blot analysis was also used to confirm the absence of exons
and V in the targeted allele.

Analysis of the Wnt11 allele

RT-PCR analysis on RNA from/nt11/~P1 kidneys identified

a cDNA of ~1.4 kb in agreement with the predicted size of :
transcript resulting from deletion of exons IV and V (Fig. 1C).
In Wntllmutants, a stable transcript is made containing exor
I-1ll upstream and exons VI and VII downstream of the
targeted deletion. Sequence analysis of Wiet11 mutant

cDNA demonstrated the fusion of exon Ill to exon VI, and
conceptual translation of the open reading frame predicts th
only the N-terminal 28 amino acids, including the signal
peptide sequence, matches the wild-type sequence while t
reading frame downstream of the deletion is out of frame (Fic
1D). Thus, the targeted allele is expected to eliminate wild-typ

Whntllfunction. Fig. 2. Wnt11~ mutants have smaller kidneys. Comparison of
urogenital systems from wild-type (A) akldnt11/- mutant (B) P1
Wnt11-"- mutants show lethality in utero pups showsVnt1I/~mutants have reduced kidney size.

/— . . Hematoxylin/Eosin staining of coronal®n sections from wild-type
All Wnt11"" mutant pups died by 2 days post-partum (pp). Ir(C) andwntl1 /- mutant (D) kidneys is shown. Wnt11/-kidneys,

addition, of 152 genotyped pups, only 13% wevetlt’~ - - B -

S ! - y . gross cortico-medullary patterning and epithelial integrity appears
indicating an earlier lethality (Table 1). Analysis of E12.5,,ma| and the ureteric epithelium has undergone extensive
embryos revealed a statistically significag# {est,P<0.001)  pranching. Sections are made at the level of the pelvis. Scale bars: 1
deviation from expected Mendelian ratios. The cause of thmm in A,B; 500um in C,D.

early lethality was not investigated but could correlate with

potential roles foMvntllin node and cardiac signaling that

has been associated with axis elongation and cardiamumber of glomeruli compared with their wild-type littermates

morphogenesis in zebrafish (Heisenberg et al., 2000) ar{@=0.0001) wheread/nt11"-kidneys were normal (Fig. 2 and

XenopugPandur et al., 2002) embryogenesis, respectively. Table 2). The smaller kidney phenotype was completely
penetrant. Despite the size differendéntlt’- kidneys were

Smaller kidneys in - Wnt11 mutants histologically normal with normal nephron organization along

Examination oWnt11/-genitourinary systems from newborn the corticomedullary axis (Fig. 2C,D). The smaller, but

pups revealed thatvntl1’~ mutant kidneys have 64% the otherwise normal, kidneys suggested Mattl1signaling at



Regulation of ureteric branching 3179

Table 2.Wnt11- kidneys have reduced numbers of HoxB7 Cretransgene (Fig. 3G-l) (Srinivas et al., 1999; Yu et

nephrons al.,, 2002). _ . . .
In the mouse, the Wolffian duct-derived ureteric bud invades

the metanephric mesenchyme on E10.5. By E11.5, the ureteric

Number of glomeruli

\(jvir:fgfe 19;?38 n6 bud has undergone a single branching event giving rise to two

WntL 1= 1804452 4 ampullae or the ‘T stage’. By E12.0, each ampulla has a

WntlH- 12374135 6 triangular shape witfRetand Wntl1lexpression increased at

the tip vertices (arrowheads in Fig. 3A,D,G). The regions of

W:]r;lci[ﬂe(,\tl%tﬁ?fg;ydwnﬁ?jﬁ Eildenrew?svifrz Cgozifgé%rrloglogefuli in increasedRet expression pre-figure the appearance of new
Hemato;(ylin and Eosin stained sectidﬂg]tlr/—kidneys contariTllnl~64% uretenc. tips. By E12.25, each a_mpulla IS u_ndergomg. a
(P=0.0001) the number of glomeruli compared WhtL"*. Wnt1 1/~ trifurcation to give rise to a total of six new ureteric t_)uds (Fig.
kidneys are not statistically significantly different in size from genotypically 3B,E,H). The trifurcation is a stereotyped branching event.
wild-type kidneys. These trifurcations appear to give rise to three ureteric tips

simultaneously and do not appear to result from rapid
sequential bifurcations. In 42% of E12.5 kidneys, a seventh
the tips of ureteric branches may be required for normampulla emerges from the bifurcation point of the T

branching. (arrowheads in insets in Fig. 3; Table BetandWntllare
) . expressed at high levels in the six newly forming ureteric tips
Wild-type branching pattern and are downregulated in the stems. By E12.5, each of these

The early stages of ureteric branching morphogenesis in vivgix morphologically distinct tips start to undergo a round of
have not been previously described in detail (for reviews, sagichotomous branching (Fig. 3C,F,RetandWntllcontinue
Sariola and Sainio, 1997; al-Awqati and Goldberg, 1998to be highly expressed in the six ureteric tips. We have
Davies and Davey, 1999). In order to better understand ureteigoncentrated our analysis of kidney branching morphogenesis
branching morphogenesis and the rolévoit11in this process, between the E11.5 and E12.5 stages because at this time the
we visualized the time course of ureteric branchingndividual ureteric tips are easily identified and the kidney
morphogenesis using whole-mount in situ hybridization withbranching pattern is readily discernable.

a Ret antisense probe (Fig. 3A-F), a marker strongly . ) )

upregulated in the ureteric tips (Pachnis et al., 1993), and Refects in the Wnt11-/- ureteric branching pattern

YFP reporter protein that was specifically expressed within th€he a-cytokeratin antibody stains renal epithelia and, prior to
ureteric epithelium in response to a ureteric epithelial specifithe formation of mature nephrons, visualizes the early

Fig. 3. Timecourse of ureteric branching during wild- A left B left G left
type development. Wild-type left (A;8,B',C,C) and ]
right (D,D,E,E,F,F) E12.0, E12.25 and E12.5 kidney
were stained witliRetantisense in situ probRetis
expressed specifically in the ureteric epithelium and
used here to visualize the collecting duct systeatis
expressed at higher levels in forming ureteric tips an
lower levels in stems. In A, arrow indicates the Wolffi
duct.Retstaining at these stages visualizes the
trifurcation event that gives rise to new ureteric tips. .
E12.0 (A,D),Retis expressed in the two ampullae at 1
T stageRetexpression appears pronounced in cells ¢
the vertices of the triangle-shaped ampullae
(arrowheads). At E12.5 (B,HERetis expressed most
strongly at each of the three vertices of the emerginc
the trifurcation. By E12.5 (C,FRetremains strongly
expressed in the new morphologically distinct tips. Ir
~42% of kidneys, a seventh ureteric tip emerges
(arrowheads in insets'A",l") and undergoes
morphogenesis to become a distinct tip. The entire
branching ureteric epithelium is visualized in kidneys
from Hoxb7 Cre Rosa26 YFRmbryos (G-1,]). Arrows
indicate the Wolffian duct. Ureteric specifi¢-P
expression visualizes the emerging tips of the trifurci
and their morphogenesis into distinct tips.'lrah
example is show where a seventh tip emerges from 1
original point of bifurcation during the T stage
(arrowhead). In addition, the metanephric kidney has
undergone a rotation during these stages such that t
mediolateral axis present at E11.5 has translated to a
dorsoventral axis by E12.5.Both left and right kidneys show similar patterns of branching. Double-headed arrows in A eaig B indi
orientation [anterior (A), posterior (P), dorsal (D) and ventral (V)]. Scale bargirh00
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Table 3. Quantification of ureteric tips loss inWnt117- experiments, only kidneys from equivalent stage wild-type and
kidneys mutant embryos were compared. Embryos were staged
Number of Wild type (%) WntlT- (%) accqrdln_g to lung branching pattern whereby only embryos W_|th
ureteric tips (]zé‘;) (=11) the identical pattern of lung branphlng were used (§ee Materials
5 c o and Methods). In E11.8/nt11/~ k_|dneys., the_uretenc bud has
7 2 0 undergone one round of branching giving rise to two ampullae
6 49 0 by the T-stage of E11.5 suggesting that the timing of ureteric
5 4 64 bud invasion into the mesenchyme and first branching event
4 0 36 occur on schedule (Fig. 4A-D). At E12.0, the two ampullae of
. . . - . the T-stage appear smaller than those of wild-type kidneys
reteric tips from E12.5 wild- nd WntTikidn hybridized with . . . .
Relﬁaitt?secntszsprc?be Were5coucrjlttey(?eT?1edperct:'intage?));Skidﬁi!y% ’(grd Wilzj POSS'b'Y reﬂe(,:tmg_ retarded ngW_th (compare Fig. 4F with 4_E)'
type, 11 for mutant) with eight, seven, six, five or four tips is ShtMTt1 T/~ Each trifurcation is retarded in tip formation by E12.25 (Fig.
kidneys show a statistically significa®<0.001) difference from wild-type 41-L). Wntllexpression levels are markedly reduced in the tips
frequencies for the distribution of ureteric tips. of mutant kidneys, despite the fact that iM@t11 antisense

probe is identical to sequences common to wild-type/dnid 1

mutant transcripts’ ®f the targeted deletion. The early defects
architecture of the branching ureteric duct networkresult in the loss of ureteric branches when these have clearly
Importantly, a-cytokeratin antibody stained kidneys from resolved from the trifurcation at E12.5, thougbetandWntl11
E12.5Wnt11/~ embryos show loss of ureteric tips and someare strongly expressed at the branch points (Fig. 4M-P). Thus,
ampullae with abnormal morphology where ampullae do nathe timecourse analysis of th&/ntl1’~ kidney phenotype
appear to be well separated and continue to share a comnmshows a retarded morphogenesis that results in a defect in
lumen (data not shown). Quantification of ureteric tips at thi®ranching trifurcation resulting in loss of ureteric tips. The loss
stage inWnt11/~ kidneys shows a statistically significant of ureteric tips at these early stages is a likely explanation for
difference from wild type)? test,P<0.001; Table 3). the small kidney phenotype observedVimtl1’~ newborns.

To address the branching phenotype more thoroughly, wdevertheless, some ureteric tips do formAint1t/- kidneys
examined expression &etandWntllat several stages. In all and continue to grow and branch during later kidney
development, suggesting other signals may be operating to
support continued ureteric branching (see Discussion).

c-Ret Wnt-11
wi Wnt-11"
7

! B

Wnt11 and Ret/Gdnf signaling in ureteric
branching morphogenesis

As Gdnfis an important regulator of ureteric branching, we
. sought to determine wheth&dnfexpression was normal

in Wnt11/- kidneys. In wild-type E12.5 kidney§&dnfis
. intensely expressed in mesenchymal cells surrounding the
branching ureteric epithelium (Fig. 5A). ImportantBgnf
expression is downregulated Wnt11~ kidneys at this
time, suggesting thatWntll expression in the ureteric
epithelium is required for norm&dnf expression in the

Wnt-11"

A D

E11.5
-

L

m
"l'l
-
I

E12.0

-
‘o
e
. Fig. 4.Branching defects occur during the trifurcation event in
o Wnit11/-kidneys. Wild-type (A,C,E,G,I,K,M,0) and/nt1 1/~
* ; mutant (B,D,F,H,J,L,N,P) kidneys at E11.5 (A-D), E12.0 (E-H),
i : - E12.25 (I-L) and E12.5 (M-P) were stained wiht
- ' : (A,B,E,F,1,J,M,N) orWnt11(C,D,G,H,K,L,O,P) antisense in situ
| J K probes to visualize the branching process. By E11.5, ureteric bud
e d f ﬂ\ 3 L . invasion of mesenchyme and one round of branching have
i occurred in wild-type to generate the T stage. Ureteric invasion
of mesenchyme occurs on schedul®\int1 1/~ kidneys (C,D). In

t, i o ‘ wild type, bothRetandWntllare expressed strongly in the

E12.25
*
,
-

ureteric tips emerging from the trifurcation (E,I,G,K). In

Wnt11/-kidneys,Retis expressed in the ureteric epithelium;

however, the branching process appears retarded. E12.0 and
3 N . o) P E12.25Wnt11/-kidneys appear to be lagging behind in making
: ; ' new ureteric tips. In wild type E12.5 kidneyRetandWntllare

‘. . B expressed strongly in the new ureteric tips (M,O)Mimt1 /-
“ ] "L E12.5 kidneysRetandWntllexpression patterns indicate loss
w

. . o of tips (compare N with M and P with O). For all these
i experiments, kidneys are taken from same stage embryos with
L '~ Ed ‘ 0 -

E12.5

- identical lung branching pattern (see Materials and Methods).
‘ ... Kidneys are oriented anterior towards the top and posterior
- towards the bottom.
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adjacent mesenchyme (Fig. 5B)dnfis expressed normally in Genetic interactions between Whnt11 and Ret

earlier E12.0/nt11~ kidneys (data not shown). By contrast, The observation thatvnt11and Gdnf expression levels are
mesenchymal expression B&x2 an important regulator of mutually interdependent in E12.5 kidneys, prompted us to ask
mesenchymal differentiation (Dressler et al., 1990; Torres gfhether Wnt11 genetically interacts with members of the
al., 1995), is relatively unaffected in E12¥nt11/~ kidneys  RefGdnfpathway. We crossed tietmutation into thavnt11
(compare Fig. 5C with 5D), suggesting that the reduction igenetic background to genere®et’— Wnt11/~ compound
Gdnf expression is specific. heterozygotes anBlet’—; Wnt11/- mutant mice. As shown in
We next determined wheth&/nt11expression might be Fig. 6 and Table 4Wntl1/—; Ret’- E18.5 kidneys are 52%
dependent uponRefGdnf signaling in the developing (P=0.007) the size of same stage wild-type kidneys, indicating
collecting duct. Th&ketGdnfpathway has been shown to play a genetic interaction between thntlland Retmutations in
a crucial role in ureteric epithelial branching. TRettargeted  the compound heterozygote state (Fig. 6E,F). Removal
mutation, therefore, eliminates signaling in the kidney byof another copy ofWntll demonstrates dose-dependent
all Gdnf family Iigands. Ureteric bud invasion into the interactions betweewntllandRet Re]_*‘/—; Wntll—/—kidneys
metanephric mesenchyme fails in mBstandGdnfmutants,  are 67% P=0.0001) the size oRet’—; Wnt11/- and 44%
resulting in kidney agenesis (Schuchardt et al., 1994p=0.0008) the size oiVnt11/- kidneys, again suggesting a
Schuchardt et al., 1996). However, in soRet’~ mutants, genetic interaction between tRefGdnfandWnt11pathways
the ureteric bud enters the metanephric mesenchyme apébmpare Fig. 6H with 6E-G)Ret™~ kidneys are not

undergoes a single bifurcation event to generate the T-stagRynificantly different in size from genotypically wild-type
kidney by E12.0 (Schuchardt et al., 1996). Interestinglykidneys P=0.65).

Wntllexpression is dramatically reduced in these mutants we also investigated the pattern of ureteric branching at
(compare Fig. 5SE with 5F), suggesting that uret¥¥iotll  E12.5 in these genetic combinations usingRleeprobe. The
expression is dependent upBe{Gdnf signaling within the  observation that ureteric branchingRet’—; Wnt11/-kidneys
ureteric epithelium. By contrastEmx2 is expressed at appears normal at E12.5, yet the E18.5 kidneys are smaller
comparable levels throughout the entire branching ureterigan wild-type controls suggests that b&tetand Wntllare
epithelium in wild-type andRet’~ kidneys (compare Fig. 5G also required for branching morphogenesis throughout later
with 5H) (Miyamoto et al., 1997; Pellegrini et al., 1997). Thus,embryonic kidney development after E12.5. Analysis of E12.5

Wntl11lis specifically downregulated Ret’~ kidneys. ureteric branching morphogenesis using in situ hybridization
with a Retantisense probe reveals that ureteric branching is
A wt B, severely affected ilRet’—; Wnt11/~ kidneys (Fig. 6L). The

E12.5Ret’—; Wnt11/-kidneys show branching defects that are
_ more severe than those observedint11/-kidneys (Fig. 6K).
Fig. 5. WntllandRet/Gdnf T8 E12.5 kidneys fronRet’—; Wnt11'~ embryos have two to four
3|gnalsdare 'E“Ega”y | ureteric tips compared with the seven found in wild type. Thus,
ependentGdnfis .‘ reducing Ret activity appears to enhance the effects of a loss

. "
E%ng;i%ﬁ?g;m?égn in of Wntl1signaling on the branching process.

E12.5 wild-type (A) kidneys ~ GPNF = GDNF
is found in the mesenchyme wt D Wnt-117"

-

‘.

surrounding the non-staining | DISCUSSION

ureteric epithelium. (

MesenchymaGdnf Whnt11 is required for normal kidney development

expression iS/ reduced in \ Our analysis reveals a genetic requirementat11in kidney

E12.5WntlT™kidneys (B). \ ureteric branching morphogenesis. Previous studiéa/ioti1

?ybcomraStP axdzmntﬁjgs ) during kidney development raised correlative evidence for

k?dnifﬁéizsnihymg at Pax-2 Pax-2 Whntl1lfunction in ureteric branching. Firsi/nt11lis expressed

E12.5 (compare D with C). i wt F Ret™"

Whntllexpression is reduced - Table 4.Wntl11land Retmutations synergistically interact

in Ret’~kidneys.Wnt11 - to yield kidney hypoplasia

expression in wild-type (E) f, -

E12.0 kidneys marks the = Genotvpe Number(f; %")’mer“" .

forming ureteric tips during L3 P T

the trifurcation stagéwnt11 Ret’*; Wnt11/* 1358+258 4

expression is dramatically ' Re‘f WntlT" 7 1447+278 4

reduced in E12.Ret’~ Wnt-11 Wnt-11 Egg,ﬁ V\A\;mg,: 1?83381 g

kidneys (arrows in F). wt Ret ™" Ret’~ Wnt1TH 469+131 10

However,Emx2continues to ’

be expressed iRet’~ Average total numbers of glomeruli in E18.5 kidneys fiRetWwnt11

ureteric epithelium R | double mutant combinations are shoRet’-;Wnt11/~kidneys contain

comparable with wild type 4 fewer glomeruli than wild-type controlRet’—Wnt11/-kidneys are much

(compare H with G). 4 smaller than eitheRet~ or Wnt11/~kidneys by themselveRet’- kidneys

Kidneys are oriented anterior 4 ‘ are not statistically significantly different in size from genotypically wild-type
controls. Glomeruli were counted fromuéh coronal Hematoxylin/Eosin

towards the top and posterior

towards the bottom. Emx-2 Emx-2 stained kidney sections.
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at the tips of the ureteric epithelium wh
branching morphogenesis is  occurr
suggesting thatWntll may participate i
regulating branching events (Kispert et
1996). Second,Wntll expression direct
correlates with genetically and chemici
induced gain and loss of ureteric tips (Kis
et al., 1996; Pepicelli et al., 1997; Sainio et
1997). Our observations demonstrate

Wntll is required for collecting du
development and suggest thaht11signaling
is most probably one component of recipr
signaling mechanisms that act between
ureteric  epithelium  and  metanept
mesenchyme to regulate tRet/Gdnfsignaling
pathway to control normal ureteric branchir

Initial ingrowth of the ureteric bud into t
mesenchyme appears to be independel
Wntl1 function as allWwntll mutant kidney
examined had progressed to the T-stag:
schedule. The progression of ureteric branc
to the T-stage iWVnt11/~ mutants is associat
with normalGdnfexpression (data not show
However, an abnormal branching pat
comprised of retarded morphogenesis and
or ureteric tips was observed Wntlt/-
kidneys from the T stage. These brancl
defects are associated with a reductior
mesenchymabdnfexpression. Given that Gc
can function as a chemoattractant, low C
levels may result in lower outgrowth promot
activity and decreased numbers of ureteric
as is observed iwnt11/- mutants. The loss
ureteric tips early in metanephric developn
results in significantly smaller kidney size
birth.

In wild type, Wntl1lis expressed robustly
ureteric tips during all stages of metanep
development, suggesting a potential role
Wntllin branching morphogenesis througk
kidney development. The defects \iint11/~

Fig. 6. Synergystic genetic interactions betw&®ntllandRet Wild-type (A,E,l),

Ret’=; Wnt11/- (B,F,J),Wnt11"- (C,G,K) andwnt11 Ret’- (D,H,L) kidneys are
shown. (A-D) E18.5 urogenital systems. (E-H) Hematoxylin/Eosin staining of E18.5
kidney sections taken at the level of the pelvis. (I-L) E12.5 kidneys in situ hybridized
to aRetprobe Wnt11/—; Ret’-kidneys are smaller than wild type (compare F with
E), despite having a normal ureteric branching pattern at E12.5 (compare J with 1).
Wnit11/-Ret’~kidneys are smaller than wild typ&nt1 /- or Wnt11/-; Ret’~

kidneys (compare H with E-G) and show much more severe branching defects at
E12.5 (compare L with I-K)Ret’~ E12.5 kidneys appear wild type in size and in
their branching pattern. In I-L, kidneys are oriented anterior towards the top and
posterior towards the bottom, dorsal towards the left and ventral towards the right.
Scale bars: in A, 1mm for A-D; in E, 5@0n for E-H; in I, 100um for I-L.

kidneys correlate with a trifurcation and trifurcations areencodes only the first 28 amino acids of the total 354 amino
observed at later stages of kidney development (A.M.acid wild-type Wntl1 ligand, ouVntllallele most probably

unpublished), again pointing to a larger role Ynt1lin

encodes a nonfunctional peptide. Thus, no residual Wnt11l

branching. Our analysis &f/nt1lin a genetically sensitized signaling should remain Wnt11/- kidneys.

Ret’~ background supports this hypothesis, \&it117/-;

A second possibility that might explain the branching in

Ret’~ E18.5 kidneys are significantly reduced in sizeWntlI/~kidneys is the functional redundancy of another Wnt
compared with controls, even though the branching pattern &t the ureteric epithelium. Thougbdnfexpression is reduced
E12.5 is indistinguishable from wild type. Furthermore, wein E12.5Wnt11’-kidneys,Gdnfexpression appears normal by
observe thatWntll’-, Ret’~ kidneys are smaller than E13.5 (data not shown) suggesting that the kidney has invoked
wnt1t/- kidneys, even though the branching at E12.5 in th@ compensatory mechanism to support continued branching in
compound heterozygotes is unaffected. This may suggeite absence ofVntll activity. Although other Wnt genes,
that ureteric branching is differentially sensitive to the levelincluding Wnt7h Wnt6 and Wntl5 are expressed in the
of Wntll and Ret/Gdnf signals at different times duringbranching ureter proximal to th&ntl11domain, none extend
kidney development. Thus, the genetic interaction studies imto the ureteric tips themselves nor do any of these Wnt
the sensitizedRet’~ background reveal a wider requirement expression domains alter in the ureteric epitheliukvinlt/-

for Wntllin ureteric branching beyond the stages analyze#lidneys. Of theseWnt6is weakly expressed throughout the

here. ureteric epithelium at the stages studied here. However, renal

Although it is clear thatwntllis required for normal tubulogenesis induction assays suggest Wiatl1land Wnt6
ureteric branching, considerable branching morphogenesis stilave different activities (Kispert et al., 1998; Itaranta et al.,
occurs inWntlT~ mutant kidneys. As the targeted allele 2002).
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An alternative explanation for branching Wntlt’~  Wnt1l and Ret/Gadnf signals cooperate in a
kidneys is the influence of other functionally redundantregulatory circuit to control ureteric branching
signaling pathways regulating branching. Multiple fibroblastmorphogenesis

growth factor (Fgf) ligands and their receptors are expresserhree observations suggest thiht11and RefGdnf signals
during metanephric development and can modulate ureterigoperate to regulate ureteric branching morphogenesis. First,
branching (Qiao et al, 2001). Among the Fgfs,mesenchymalGdnf expression is dependent upon ureteric
mesenchymally expressed Fgf7 has been proposed aswatil signal. Second,Wntll expression is reciprocally
modulator of ureteric growth and branching (Qiao et al.dependent uponReiGdnf signaling within the ureteric
1999). LikeWnt1], Fgf7 does not appear to be required for epithelium. Third, Wnt11l and Ret mutants synergistically
ureteric bud invasion into the mesenchyme, but is required fohteract during ureteric branching morphogenesis, suggesting
Subsequent elaboration of the CO”eCtlng duct system, asoth pathways are functioning Cooperative|y and inter-
Fgf7-~mutants have normally patterned but smaller kidneysdependently in a common branching process.
Whether Gdnf expression is dependent upéigf7 is not What is not clear is wheth&vnt1lacts as a paracrine factor
known. Kidney culture experiments have shown thato regulate Gdnf expression directly in the metanephric
members of the TGk and bone morphogenetic protein mesenchyme or Wntl1litself is a direct transcriptional target
families can also modulate ureteric branching (Grisaru et algf the Ret/Gdnf signaling pathway. Mesenchymabdnf
2001; Piscione et al., 1997). Finally, the stroma is knowrxpression is known to be dependent upon at least two
to provide signals promoting ureterRet expression and transcription factorsPax2 and Sall (Brophy et al., 2001;
ureteric outgrowth (Batourina et al., 2001; Mendelsohnviyamoto et al., 1997; Nishinakamura et al., 2001). Indeed,
et al., 1999).Wnt2b is expressed at sites of epithelial/ cell culture experiments and analysis of cis-regulatory regions
mesenchymal interaction in multiple organs (Lin et al., 2001)in the Gdnfgene indicate tha®ax2may be a direct regulator
In the kidneyWnt2bis expressed in the presumptive stromalof Gdnf expression (Brophy et al., 2001). Wnt-mediated
cell population. In kidney explant culture experiments,regulation of Pax gene expression in the kidney has been
incubation of ureteric buds with NIH3T3 cells expressingreported inWnt4mutants wher@ax8andPax2expressions are
Whnt2bresults in increased ureteric branching. This result haébsent in the pre_tubu|ar aggregates (Stark et al., 1994) We
been interpreted as evidence thatt2bpresent in the stroma  fajled to observe any obvious alteration Pax2 levels in
promotes, either directly or indirectly, branching of thewnt1t’-kidneys.
ureteric epitheliumWnthmutants have not been reported. In addition, our results suggest thamnt11l expression is
Therefore, it is likely that multiple signaling pathways dependent uponRet/Gdnf signaling within the ureteric
acting from different cellular populations are integrated byepithelium and theWntll locus may therefore be a
the ureteric epithelium and metanephric mesenchyme tgownstream target dRet/Gdnfsignaling, consistent with our
maintain appropriateRet/Gdnf signal levels to support earlier observations where implantation of Gdnf-coated beads
collecting duct morphogenesis, and one such signal appedfgo kidney explant cultures significantly upregulai&fht11
to bewntll _ _ expression (Pepicelli et al., 1997; Sainio et al., 1997). Upon
The silberblick (slb) mutation demonstrates a requirementligand binding, Ret activates multiple downstream signaling
for Wntllin regulating convergence/extension movementpathways (reviewed by Airaksinen and Saarma, 2002; Manie
during zebrafish gastrulation (Heisenberg et al., 2000) angk al., 2001). Inhibition of PI-3 kinase activity with the small
Wntllappears to have a similar roleenopugDjiane et al.,  molecule LY294002 prevented Gdnf-induced ectopic ureteric
2000; Tada and Smith, 2000Wntllis thought to signal outgrowth in kidney explant culture, implicating PI-3 kinase
through a planar cell polarity (PCP) pathway to regulateignaling in ureteric morphogenesis (Tang et al., 2002).
cytoskeletal rearrangements, thus coordinating polarized ceffhetherWntllexpression is altered in these experiments has
movement during vertebrate gastrulation. Recently, a role fQ§ot been addressed.
Wntll PCP signaling has been demonstratedXanopus The genetic interactions observed Ret’—; Wntl1/-
Cardiogenesis (Pandur et al., 2002) We found no Slml|éﬂ|dneys suggest that th&/nt1ll and Ret/Gdnf Signa"ng
absolute requirement foWnt11in either mouse gastrulation or pathways function serially and not in parallel. Watlland
cardiac development. This may reflect a difference in th®e{Gdnfsignals may participate in a positive, autoregulatory
genetic regulation of gastrulation between mouse and zebrafighedback loop to coordinate ureteric branching by maintaining
or it may reflect a functional redundancy in mouse. Althoughy balance between appropriate amountsGdhfexpressing
Whntllis required for viability during the embryonic and post-mesenchyme withwntltexpressing ureteric tipswntl1l
partum stages, these lethalities do not arise from the kidng¥yels may inform the mesenchyme as to the number of ureteric
defects we describe here. buds present. Therefore, this regulatory network may function
Although our analysis advanc#¥ntllas a modulatoof  as a counting mechanism for the developing kidney to
Ret/Gdnf signaling, Wntll may have other roles in the determine the extent of branching, convey this information to

branching processVnt11PCP signaling employs Rho kinase the mesenchyme and respond with a matching level of
2 (Rok2), Rho GTPase and Jun N-terminal kinase (JNK) tgutgrowth-promotingsdnf

effect changes in actin cytoskeleton organization (Marlow ) .

et al., 2002; Mlodzik, 2002). In the kidneyyntll may Wntgenes and branching morphogenesis

regulate branching morphogenesis by causing cytoskelet@lther Wnt genes have also been proposed to play roles in
reorganization within the plane of the ureteric epitheliumbranching morphogenesis. In addition \tént2b (discussed
These additional roles faNnt11in ureteric branching await earlier), the Wnt4’~ knockout mouse has been used to
further investigation. demonstrate a requirement fdMmt4 function in progesterone
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induced mammary epithelium branching morphogenesis Johnson, E. M., Jr and Milbrandt, J. (1998). GFRu1-deficient mice have
during pregnancy (Brisken et al., 2000). However, substantial deficits in the enteric nervous system and kidnigsiron21, 317-324.
branching still occurs in graftéd/nt4”- ductal tissue at later Gsar, S., Cano-Gauci, D., Tee, J., Filmus, J. and Rosenblum, N. D.

t f implvi thatnta ti (2001). Glypican-3 modulates BMP- and FGF-mediated effects during renal
stages or pregnancy, implying nt4 may act in concert branching morphogenesiBev. Biol.231, 31-46.

with other Wnt genes in this tissue. Although past studiegrobstein, C. (1953). Inductive epithelio-mesenchymal interactions in
of Wnt genes have focused on their roles in growth and cultured organ rudiments of the mouSeiencel18 52-55.
patterning, future investigations may uncover other examplgdeisenberg, C. P, Tada, M., Rauch, G. J., Saude, L., Concha, M. L.,

: : : eisler, R., Stemple, D. L., Smith, J. C. and Wilson, S. W2000).
of these genes in morphogenetlc processes durlng Vertebratgilberblick/\Nntll mediates convergent extension movements during

development. zebrafish gastrulatioMNature 405, 76-81.
Itaranta, P., Lin, Y., Perasaari, J., Roel, G., Destree, O. and Vainio, S.
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