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SUMMARY

Renal dysplasia, the most frequent cause of childhood renal
failure in humans, arises from perturbations in a complex
series of morphogenetic events during embryonic renal
development. The molecular pathogenesis of renal
dysplasia is largely undefined. While investigating the role
of a BMP-dependent pathway that inhibits branching
morphogenesis in vitro, we generated a novel model of
renal dysplasia in a transgenic (Tg) model of ALK3-
receptor signaling. We report the renal phenotype, and our
discovery of molecular interactions between effectors in the
BMP and WNT signaling pathways in dysplastic kidney
tissue. Expression of the constitutively active ALK3
receptor ALK3QP, in two independent transgenic lines

thickness, was apparent by E18.5. We investigated the
pathogenesis of dysplasia in these mice, and demonstrated
a 30% decrease in branching morphogenesis at E13.5
before the appearance of histopathogical features of
dysplasia, and the formation of3-catenin/SMAD1/SMAD4
molecular complexes in dysplastic renal tissue. Increased
transcriptional activity of a [-catenin reporter gene
in  ALK3QD;Tcf-gal mice demonstrated functional
cooperativity between the ALK3 andp-catenin-dependent
signaling pathways in kidney tissue. Together with our
results in the dysplastic mouse kidney, our findings that
phospho-SMAD1 and [-catenin are overexpressed in
human fetal dysplastic renal tissue suggest that

caused renal aplasia/severe dysgenesis in 1.5% and 8.4% ofdysregulation of these signaling effectors is pathogenic in
hemizygous and homozygous Tg mice, respectively, and human renal dysplasia. Our work provides novel insights
renal medullary cystic dysplasia in 49% and 74% of into the role that crucial developmental signaling pathways
hemizygous and homozygous Tg mice, respectively. The may play during the genesis of malformed renal tissue
dysplastic phenotype, which included a decreased number elements.

of medullary collecting ducts, increased medullary

mesenchyme, collecting duct cysts and decreased cortical Key words: Renal dysplasia, ALK3, SMADR;catenin, Signaling

INTRODUCTION as a lateral extension of the Wolffian Duct, and invades the
metanephric blastema at 5 weeks gestation in the human and
Renal dysplasia, a polymorphic entity defined at the level dt10.5 in the mouse. Cells of the metanephric blastema adjacent
histopathology as malformation of renal tissue elements, is the the tip of the ureteric bud are induced by the ureteric bud
leading cause of renal failure in children (Neu et al., 20020 undergo a mesenchymal-epithelial transformation. In
Definition of the pathogenesis of renal dysplasia has beewciprocal fashion, the metanephric blastema signals the
limited by a sporadic mode of inheritance, the small size ofireteric bud to grow and branch, a process termed branching
affected kindreds and the relative inaccessibility of dysplastimorphogenesis. Ongoing reciprocal inductive tissue
renal tissue in humans (Piscione and Rosenblum, 1999nteractions result in the formation of proximal epithelial
However, identification of the molecules that control normahephron segments (glomerulus, proximal and distal tubules,
kidney development is beginning to provide insight intoloop of Henle) from blastemal progenitors, and cortical and
underlying pathogenic mechanisms (Pohl et al., 2002). medullary collecting ducts, the terminal components of the
Normal kidney development is dependent on inductivenephron, from the ureteric bud. Beginning at E15.5-E16.5,
interactions between the metanephric blastema, #ne murine kidney becomes further patterned into an outer
mesenchymal tissue and the ureteric bud, an epithelial structuzertex (comprising glomeruli, proximal and distal tubules, and
(reviewed by Saxen, 1987). Under the control of signalgortical collecting ducts), and an inner medulla composed of
secreted by the metanephric blastema, the ureteric bud groWenle’s loop (a blastema-derived structure) and medullary
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collecting ducts. During the final stages of development imlevelopment, which is consistent with our previous findings in

utero, the first five branches of the ureteric bud undergeitro. However, in contrast to our prediction that decreased

transformation into the pelvis and calyces. branching morphogenesis would lead to renal hypoplasia, we
Human renal malformations are typically classified abserved renal medullary cystic dysplasia with increased

aplasia, hypoplasia or dysplasia. Renal hypoplasia is definge@netrance in homozygous transgenic mice. In experiments to

as a reduction in the number of normally formed nephronsdentify mechanisms by which ALK3 signaling could generate

Since each ureteric bud branch induces a discrete subsetthis phenotype, we observed: increa@eazhtenin expression in

blastemal cells to form a nephron, it is hypothesized thaffected mice; increased expression of a TCF transcriptional

ureteric bud branching is proportional to the final number ofeporter in compound transgenic progeny Taff-gal and

nephrons that are formed. Consistent with this concepTgALK3RP/RP mice; and molecular complexes consistin@-of

diminution of ureteric bud branching is thought to representatenin and SMAD1, an ALK3 effector, in kidney tissue from

one pathogenic pathway during the genesis of renal hypoplasteansgenic mice. Our finding that SMAD1 afiecatenin are

By contrast, renal dysplasia is characterized by variableverexpressed in dysplastic human kidney tissue suggests that

degrees of tissue malformation in the renal cortex, medulla atysregulation of BMP and WNT signaling effectors is

both (reviewed by Bernstein, 1992). In its most extreme formpathogenic in human renal dysplasia.

the dysplastic kidney either fails to form (renal aplasia) or

consists of undifferentiated blastema associated with primitive

ureteric bud branches with or without cystic transformation, thMATERIALS AND METHODS

so-called multicystic dysplastic kidney. Less severe forms of

dysplasia are characterized by discrete foci of malformed tissigeneration of ALK3 9P transgenic mice

elements, or dysplasia limited to the peripheral cortex and 1.7 kb Bglll-BanH1 fragment containing a hemagglutinin (HA)-

medulla, or restricted to the medulla, alone. Each of thesagged humamLK3RP cDNA, consisting of an aspartic acid to

forms has been associated with a variety of clinical entitieglutamine mutation at position 233 (Hoodless et al., 1996) (kindly

including lower urinary tract obstruction and multi-organProvided by Dr L. Attisano), was subcloned into pB&Xb. Zlinker-
malformation syndromes. hBglo3’ (Srinivas et al., 1999a) (a generous gift of Dr F. Costantini),

Mutations in genes encoding a variety of moleculesexcisedfromthevectorwiﬂhmd and injected into pronuclei of CD1

. . S Mmouse zygotes. Transgenic founders were identified by Southern blot
including transcription factors, growth factors, growth factor ¢ o/ .se tail genomic DNA, using a 915 BarHI-EcaRI fragment

receptors and heparan sulfate proteoglycans, cause re@gkne transgene spanning part of thés@manB-globin untranslated
dysplasia (reviewed by Piscione and Rosenblum, 1999). Amonggion. Germline transmission of the transgene was determined by
these crucially important gene products are members of thgeeding founder mice with non-transgenic CD1 mice. Homozygote
bone morphogenetic protein (BMP) family of secreted growthransgenic mice were generated by interbreeding hemizygotes.
factors. Several members of the BMP family are expressed hiemizygous and homozygous transgenic mice were distinguished by
overlapping but distinct domains during murine kidneycomparing the intensity of individual bands of genomic DNA on
development. The spatial and temporal expression of BMPSouthern blots.

and its cell-surface receptor, activin-like kinase 3 (ALKS3; A iibodies and tissue

BMPRIA — Human Gene Nomenclature Database), sugge r immunohistochemistry, the following antibodies were used: anti-

a role for this S.ecre.ted. growth fac'tor and receptqr d.u”ngIA (1:10 dilution; Roche Molecular Biochemicals-Boehringer
mesenchymal-epithelial interactions in the embryonic kidneysannheim, Laval, P.Q.); anfi-catenin (1:25 dilution; Upstate
(Dewulf et al., 1995; Dudley and Robertson, 1997; Flanders fiotech, Lake Placid, NY); anti-E-cadherin (1:25 dilution; Santa Cruz
al., 2001). The early embryonic lethality observe®mp2/~  Biotechnology, CA); and anti-phospho-SMAD1 (1:10; Cell Signaling
and Alk37~ mice (Mishina et al., 1995; Tremblay et al., 2001;Tech, Beverly, MA). For western analysis, these primary antibodies
Zhang and Bradley, 1996) precluded analysis of their respectiveere diluted 1:500 as were antibodies for MYC (Santa Cruz, CA),
roles during renal development. However, our studies in in vitrg!A (Amersham Pharmacia Biotech, Piscataway, NJ) and SMAD1
models of branching morphogenesis have defined an inhibitofyPState Biotech, Lake Placid, NY). Chemiluminescence was
role for the BMP2/ALK3 signaling through the cytoplasmic erformed using commercially available reagents (ECL Kkit;

" Amersham Pharmacia Biotech, Piscataway, NJ). Human kidney tissue
effector SMAD1 (MADH1 Human Gene Nomenclaturelwas kindly provided by Dr G. Ryan with the approval of the Research

Database). BMP2 |nh_|b|ts ureteric bud branching in em.bryon'%thics Boards at Mount Sinai Hospital, Toronto and The Hospital for

kidney explants and is bound to the surface of collecting du@jck children, Toronto.

cells by ALK3 (Piscione et al., 1997). Interruption of ALK3 in

an in vitro model of collecting tubule formation abrogates thédmmunohistochemistry

inhibitory functions of BMP2 and constitutive signaling of an Paraffin wax-embedded sectionsui#) of adult or embryonic kidney

activated form of ALK3 is inhibitory (Gupta et al., 2000; tissue were pre-treated by microwave heating in 0.01 M citrate buffer

Piscione et al., 2001). Collectively, these observations sugge@H 6.0) in a microwave pressure cooker for 14 minutes, including a

that the ALK3 can function downstream of ligands such ag0iling period of 1.5 minutes. After a 10 minute incubation in 1%

BMP?2 to inhibit branching morphogenesis in vivo. _H202 to que_nch Qndogeno_us peroxidase activity, tissue sections were
To gain insight into the functions of the ALK3 pathway in incubated with primary antibody, followed by ABC complex, and then

. ted t . . . fituti developed with peroxidase substrate AEC (Zymed Laboratories, San
VIVO, WE generated transgenic mice expressing a constiu '\f—‘?ancisco, CA). Ureteric bud-derived structures were identified with
active form of ALK3 in the ureteric bud lineage and observegyjichos Biflorus Agglutinin (DBA; Vector Labs, Burlington, ON).

a novel medullary cystic dysplastic phenotype. We investigatediides were imaged by brightfield and immunofluorescence
the pathogenesis of this phenotype and demonstrated decreasf¢toscopy. Human tissues incubated with anti-phospho-SMAD1
branching morphogenesis during early embryonic renantibody were treated with 0.01% pepsin in 10 mM HCI for 30-45
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minutes at 37°C after treatment with®p and prior to incubation Concepts, Berkeley, CA). Mean differences were examined by
with antibodies. Student’st-test (two-tailed) or by ANOVA. Significance was taken at

a value ofP<0.05.
Analysis of ureteric bud branching in embryonic kidneys

Kidneys were surgically dissected from embryonic (E) day ls'j?ESULTS

pregnant mice and cultured as described previously (Piscione et al’,

1997). Ureteric bud-derived structures were identified in whole-mount . . . o )

kidney specimens with fluorescein isothiocyanate (FITC)-conjugatedr@nsgenic mice expressing a constitutive active

DBA (20 pg/ml; Vector Labs, Burlington, ON) as described. Uretericform of ALK3

bud branch points were defined as the intersection between twonockout mice have not been informative regarding the role of

connected branches (Grisaru et al., 2001). Alk3 during renal development because homozygous-null mice
; ; ; die during gastrulation and heterozygote mice do not exhibit a

In situ cell proliferation assay rphenotype (Mishina et al., 1995). We devised an alternative

Ureteric bud cell proliferation in embryonic kidney was assayed wit X . o .
5-bromo-2-deoxyuridine, as described previously (Cano-Gauci et al"strategy in which we expressed a constitutive active HA-tagged

1999). Ureteric bud cell proliferation was calculated as the number d\-K3 allele, ALK3_QD’ downstream of aHoxb7 promoter
BrdU-labeled cells within the population of ureteric bud/collecting€lement that restricts expression largely to the ureteric bud
duct cells identified by DBA. Cell proliferation in postnatal mouselineage (Kress et al., 1990) (Fig. 1A). We generated two lines
kidney was assayed by immunohistochemistry using anti-Ki-620f transgenic mice derived from two independent founders. We
antibody (1:10 dilution; Roche Molecular Biochemicals-Boehringergenerated hemizygous TgALK?D) and homozygous
Mannheim, Laval, P.Q.). The number of positive cells and the numbgmgALK®D/RD) transgenic progeny from each of the two
of tubule cross-sections were counted in ten randomly selected argggnder transgenic mice (Table 1). In so doing, we observed that
imaged at 408 magnification. both hemizygous and homozygous Tg mice were fertile, and
TCF-reporter activity in kidney tissue generated litters similar in size to those observed with control

TCF-reporter activity was assayed Tiaf-gal mice, kindly provided 'CDl.mlce. The renal phenotypes observed in both Ilnes. were
by Dr B. Alman (Cheon et al., 200Zjcf-gal mice express thiacz ~ identical, which suggests that these phenotypes are directly
gene downstream of a FOS minimal promoter and three consensi@ferable to the expression of the transgene.
TCF-binding motifs. B-Galactosidase activity was assayed using To demonstrate expression of thekK3QP-HA transgene, we
published methods (Godin et al., 1998). detected ALK®DP-HA protein in renal tissue by western
, L analysis and immunohistochemistry using an anti-HA antibody
Co-immunoprecipitation assay . - (Fig. 1B,C). We detected the HA epitope in kidney tissue lysates
Cell or tissue lysates were subjected to immunoprecipitation with antgrom poth hemizygous Tg and homozygous Tg mice (Fig. 1B).
?;Mqus.laOZ?Q;f'(?SBeﬁ'%ﬁggbgﬂﬁ fg'(')c;‘f[";: %’A"’;dfr?qrr%t&?gtcr’eF::rio?tea'l?eHowever, greater amounts were detected in homozygous mice,
propteins O o washed, sgpara’ted by SDé-ponacryFIJamicFi)e olyhich is consistent with the increased gene dosage in these
electrophoresis and transferred to PVDF membrane. mice. Ngxt, we stu.dled the qutlal expression of ARRBIA .

in renal tissue sections. In hemizygous Tg mice, the HA epitope
RT-PCR assay was detected in cortical collecting ducts and in medullary
First-strand cDNA was synthesized using total RNA as a templat&ollecting ducts (Fig. 1C). The level of expression in these
PCR was then performed using the following primers encoding highljubules was greatly increased in homozygous mice, which is
conserved regions within WNT11, WNT4, WNT2B, WNT5B, consistent with the quantities identified in tissue lysates. Taken
WNT7B and WNT6: sense, BAGTGCAAGTGTCACGGGGT-3  together, these results demonstrate that expression of the

and antisense, £AGCACCAGTGGAACTTGCA-3. Thirty cycles A K3QD transgene was restricted to renal collecting ducts.
of PCR amplification were peformed using the following protocol: 30

CyC|eS Of 92°C fOI‘ 1 mlnute, 590C fOI’ 1 m|nute and 72°C fOI’ 1 mlnuteCOnstltutlve expreSSIOn Of actlvated ALK3 causes

postnatal mortality associated with renal

Data analysis lasia/dysplasi d [ medull ti
The pixel density of protein bands identified by immunoblotting Wasap asia/dyspiasia and renal medufiary cystic

adjusted for the density of a control protein (i.e. actin, SMADR-or dysplasia o
catenin) in that sample. The adjusted values of protein were analyzd® analyze the viability and renal developmental status of
using the Stat-View statistical analysis program (version 4.01; AbacuBLK3RP Tg mice, we examined litter size and viability, and

Table 1. Incidence of renal phenotypes imfgALK3 mice

Medullary cystic dysplasia* Aplasia/Dysgenésis No defect

Transgenic group n (% total) n (% total) n (% total)
Line 1: n=161(TgALK®RP and TgALKRD/QD) 106 (66) 10 (6) 45 (28)
TYALKRD (n=55) 28 (51) 1(2) 26 (47)
TgALK®RP/QD (n=106) 78 (74) 9 (8) 19 (18)
Line 2: n=24 (TgALKRPD and TJALKRD/QD) 14 (58) 0(0) 10 (71)
TgALKRP (n=14) 6 (43) 0 (0) 8 (57)
TgALKRP/QD (n=10) 8 (80) 0 (0) 2 (20)

*28/106 mice in Line 1 and 3/14 mice in Line 2 demonstrated growth retardation and died by 2 months of age. All were hofrgazygous
fIn Line 1, 7/10 mice died within several days of birth. All were homozygous Tg and demonstrated bilateral renal apldsialoafiiaia/dysgenesis. 3/10
failed to thrive and died by 1 month of age.
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performed a gross anatomic analysis of the kidney (Table 1aplasia in one mouse, and bilateral renal malformations
Seven out of 161 (4.3%) mice in Tg Line 1 died within severatonsisting of a combination of aplasia and severe dysgenesis in
days of birth. Postmortem examination revealed bilateral renaix other mice. Southern analysis of genomic DNA revealed that
these seven affected mice were homozygous Tg. All mice in

Line 2 survived beyond the neonatal period. Thirty-four mice

A hoxb.7 Alk3 hpglobin (31 in Line 1 and three in Line 2) demonstrated severe growth
Transgene retardation and died between one and two months of age. All
affected mice were homozygous Tg. Three of these mice were

observed to have bilateral aplasia/dysgenesis. Histological

Q233D HA Tag examination in the remaining 31 showed medullary cystic
dysplasia of variable severity (see below). Mice that survived
B Control ~ TgAlk3?? TgAlk30ver beyond two months of ag@<144) demonstrated no obvious

abnormalities up to at least 7 months of age, by which time
all were sacrificed. However, histological analysis revealed
Western S . anti-HA medullary cystic dysplasia in 89 of these mice. Thus, we
observed renal aplasia/dysgenesis or medullary cystic dysplasia
in 5% (10/185) and 65% (120/185) of Tg mice, respectively.
To identify the dysplastic renal phenotype
in embryos and postnatal mice, we performed
C Cortex Medulla a histopathological analysis (Fig. 2). By
s ; E18.5, the crucial events during epithelial
; '" morphogenesis and patterning have occurred
in the kidney. Homozygote Tg mice
demonstrated marked abnormalities
compared with control mice. The diameter of
the outer cortex was decreased (compare
boxed area in Fig. 2D with Fig. 2A, and Fig.
2E with Fig. 2B). The outer cortex is the site
at which glomerular progenitors, termed
comma and S-shaped bodies, form. Although
these  progenitors appeared normal
qualitatively, the decreased number of
elements suggested a primary or secondary
defect in the number of inductive events. The
medulla inTgALK®RP mice was remarkable
because of a marked reduction in the number
of medullary tubules (compare Fig. 2D,F
with Fig. 2A,C), and an increase in interstitial
matrix (Fig. 2D,F). These changes were
accompanied by the formation of epithelial
cysts in the inner and outer regions of the
medulla and in the cortex (Fig. 2D,E). These
histological abnormalities were also observed
in heterozygous Tg mice, although the
phenotype was observed in a minority of
mice and was less severe (data not shown). At
P10, the dysplastic phenotype could be
readily identified in hemizygous Tg mice
(Fig. 2H), and was more severe in
homozygous Tg mice (Fig. 21,J). In contrast
to control mice (Fig. 2G), 50% of
Fig. 1. Transgenic mice overexpressing ALR3 (A) Structure of the transgene. The ~ hemizygous Tg mouse kidneys were
positions of theHoxb7promoter, Q233D mutation, the HA tag, and the hufgiobin characterized by a decreased number of
sequence are shown. (B) Western blot analysis of proteins isolated from mouse kidneygijles in the medulla, increased intervening
P10 showing expression of HA-tagged ALK3TigALKRP mice and a marked increase aytracellular matrix underdevelopment of the
in ALK3-HA levels in TJALKRP/RD mice. (C) ALKFRP-HA expression imgALKRP apilla. and the férmation of cortical and
mice at P10. Expression of the HA epitope was detected by immunohistochemistry u%né]d ”’ r ts (Fia. 2H). Abnormaliti f
an anti-HA antibody (brown stain). HA was undetectable in the cortex and medulla of ullary cys S.( '9. )- ormail |es(,) 0
control kidneys. In hemizygouFgALKRP) mice, low levels of HA (arrow) were a greater severity were o_bserved in 74% of
detected in cortical collecting ducts (T) and in medullary collecting ducts but notin homozygous Tg mice (Fig. 21,J). In these
glomeruli (G). In homozygousT gALKFRP/QP) mice, much higher levels of HAwere ~ Mice, the medulla was occupied by large
detected in a small subset of cortical tubules (T) and in medullary collecting ducts (T)Ccysts and extracellular matrix, and the cortex

TgAlk32"

TgAlk30V00
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Fig. 2. Renal phenotype afgALKRP and TgALKIRP/RD mice at E18.5 (A-F) and P10 (G-L) in representatiyemtissue sections. Sections

in A-J are stained with Haematoxylin and Eosin. (A-F) E18.5. (A) The kidney of control mice is characterized by a weliiatie mrtex

(C) and medulla (M). The box highlights the outer cortex. (B) Higher magnification view of the cortex in a control kidéyarkdgerized

by glomerular progenitors in the outer cortex and a mature glomerulus (G) in the deep cortex. (C) Higher magnificatiohevieedoflia

in a control kidney. It consists of a densely packed linear array of tubules. Note the lack of intervening mesenchymkid{iz)yTdfe
TgALKRDP/QD mice is characterized by decreased density of immature glomeruli in the outer cortex, cortical cysts, a paucity of medullary
collecting ducts in the medulla, a marked increase in mesenchyme in the medulla and medullary cysts. (E) Higher mageificztibie vi
kidney cortex of @ gALKRDP/RD mouse. Note the decreased density of glomerular progenitors in the outer cortex (compared with B) and the
presence of a cyst (Cy). (F) Higher magnification view of the kidney medull@ghbKRP/QP mouse. Note the cystic dilatation of tubules,

the decreased density of tubules and the increase in intervening mesenchyme. (G-L) P10. (G) The kidney of a control anaciseiredh

by a well-developed cortex, medulla and papilla (P). (H) The kidneyrgt KRP mouse is smaller in area. It exhibits fewer medullary
tubules, has cysts in the cortex and medulla and has a smaller papilla. (I) The kidiigyabKaRP/QD mouse is malformed by large cysts in
the cortex and medulla. The outer cortex is compressed. The medulla contains few tubules and shows a large increasegn interven
mesenchyme. (J) Higher power view of the renal medullaTgff K3RP/QD mouse. Note the cystic tubules. Some are characterized by a
cuboidal epithelium (Cy), whereas others have a squamous epithelium. The intertubular mesenchyme is increased and dnastios fibro
cells. (K,L) A medullary cyst in the kidney offgALKZRP/QD mouse stained with DBA. (L) Positive staining indicates that the cyst
epithelium is of ureteric bud origin.



2758 M. C. Hu, T. D. Piscione and N. D. Rosenblum

o 200, ——  P<0.0001
=
o=
s 150 P<0.0001
RS [ —
£ S 100 4
=
< 50
E L
é =
Control TgAlk3ere>  TgAlk3erer
(non cystic) (cysts)
B 1B:
E-cadherin S
_ . Control TgAlk32PeP
5 e — - ; 2 T .
g = 1.-:;’5!‘ 2
z 5 ; -
T R E-cadherin
=z P<0.0001
Fr -
§~§ 60 - *
g
E 20
$
z

TgAlk32Men

c-myc

actin

Control TgAlk32erep

un
=
=

£

g

No. pixels/no. pixels (control)
x 100%

Control  TgAlg327e?

Fig. 3. Cellular changes in the kidneys TJALKZRP/QRD mice. (A) Cell proliferation in kidney tissue of P10 mice detected by anti-Ki67 and
HRP-conjugated secondary antibodies. Left: Hematoxylin-stained tissue demonstrates a marked increase in the numbereskoailKexp
67 (red) in non-cystic and cystic tissue elements of Tg mouse kidneys compared with control kidneys. Right: quantitatpwoliéélbn
showed a 6.4-fold and 17.1-fold increase in non-cystic and cystic tissue elements, respecTigélyKa@RP/QP versus control mice. (B) E-
cadherin expression is decrease@ghLKRP/QD kidney tissue. Left: quantitation of E-cadherin protein in whole kidney lysate demonstrated a
64% decrease MgALK3RP/RD versus control mice. Right: immunohistochemistry using anti-E-cadherin and HRP-conjugated secondary
antibodies. E-cadherin is expressed in all epithelial tubules in control kidneys. By conifagtl K@RP/QD kidney tissue, expression is
reduced in a subset of tubules with cuboidal (*) or squamous (#) epithelium. (C) MYC expression is incigak#P/RP kidney tissue.
Left: quantitation of MYC protein in whole kidney lysate demonstrated a 542% increBgaliKRP/QP versus control mice. Right:
immunohistochemistry using anti-MYC and HRP-conjugated secondary antibodies. MYC is almost undetectable in control kidneys. By
contrast, inTgALKRP/RD kidney tissue, expression is markedly increased in cystic epithelium (red color marking cell nuclei). Data are
meanzs.d. Number of independent experiments were: E-cadhedinMYC, n=6.
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was reduced to a thin layer, perhaps as a result of compressgguamous in phenotype. Analysis of E-cadherin expression
caused by cysts. Analysis of cyst epithelium with DBArevealed an overall decrease in the amount of detectable protein
revealed positive staining, which suggests that ALK3-HAIn lysates generated from the kidneys of homozygous Tg mice.
expressing cysts are derived from the ureteric bud lineage (FiDecreased expression was observed in a subset of medullary
2K,L). Taken together, these findings suggest a pathologic@libules characterized by a columnar epithelium. E-cadherin
diagnosis of medullary cystic dysplasia with cortical cystexpression was undetectable in tubules and cysts with a
formation. squamous epithelium (Fig. 3B). These changes were
The dysplastic kidney is characterized by renal epithelial cehkccompanied by a marked increase in MYC expression, which
de-differentiation. Markers of de-differentiating epitheliumwas observed in the nuclei of medullary tubules and cysts,
include: transformation from a columnar or cuboidal to gparticularly those characterized by a squamous epithelium
squamous morphology; dysregulation of the cell cycle; loss dfFig. 3C). These results demonstrate tubular epithelial de-
expression of epithelial-specific markers; and formation oflifferentiation as a major feature of the renal phenotype in
epithelial cysts (Winyard et al., 1996). Demonstration of thes&#gALK3RP mice. Collectively, these findings are diagnostic of
abnormalities in kidney tissue helps to differentiate dysplasia dysplastic renal phenotype of embryonic origin similar to
from acquired forms of injury (Bernstein, 1992). We forms of human renal dysplasia in which severe disruption of
quantitated cell proliferation iigALK3RP kidney sections by medullary development co-exists with more limited
counting the number of cells positive for Ki-67, a marker ofabnormalities, including dilated cortical collecting ducts and
proliferating cells (Tamamori-Adachi et al., 2003). Cell decreased nephron number (Bernstein, 1992).
proliferation was increased sixfold and 17-fold in noncystic _ o )
and cystic tubules, respectively, in the kidneys of homozygousenal branching morphogenesis is decreased in
Tg mice compared with tubules in the kidneys of controALK3©P Tg mice
mice (Fig. 3A). Histological examination of tissue sectionsln the kidney, nephrogenesis is controlled by inductive
generated from the medulla of affected kidneys (Fig. 3B,Cinteractions between the ureteric bud and the metanephric
revealed that the epithelial lining of many tubules had becomiglastema. The number of nephrons formed is dependent on
ureteric bud branching and other
crucial factors, including survival of
metanephric progenitor cells and
integrity of the mesenchymal-
epithelial transformation. Our
observation that the number of
medullary collecting tubules and
cortical glomeruli was decreased in
TgALKRPD renal tissue suggested
interruption of one or more of these
crucial processes. The presence of
both immature and mature glomeruli
Control ToAlk3oP0D at E13.5-E18.5 did not support a
defect in glomerular formation per se.

A

Control TgAlk32ven P<0.01

E13.5
No. branch points

B However, our previous demonstration
P<0.01 that the BMPs inhibit branching
_ 8 = [ | morphogenesis  through  ALK3
E p— suggested that expression of an
- g8 6 activated form of ALK3 could
o T 4 = decrease branching morphogenesis.
= T & We analyzed such an effect by
2° 2 o quantitating the number of ureteric
= = bud branches at E13.5 in Tg and
& control mice. At this stage, branching
Control  TgAlk3over morphogenesis is well established and
' discrete branch points can be
Fig. 4.Renal branching morphogenesis is reduced in kidneys from EgaBK3RD/QD identified using the ureteric bud
embryos. (A) Ureteric bud branchingTigALKRDP/RD versus control kidneys. Left: DBA- specific marker DBA (Piscione et al.,

stained whole-mount preparations of E13.5 kidneys. Ureteric bud branches are highlighted. 1997). Quantitation of ureteric bud
Right: quantitation of branch points demonstrated 36% fewer brancligéiiKR0P/QP versus branch points demonstrated 30%
control kidneys. (B) Ureteric bud cell proliferationTig ALKERP/QD versus control kidneys. fewer ureteric bud branches in
Left: Hematoxylin-stained E13.5 kidney tissue. BrdU incorporation is identified by HRP- kidnevs of homozvaous Ta mice
conjugated mouse anti-BrdU antibody yielding red colored cell nuclei. Note the marked y . ygous 19
reduction of BrdU uptake in the ureteric bud (UBJTQIALKZRP/RD mice. By contrast, BrdU in ~ compared with control mice (nDL/Jn?Dber
glomerular progenitors and mesenchymal cells is simil@gil KRD/QD and control kidney of branch points, TQJALKRDR
sections. Right: quantitation of the percentage of BrdU-positive ureteric bud cells demonstraté@rsus —control:  42.6+11.4 versus
a 60% reduction iTgALK®DP/QD versus control mice. Data are meanzs.d from three separate 65.1+15.3, P<0.01; Fig. 4A).
experiments. Interestingly, in ~25% of homozygous
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Tg mice, the number of branch points was within two standar@MAD proteins (Attisano and Wrana, 2000). In our previous
deviations of the mean number observed in wild-type micevork in collecting duct cells, we showed that ALK3
(data not shown). This observation is consistent with th@hosphorylates the receptor-activated SMAD, SMAD1 (Gupta
variability of renal phenotype observed in other genetic mouset al., 1999), and that SMAD1 activity is required for the
models (Srinivas et al., 1999b). As cell proliferation isinhibitory functions of BMPs during branching morphogenesis
fundamental to tubular growth and is controlled by BMP-(Piscione et al., 2001). Thus, we analyzed the expression of
dependent signaling (Piscione et al., 2001), we measured tphosphorylated SMAD1 protein (phospho-SMAD1) as a
incorporation of BrdU, a surrogate marker of cell proliferation,cellular reporter of ALK3 activity using a specific antibody
by ureteric bud cells (Fig. 4B). Our results indicate markedFig. 5). In contrast to control kidneys, phospho-SMAD1 was
inhibition of ureteric bud cell proliferation in homozygous Tg highly expressed in epithelial tubules and cysts located in the
mice (% BrdU-positive cells, control versTgALK®RD/QD:  renal medulla oTgALK3RP mice (Fig. 5A). Phospho-SMAD1
6.1+0.6 versus 2.5+1.8<0.0001). By contrast, no differences was expressed at similar levels in glomeruli and proximal
in BrdU incorporation into mesenchymal-derived DBA tubules in the kidney cortex of both control and transgenic mice
negative cells were observed and the formation of glomerulgdata not shown). These results were confirmed by analysis of
and tubular progenitors appeared normal at the histologicathole kidney protein lysates with anti-SMAD1 antibodies.
level. These observations are consistent with our targeting éalysis of immunoblots demonstrated that although SMAD1
the transgene to the ureteric bud lineage and demonstrates expressed in amounts that were not significantly different

inhibition of branching morphogenesis TgALK3RP mice. between control, hemizygous and homozygous Tg mice,

o _ _ ) significant increases in phospho-SMAD1 could be detected in
Constitutive expression of activated ALK3 increases hemizygous and homozygous Tg mice. These results indicate
phospho-SMAD1 and  -catenin expression in that ALK3 associated SMAD-dependent signaling is active in
dysplastic renal tissue dysplastic renal tissue GgALKRPD mice.

We investigated the molecular mechanisms controlling the Recent studies demonstrate that BMPs control cellular
phenotypic transition from decreased ureteric bud celprocesses by activating intracellular effectors in signaling
proliferation and branching to increased cell proliferation angbathways distinct from the SMAD pathway. For example, in
cystic dysplasia at later stages of renal development. First, veelltured chondrocyte progenitors, BMPs can increase
examined the activity of the ALK3 signaling pathway in theintracellular levels ofi-catenin protein (Fischer et al., 2002a;
epithelium of dysplastic tissue using phospho-SMAD1 as &ischer et al., 2002b). Such an effect is of potential relevance
reporter. Like other type | BMP receptors, ALK3 signals viato the pathogenesis of cystic renal dysplasia bedaaatenin

one or more members of the family of receptor-activatethas been implicated in signaling events downstream of the

>
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ng_ﬁlk.‘!‘_ Fig. 5.Phospho-SMAD1 expression

is increased in the P10
TgALKRD/QD kidney. (A) Phospho-
SMAD1 expression iiTgALK3P/QD
kidney. Left: Hematoxylin-stained
control kidney tissue (medulla)
stained with anti-phospho-SMAD1
antibody demonstrates very weak
expression of phospho-SMADL1.
Middle: Hematoxylin-stained tissue
IB:  Contrdl QD  QDIOD IB: Controdl QD  QDIOD from aTgALK3D/eP mouse .
demonstrating a marked increase in

Total Smadl G- S S Pl ospho-Smad] WG ” phospho-SMAD1 expression. Right:
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lining the cyst. (B) Quantification of
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’_ 1 SMAD1 and phospho-SMAD1
P=0.025 i ion i i
protein expression in whole kidney
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(QD; gray) andrgALK®RD/QD
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autosomal dominant polycystic kidney disease genéamily members is associated with the increasp-gatenin.
polycystin 1 (Kim et al., 1999), and induces polycystic kidneyAnalysis of mRNAs encoding WNT11, WNT4, WNT2B,
disease when overexpressed in transgenic mice (Saadl¥NT5B, WNT7B and WNT®6, all of which are expressed in
Kheddouci et al., 2001). To investigate the potential rofg of kidney (Vainio and Uusitalo, 2000), did not demonstrate any
catenin during the pathogenesis of dysplasidgMLK®P  association between the expression of these WNTs and the
mice, we measured the expressionpefatenin in kidney dysplastic phenotype (data not shown).

tissue sections and protein lysates (Fig. gAatenin was Genetic interactions between the BMP and WNT pathways
not detected in tissue sections of neonatal control mice. Byave been previously observed in non-renal tissues in
contrast, B-catenin expression was markedly increased innvertebrates (Riese et al., 1997), lower verterbrates (Hoppler
medullary epithelial tubules and cysts, but to a far lesseand Moon, 1998; Nishita et al., 2000) and cultured cells
degree in the kidney cortex, of homozygous Tg mice. Withi{Fischer et al., 2002a; Fischer et al., 2002b; Labbe et al., 2000).
the renal medullaf-catenin expression was heterogeneousWe investigated these interactions in vivo by generating
High levels of expression were observed in tubules and cys@D/QD; Tcf-gal mice. TheTcf-galmouse is a model reporter
with a cuboidal epithelium, but not generally in those with aof the transcriptional activity dB-catenin in partnership with
squamous epithelium. This pattern of expression was similanembers of the TCF family (Cheon et al., 2002). Expression
to that observed for E-cadherinTgALKRP mice (Fig. 3B).  of B-galactosidase bjacZ is controlled by a FOS minimal
Increase-catenin expression was confirmed in tissue lysatepromoter and three consensus TCF-binding motifs. We
in which a significant increase if8-catenin could be detected low levels of3-galactosidase activity in tubular
demonstrated iMTgALK3RP mice. Because stabilization of epithelium resident in the renal cortex Téf-gal mice (Fig.
cytoplasmicB-catenin is regulated by WNT signaling (Miller, 6B). By contrast, we observed a remarkable enhancement of
2002), we investigated whether enhanced expression of WN&cZ transcription activity inQD/QD; Tcf-gal mice (Fig. 6B).

Fig. 6. B-catenin is increased in
postnatallgALKRDP/QD mouse kidney
tissue. (A) Immunohistochemistry of

1B:
f-catenin ? -‘_ kidney tissue from control and
TALKRP/QRD mice at P10, using rabbit

actin «—— anti-humarp-catenin and HRP-
—  P=0001s — conjugated anti-rabbit antibodies. Top
left panels: Hematoxylin-stained kidney
M Pr=00z 1 tissue from control mouse demonstrates
absence of detectalflecatenin protein
in the medulla. Hematoxylin-stained
kidney tissue fronTgALK3RD/QD
mouse demonstrates marked
upregulation of3-catenin expression in
a subset of tubules and epithelial cysts
in the medulla. Bottom left panels:
P-catenin higher power view of kidney cortex of a
0DIOD Tef-gal ODIOD; Tef-gal  TGALKRPRD mouse. Low levels d-
catenin were detected. By contrgstatenin
levels in the medulla of AgALKRD/QRD mouse
kidney are greatly increased in dilated tubules
(cysts). Right paneB-catenin expression in
whole kidney lysate was increased by 46% in
TgALKRP (gray) versus control (white) mice,
and by a further 60% MgALKRP/QD (black)
mice. A representative blot is shown above.
(B) Activation of ALKS signaling increases the
activity of ap-catenin/TCF reporter gene in
vivo. B-galactosidase activity was assayed in
the kidneys of newbor@D/QD, Tcf-galand
QD/QD; Tcf-galmice. Top panels demonstrate
-gal expression in Eosin-stained cross-
sections of the entire kidney (composite
image). Lower panels demonstr@tgal
expression in representative corresponding
tissue sections. N@-gal expression was
detected iQD/QD kidneys. Weak expression
was detected ificf-galmice. By contrasf3-
gal expression was markedly increased in
QD/QD; Tcf-galmouse kidney, with
localization in tubular epithelium. Data are
meanzs.d. from three independent experiments.

Control QD  QDIOD

200

No. pixels/no. pixels (control)
x 100%
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These data demonstrate genetic interactions between the ALK&ates from homozygous Tg mice (Fig. 7A). Similarly, a

andp-catenin signaling pathways in kidney tissue. ninefold elevation of phospho-SMADL1 in association vfth

o o catenin was also detected in homozygous Tg mouse kidney
Association of Phospho-SMAD1 and  B-catenin in compared with that of controls (Fig. 7B). Formation of
molecular complexes is increased in dysplastic molecular complexes between phospho-SMAD1 and the
TgALK3 @0 mouse kidney common SMAD, SMADA4, before translocation to the nucleus,

Molecular interactions between tBecatenin binding partner, suggested that elevated levels of phospho-SMAD1 associated
LEF1/TCF, and the TGB- SMAD signaling effectors, with B-catenin would be accompanied by increased amounts
SMAD2, SMAD3 and SMAD4 have been demonstrated inof SMAD4. Our results indicate a twofold elevation in levels
Xenopug(Nishita et al., 2000) and cultured mammalian cellsof SMAD4 associated witlf3-catenin (Fig. 7C). Compared
(Fischer et al., 2002a; Labbe et al., 2000). By contrast, n@ith SMAD1, the lower amount of SMAD4 associated v{dth
interactions between SMAD1 arfidcatenin or TCF have yet catenin suggests that the ratio of SMAD4:SMAD1 may not be
been demonstrated. Our finding of increased transcriptiondtl in molecular complexes containing @tatenin, and that
activity in QD/QD; Tcf-galmice suggested possible molecular SMAD1/B-cateinin complexes may function in a manner
interactions between ALK3 signaling effectors ghdatenin.  distinct from those containing SMAD4. Taken together, these
We investigated interactions between SMAD1, SMAD4@nd results are the first demonstration of molecular associations
catenin in renal tissue lysates isolated from P10 mice by camong SMAD1, SMAD4 an@-catenin during the genesis of
immunoprecipitation and immunoblotting (Fig. 7). Whereasdysplasia during mammalian organogenesis.
low levels of B-catenin were detected in association with
SMADL1 in the renal tissue of control§-catenin levels The levels of phospho-SMAD1 and  [B-catenin are
associated with SMAD1 were increased ninefold in kidneyncreased in human renal dysplastic tissue
Human renal dysplasia is a pleiomorphic and poorly
understood  disorder that consists of numerous
A histopathological subtypes. At the most severe end of the
P=0.0007 spectrum is agenesis and severe multicystic dysplasia. The
i ) . . - histology of these tissues indicates a total, or near-total,
NG e ca i 800 interruption of inductive tissue interactions and subsequent
formation of ureteric bud- and blastema-derived epithelial
i B L_.' tissue elements. A more intermediate phenotype, frequently
_ 300 associated with congenital dilatation of the lower urinary tract,
' — consists of a preserved corticomedullary pattern, a hypoplastic
Control  9pigD Control QDIQD cortex with cysts, dilated collecting ducts, a decrease in the
number of collecting ducts, and increased mesenchyme in the
B P2 medulla (Daikha-Dahmane et al., 1997). The similarity
IP: anti-B-catenin — =1 between this phenotype and that observeBgiALK3RP mice,
{B: anti-P-Smadl - suggests that pathogenic mechanisms may be shared. Thus, we
studied, by immunohistochemistry, the expression of phospho-
o SMAD1 andp-catenin in normal and dysplastic 20-22-week
%0 fetal kidney tissue (Fig. 8). Whereas normal tissue consisted of
a well organized and complete complement of epithelial
Control  QDIOD Control  QDIQD structures (Fig. 8A,D,G), dysplastic tissue was characterized
by disorganization of tissue elements, a marked decrease in the
C - number of tubules (Fig. 8E,F) and formation of epithelial cysts
— derived from the ureteric bud lineage (Fig. 8H,l). Although
1B: anti-smadd 554 phospho-SMAD1 was undetectable in normal tissue (Fig. 8A),
it was highly expressed in the ureteric bud (Fig. 8B) and in
150 epithelial cysts (Fig. 8C). Similarly, expression Btatenin
was elevated in dysplastic tissue compared with normal tissue

~+ 18
IB: anti-f-catenin "
- - (Fig. 8D-l). These data demonstrate dysregulation of phospho-

Control ODIOD Control QDIOD SMAD1 and-catenin in human renal dysplasia.

IP: anti-Smadl

60—

No. pixels/unit area

IB: anti-p-catenin

No. pixels/unit area

IP: anti-f-catenin

No. pixels/unit area

Fig. 7.SMAD1 andB-catenin are associated in molecular complexes

in TQALKRD/QD (QD/QD) mice. Molecular associations in postnatal DISCUSSION

kidney tissue (P10) isolated from different mice were assayed by

immunoprecipitation-immunoblot assays using specific antisera. A novel murine model of renal medullary cystic
Immunoblots and quantitation are shown in the left and right panelsdysp|asia

respectively. (A) The amount @fcatenin associated with SMAD1 . .
was increased ninefold ifig mice versus controls. (B) The amount As a group of human developmental disorders, phenotypic

of phospho-SMAD1 associated wihcatenin was increased subtypes of renal dysplasia vary by the particular tissue
ninefold in Tg mice versus controls. (C) The amount of SMAD4  €lements that are malformed and in the severity of these
associated witfB-catenin was increased twofold in Tg mice versus ~Perturbations.  Despite extensive information available
controls. Data are meanzs.d. from three independent experiments. regarding gene expression in the embryonic kidney, perhaps not
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Fig. 8. Phospho-SMAD1 anfi-catenin expression is increased in human dysplastic fetal kidney. (A-C) Phospho-SMAD1 expression detected
by immunohistochemistry using anti-phospho-SMAD1 and HRP-conjugated secondary antibodies. (A) Phospho-SMAD1 is undectable in
normal Hematoxylin-stained tissue. (B) Phospho-SMAD1 is markedly unregulated in Hematoxylin-stained dysplastic tissus,(red cell
including a branched ureteric bud (arrowhead) and in cysts (C).R2d)enin expression detected by immunohistochemistry usin@-anti-

catenin and HRP-conjugated secondary antibodies. (®gajenin is weakly expressed in epithelial tubules (arrows) of Hematoxylin-stained
normal kidney tissue. (E,B-catenin is highly expressed in epithelial tubules (arrows) of Hematoxylin-stained dysplastic kidney tissue.

(H,1) B-catenin is highly expressed in the epithelium of ureteric bud-derived cysf¥-c@i¢nin is highly expressed in cyst epithelium (arrow).

() Fluoresence image of cyst in H stained with fluorescence-conjugated DBA. Positive staining demonstrates that thevegstrisna e

ureteric bud.

unexpectedly, analysis of most mutant phenotypes has provideécause the knowledge gained may lead to strategies aimed at
insight into the pathogenesis of the more severe forms of renadodifying aberrant developmental pathways and ameliorating
dysplasia, i.e. renal aplasia and renal dysgenesis (reviewed thgease. In this paper, we report a mouse model of medullary
Piscione and Rosenblum, 1999; Pohl et al., 2002). Analyses ofstic dysplasia in which nephrogenesis is qualitatively intact
mice with naturally occurring or engineered mutations havéut quantitatively deficient, and in which decreased branching
demonstrated crucial functions for transcription factors [PAX2morphogenesis is associated with a decreased mass of
LIM1 (LHX1 - Human Gene Nomenclature Database),medullary collecting ducts and with cystic degeneration of
SALL1, RARs], growth factors (GDNF, WNT4, BMP4, these tubules.
BMP7), growth factor receptors (RET, G&R), integrins @8 The renal phenotype GigALK3RP mice is distinct from that
integrin) and heparan sulfation (HS2ST) during the reciprocadf other mouse models characterized by misdevelopment of
inductive interactions required for branching morphogenesithe renal medulla. These include mice deficient for
and the mesenchymal-epithelial transformation. angiotensinogenAng), angiotensin receptor-A@trl) and -2

A subset of human renal dysplasias is characterized by leg&gtr2), glypican 3 Gpc3d, p5%P2 and BMP4.Ang”’- and
severe abnormalities that are either more focal in spati@gtrl~— mice demonstrate progressive dilatation of the calyx,
distribution, or are restricted to one or more tissue elementand atrophy of the papilla and underlying medulla after birth.
such as medullary collecting ducts. Because the tissue damafjeese defects appear to be caused by decreased proliferation
in these phenotypes is less pervasive and severe, they afethe smooth muscle layer lining the pelvis, which results in
associated with some degree of renal survival during fetal ardbecreased thickness of this layer in the proximal ureter
postnatal life. With a view towards human disease, it is crucigMiyazaki et al., 1998; Niimura et al., 1998gtr2inactivation
to understand the pathogenesis of these forms of dysplasisults in a spectrum of renal dysplasia and lower urinary tract
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abnormalities termed CAKUT. These malformations appear tof mice with this malformation may be because of modifying
be caused by misdevelopment of the proximal ureter and Hgctors, including the level of expression of the transgene and
secondary effects on the development of the renal parenchyrtfee genetic background of the mice. Indeed, our results
(Nishimura et al., 1999). GPC3 deficiency causes medullargemonstrated considerable variation in the effect on branch
cystic dysplasia owing to massive apoptosis of medullarpoint number within progeny derived from the same founder.
collecting ducts. In contrast tdgALKIRP mice, in Gpc3  In the majority of TJALKFRP mice, the inhibitory effect of
mutant mice, medullary dysplasia is preceded by an increagd K3QP is insufficient to abrogate ureteric bud growth.
in branching morphogenesis and ureteric bud cell proliferatioRather, it inhibits branching, thereby inducing hypoplasia of
(Cano-Gauci et al.,, 1999; Grisaru et al., 2001). The rendhe collecting system and decreasing the number of nephrons
phenotype op57IP2-null mice is similar to that observed in induced. Recognition of this effect suggests that ALK3 activity
Gpc3null mice. Although the pathogenic mechanisms havenust be tightly regulated. The basis for this regulation remains
not been elucidated, the function of %7 as an inhibitor of unknown. Because theALK3RP transgene was mainly
cyclin-dependent kinases suggests that it may act in a pathweypressed in the ureteric bud lineage, we are unable to interpret
shared byGpc3 AlthoughBmp4 aBmp2homolog, can signal the role of ALK3 in the metanephric mesenchyme. The
through ALK3, Bmp4/- mice exhibit a phenotype distinct development of mice expressiye recombinase in specific
from that observed iMgALK®P mice. Renal dysplasia in kidney cell lineages under temporal control will provide a
Bmp4’~ mice appears to be caused by abnormal budding eheans to study the actions of ALK3 in the ureteric bud and
the ureteric bud at its origin at the Wolffian Duct, and,metanephric blastema both separately and together.
consequently, abnormal interactions between one or more )

ureteric buds and the metanephric blastema (Miyazaki et alfteractions between the BMP and WNT pathways

2000). This, in turn, results in focal dysplasia consisting of &uring organogenesis

major interruption of nephrogenesis with cystic dysplasia an@ur analysis of TJALKRP mice revealed genetic and
hydronephrosis. Thus, the unique renal phenotype observednmlecular interactions between effectors in the BMP and WNT
TgALKRP mice suggests the existence of novel pathogenipathways. Our data expand the breadth of interactions
mechanisms not previously discovered in other models of renpteviously observed during embryogenesis in flies and frogs,
dysplasia. The similarity of this phenotype to that observed iand during tumor formation in mice. IBrosophilg dpp
some fetuses with associated lower urinary tract dilatatioa BMP2/4 homolog, andwg, a WNT homolog, act
suggests that knowledge of these mechanisms will providgynergistically to regulate the expression of ultrabitholcHo)(
further insight into the pathogenesis of human dysplasia (Ah the endoderm (Riese et al., 1997)XEnopus SMAD4 and

Saadi et al., 1984; Daikha-Dahmane et al., 1997). LEF1 cooperate to control the expression of the homeobox
S ) ) geneXtwn8in Spemann’s organizer (Nishita et al., 2000). In
ALK3 inhibits renal branching morphogenesis mice, deficiency of oneSmad4 allele synergizes with

The invariant structural organization of the mature kidney andeficiency of APC, a regulator @-catenin degradation, to
the relatively constant number of collecting ducts formedncrease the number and invasiveness of intestinal tumors
suggests that branching morphogenesis is a tightly regulat¢@akaku et al., 1998). These findings have been extended to
process. We have hypothesized that regulation of ren#the level of molecular interactions iXXenopus by the
branching morphogenesis occurs through the integrated actiodesmonstration of SMAD4/LEF1(TCF) and SMAR4¢atenin

of stimulatory signaling pathways, including GDNF/RET, andmolecular complexes, and the cooperative interaction of
inhibitory pathways downstream of BMP2 and its receptoiSMAD4 and LEF1/TCF at the XTWN promoter (Nishita et al.,
ALK3 (Piscione et al., 1997)Bmp2 is expressed in the 2000). These nature of these interactions has been further
metanephric mesenchyme adjacent to the tips of ureteric bu@fined by the demonstration that LEF1/TCF binds via its C-
branches (Dudley and Robertson, 199k3 is expressed in terminal domain to the TGB-effectors SMAD2, SMAD3 and
both ureteric bud and blastemal cells during early stages &AD4 (Labbe et al., 2000). Our results reveal interactions
renal development, and at lower levels later during gestatiobetweerp-catenin and SMAD1, implicating the BMP pathway
Identification of the roles played by BMP2 and ALK3 has beernn interactions with this WNT effector. Although data reveal
limited by the early embryonic lethality induced by mutationalthat these pathways interact cooperatively at the levelTof a
inactivation of either gene. Although deletion of one allele ofeporter in kidney tissue, further experiments will be required
the BMP2 homolog BMP4 gives rise to a dysplastic renato identify the functional consequences of SMABtAtenin
phenotype, the distinct pattern of BMP4 expression in théteractions. The recognition that the MYC promoter contains
mesenchyme surrounding the Wolffian Duct and the ureteriSMAD-binding elements as well as TCF-binding elements
bud (Miyazaki et al., 2000) suggests a function different fron{Yagi et al., 2002) provides a basis for studying these
that of BMP2, and limits speculation regarding the function ofnteractions in the context of a gene that is relevant to the
ALK3 in regions adjacent tBmp2expression. Previously, we pathogenesis of polycystic kidney disease (Trudel et al., 1998)
demonstrated that BMP2 and ALKS inhibit renal branchingand cystic dysplasia (our data).

morphogenesis in embryonic kidney explants and in a 3- )

dimensional culture model of tubule formation. Our results iflnteractions between the BMP and WNT pathways

the TYJALKRP mouse are consistent with these results angluring the genesis of renal disease

provide the first demonstration in vivo that activation of ALK3 Our data fronTgALK3P mice indicate that ALK3 upregulates

in the ureteric bud inhibits branching morphogenesis. Thif-catenin expression. Previous observations demonstrating that
effect probably underlies the pathogenesis of renal aplasia inBacatenin is upregulated by polycystin 1, the gene product
small group ofTgALK®RP mice. The relatively small number mutated in type | autosomal dominant polycystic kidney
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disease (Kim et al.,, 1999), and th@tcatenin induces Attisano, L. and Wrana, J. L. (2000). Smads as transcriptional co-
polycystic kidney disease when overexpressed in transgenicmodulatorsCurr. Opin. Cell Biol.12, 235-243.
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