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SUMMARY

Bone morphogenetic protein (BMP)-2 and hepatocyte
growth factor (HGF) exert antagonistic effects on renal
collecting duct formation during embryogenesis. A current
model proposes HGF inhibits BM P-2 signaling at the level
of Smadl in a common target cell. Here, we show that
BMP-2 and HGF control collecting duct formation via
parallel pathways. We examined the interactions between
BMP-2 and HGF in the mIM CD-3 model of collecting duct
mor phogenesis. During tubule formation, HGF rescued the
inhibitory effects of BMP-2 and of a constitutive active
form of the BMP-2 receptor, ALK 3, stably expressed in
mIMCD-3 cells. To determine whether the effect of HGF
occur s through known mediator s which act downstream of
the BMP-2/ALK 3 complex, we examined the effect of HGF
on BM P-2-induced Smad1 phosphorylation, Smadl/Smad4
complex formation, and Smadl nuclear translocation.

Neither HGF nor other receptor tyrosine kinase ligands
(EGF, FGF-4) induced phosphorylation of endogenous
Smadlin mIMCD-3 céllsor in MvlLu, MC3T3-E1 or P19
cells. Furthermore, none of these ligands blocked induction
of the BMP-responsive promoter, TIx2. Thus, HGF
overcomes the inhibitory effects of BMP-2 on collecting
duct morphogenesiswithout interrupting any of the known
signaling eventsin the BM P-2 dependent Smad1 signaling
pathway. We conclude that BMP-2/ALK3 and HGF
function to control parallel pathways downstream of their
respective cell surface receptors. Integration of these
signals likely occurs at the level of transcriptional or post-
transcriptional events.
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INTRODUCTION

The formation of complex tissues during embryonic
development is dependent on the simultaneous actions of
growth factors which exert synergistic or antagonistic effects
on their cellular targets (Neublser et al., 1997; Buckland et al.,
1998). The manner in which these activities are integrated in a
particular target cell is fundamental to understanding these
interactions. In the developing kidney, the branched network
of collecting ducts is formed by a process termed branching
morphogenesis, defined as growth and branching of epithelial
tubules during embryonic development (Saxen, 1987). Renal
branching morphogenesis arises via reciprocal mesenchymal-
epithelial tissue interactions between the mesenchymal
metanephric blastema and the epithelial ureteric bud (and its
derivative collecting ducts). These interactions are mediated
by growth factors belonging to severa different protein
superfamilies, including bone morphogenetic proteins (BMP)
and ligandsthat activate receptor tyrosine kinases (L echner and
Dressler, 1997). In the kidney, BMP-2 is expressed by induced
metanephric mesenchymal cells in apposition to developing

collecting ducts (Dudley and Robertson, 1997) and inhibits
collecting duct morphogenesis (Piscione et al., 1997).
Hepatocyte growth factor (HGF), a ligand for the receptor
tyrosine kinase, C-MET, is expressed in an overlapping
temporal and spatial pattern compared to BMP-2 (Woolf et al.,
1995) but stimulates collecting duct growth and branching
(Santos et al., 1994).

The molecules which act downstream of BM Ps have recently
been defined in both transfected cell lines and in BMP
responsive nonrenal cells (Massagugé, 1996; Macias-Silvaet a.,
1998). Binding of ligand to the type | activin-like kinase
receptors, ALK2, ALK 3 or ALK®, induces phosphorylation of
Smadl which is then followed by formation of complexes
between Smadl and Smad4, and nuclear translocation of
Smadl (Hoodless et al., 1996). In the embryonic mouse kidney,
ALK3 and Smadl RNA transcripts are expressed in the
collecting ducts during branching morphogenesis (Dewulf et
al., 1995; Dick et al., 1998). This observation, together with the
demonstration that BMP-2 binds to the collecting duct cell
surface viaa molecular complex containing ALK 3 (Piscione et
al., 1997) suggests arole for these signaling moleculesin rena
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branching morphogenesis. Previous work using genetically
congtituted nonrenal cells suggeststhat HGF inhibits the actions
of BMP-2 by inhibiting nuclear trandocation of Smadl
(Kretzschmar et al., 1997). However, the mechanisms by which
these antagonistic signals are integrated by cells which express
signaling components downstream of BMP-2 and HGF under
physiologic conditions is undefined.

In this paper, we defined interactions between HGF and
BMP-2 in a physiologically relevant cell model of rena
tubulogenesis (MIMCD-3 célls). In thismodel, tubule formation
is stimulated by HGF and inhibited by BMP-2 in an identical
manner to that observed in vivo (Cantley et al., 1994; Sakurai
et a., 1997; Piscione et a., 1997). Our results demonstrate that
HGF rescues tubule formation by mIMCD-3 cells treated
simultaneously with BMP-2 and in mIMCD-3 cells which
stably express a congtitutively active form of the BMP-2
receptor, ALK 3. To determine the mechanisms underlying these
effects, we defined signaling events downstream of the
BMP-2/ALK 3 complex and the effect of HGF on these
events. We show HGF has no effect on endogenous Smadl
phosphorylation, Smadl/Smad4 complex formation, Smadl
nuclear trandocation or BMP-2 induced transcriptional
activation of a BMP response element. Our results indicate
that HGF overcomes the inhibitory effects of BMP-2 during
collecting duct morphogenesis by signaling via a parallel
pathway and not by disrupting the known targets of the BMP-
2 signaling pathway, as previoudy reported. Integration of
signals downstream of BMP-2 and HGF likely occurs at the
level of transcriptional or post-transcriptional events.

MATERIALS AND METHODS

Cell lines and transfection

mIMCD-3 cells were co-transfected with plasmids encoding
hemagglutinin (HA)-tagged wild-type (WT), constitutive inactive
(K261R), or constitutive active (Q233D) ALK 3 receptors (generous
gift from L. Attisano) and a puromycin expression vector using a
calcium phosphate transfection method. Puromycin resistant clones
which stably expressed wild-type or mutant forms of ALK3 were
identified by screening protein lysates by western blotting. HA-tagged
ALK3 was detected using a mouse monoclonal antibody to HA
(Amersham, 1:1000 dilution), and chemiluminescence as
recommended by the manufacturer (ECL kit; Amersham). P19 cells
were cultured in a-MEM containing 7.5% calf serum and 2.5% fetal
bovine serum (FBS). MC3T3-EL1 cells were maintained in a-MEM
and 10% FBS and Mv1Lu cells were maintained in a-MEM with non
essential amino acids and 10% FBS.

Mouse inner medullary collecting duct (mIMCD-3) model
of tubulogenesis

Tubulogenesis assays were performed in type | collagen in 96-well
culture plates as previously described (Piscione et al., 1997). Cell
culture medium was supplemented with either 5 nM BMP-2, 20 ug/l
HGF or both. After 48 hours, gels were fixed in 4% formaldehyde,
washed in PBS, and then imaged by differential interference contrast
(DIC) microscopy. The number of tubular structures in an area of
standard dimensions was determined in four randomly selected
positions of the gel for each treatment condition by an observer
blinded to the treatment condition. Data were then analyzed using the
Statview statistical analysis program (version 4.01; Abacus Concepts,
Berkeley, CA). The mean difference from control for various
treatment groups were analyzed by Student’s t-test (two-tailed).

The spatial orientation of mMIMCD-3 structures in type | collagen

gels was determined using confocal microscopy. After 48 hours of
culture, gels were fixed for 10 minutes in 4% formaldehyde, and then
treated sequentially with 0.1% Triton X-100 and oregon green-
conjugated phalloidin (1:50 dilution, Molecular Probes, Inc.) to
identify actin filaments. Images of structures were obtained using a
Leica confocal laser microscope. Cross-sectional and longitudinal
images of mIMCD-3 structures derived from gels cultured under
identical conditions were obtained from 8 pm thick sections
counterstained with hematoxylin and eosin.

Immunofluorescence

To detect HA-tagged ALK 3 expression in stably transfected mIMCD-
3 cells, HA-tagged clones (confirmed by western analysis) were
grown in monolayer on glass coverslips in Dulbecco’s modified Eagle
medium (DMEM)-F12 supplemented with 5% FBS, penicillin (100
U/ml), streptomycin (100 U/ml), and puromycin (1.0 g/l) in 5% CO2
at 37°C for 12 hours. Next, cells were fixed in 4% formaldehyde in
PBS, washed in PBS, permeabilized with 0.1% Triton X-100 for 20
minutes at room temperature, and then blocked with 10% goat serum
in PBSfor 60 minutes at room temperature. Cells were incubated with
anti-HA monoclonal antibody (1:100 dilution) for 60 minutes at room
temperature, washed with PBS, and then incubated with FITC-
conjugated goat anti-mouse antibody (Jackson Immunologicals; 1:200
dilution) for 60 minutes at room temperature. Mutant clones were
photographed using a Zeiss Axioskop confocal laser microscope.

To study nuclear translocation of Smadl, untransfected mIMCD-3
cells were grown in monolayer on glass coverslips in DMEM-F12
supplemented with 0.2% fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 U/ml) in 5% CO; at 37°C for 12 hours. Cells were
treated for 1 hour with either 5 nM BMP-2 (provided by Genetics
Institute), 20 pg/l HGF (Collaborative Biomedicals) or both and then
fixed in 4% formaldehyde. After 3 washes in PBS, the cells were
permesabilized with methanol for 15 minutes at room temperature, and
then blocked with 10% goat serum and 3% BSA in PBS for 1 hour
at room temperature. Cells were incubated with anti-Smad1 antibody
(Macias-Silva et al., 1998) (1:50 dilution) overnight at 4°C, washed
with PBS, and then incubated with FITC-conjugated goat anti-rabhbit
antibody (Jackson Immunologicals; 1:200 dilution) for 60 minutes at
room temperature. Coverslips were mounted and imaged using aZeiss
Axioskop confocal laser microscope.

Phosphate labeling and immunoprecipitation of mIMCD-3
cellular proteins

For [32P]phosphate labeling, cells were washed and preincubated with
phosphate-free medium containing 0.2% dialyzed FBS. The cells
were then incubated with media containing 1 mCi/ml [32P]POy4 for 2
hours at 37°C. Cell lysates were subjected to immunoprecipitation
with either anti-Smad1 antibody or anti-Smad4 antibody followed by
adsorption to Protein A-Sepharose (Pharmacia). |mmunoprecipitated
proteins were washed, separated by SDS-polyacrylamide gel
electrophoresis, and visualized by autoradiography. In some
experiments, analysis of immunoprecipitated proteins was performed
by immunoblotting using a rabbit anti-Smad4 antibody (Macias-Silva
et al., 1998) (1:1000 dilution) followed by anti-rabbit HRP (1:10,000)
and chemiluminescence.

Transcriptional response assay

P19 cells were transiently transfected with a TIx2-lux reporter
construct using a calcium phosphate DNA precipitation method
(Hoodless et al., 1996). Cells were seeded at 20% confluency in 24-
well plates and transfected overnight with 0.1 pg reporter DNA per
well. To induce the luciferase reporter, cells were treated overnight
with the appropriate ligands, lysed, and luciferase activity was
measured using the luciferase assay system (Promega) in a Berthold
Lumat LB 9501 luminometer. All transfections were normalized to
B-galactosidase activity by cotransfection of 0.01 pg of a
cytomegalovirus -galactosidase (pCMV B-gal) plasmid per well.



Reverse transcription-PCR

P19 cell total RNA was isolated using commercially available
reagents (Qiagen) and reverse transcribed using an oligo dT primer
(Gibco-BRL) and reverse transcriptase (Gibco-BRL). First strand
cDNA was used as substrate in PCR using deoxynuclectide primers
and thermal conditions specific for C-MET (Woolf et a., 1995),
fibroblast growth factor receptor-2 (FGFR2) (Abbasset al., 1997), and
epidermal growth factor receptor (EGFR) (Itoh et a., 1998). PCR
products were detected by agarose gel electrophoresis.

RESULTS

Collecting duct cells form tubular structures in
three-dimensional collagen matrix

The collecting tubule is a physiologically relevant model for
investigating the mechanisms by which antagonistic growth
factor mediated signas are integrated by a common target cell
(Piscione et d., 1997; Santos et d., 1994). SV40 transformed
mouse inner medullary collecting duct cells (mIMCD-3) form
branched tubules in a three-dimensional type | collagen matrix
(Cantley et al., 1994; Piscione et d., 1997) and serve as an in
vitro model in which to investigate the actions of growth factors
on collecting tubule formation. Indeed, the responses of mMIMCD-
3 cells to morphogens is identical to the effects observed in the
intact kidney (Santos et a., 1993; Piscione et a., 1997).

We defined the three-dimensional organization of mIMCD-3
cells in collagen matrix by confocal and conventional
microscopy (Fig. 1). Confocal imaging of mlMCD-3 structures
in collagen gels at 8 pm intervals of depth demonstrated that
the vast majority of mIMCD-3 structures form within the matrix
rather than at the interface of matrix with the underlying plastic
or overlying culture medium. Brightfield imaging of 8 pm
histologic sections of the gel matrix demonstrated that the
mIMCD-3 structures are multicellular and elongated with cells

38 um

Fig. 1. mIMCD-3 cells form tubular
structures in three-dimensional culture.
mIMCD-3 cells were cultured for 48
hoursin type | collagen and culture
medium. Fixed gels stained with oregon
green phalloidin were imaged at 8 um
intervals through the depth of the gel by
confocal microscopy. Representative
images at 24 pm intervals, with depth
position in gel indicated above each panel,
demonstrate that mIMCD-3 structures are
formed within the gel matrix
(magnification x400). Lower right-hand
panel: Longitudinal and cross-sectional
images of 8 um gel sections
counterstained with hematoxylin and
eosin demonstrate that the mIMCD-3
structures are multicellular and €l ongated
with cells organized in asingle layer
around a central lumen (magnification
x1000). Bar, 20 pm.
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organized in a single layer around a central lumen. Taken
together, these observations demonstrate that mIMCD-3
structures generated within type | collagen matrix are tubules.

HGF is dominant over BMP-2 during collecting
tubule formation

We investigated competition between BMP-2 and HGF in the
mIMCD-3 culture model of collecting duct morphogenesis
(Fig. 2A). Imaging by DIC microscopy of tubules formed after
48 hours of culture showed that HGF stimulated the formation
of thin and highly branched tubules, as previously described
(Piscione et al., 1997). In contrast, BMP-2 treated tubules were
short and unbranched. Treatment with both HGF and BMP-2
increased the number of tubules formed but these tubules were
short and unbranched like BM P-2-treated tubules. Quantitation
(Fig. 2B) was performed by counting the number of tubules
present in four randomly selected regions of the outer
perimeter of the collagen gel. This analysis revealed that HGF
increased tubule formation by 31% compared to cells untreated
with ligand (P<0.05), whereas 5 nM BMP-2 inhibited tubule
formation by 82% (P<0.05). In the presence of HGF, BMP-2
was aless potent inhibitor and only inhibited tubulogenesis by
42% compared to 82% inhibition with BMP-2 alone (P<0.05).
Thus, HGF is able to rescue collecting tubule formation from
amost total inhibition by BMP-2.

ALK3 is the functional BMP-2 receptor in collecting
duct cells

Fetal bovine serum contains fallistatin (Phillips et al., 1997) and
fetuin (Saunders et al., 1994), both of which inhibit the actions
of BMPs by competing with cell surface BMP receptors for
ligand binding (Ferguson et al., 1998; Demetriou et d., 1996).
Since these extracellular protein interactions may have biased
BMP-2/HGF ligand competition in favor of HGF, we studied
interactions between the BMP-2 and HGF signaling pathways by

62 pm
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Fig. 2. Effect of HGF on renal branching morphogenesisin the
presence of BMP. (A) Untransfected mIMCD-3 cells were cultured
for 48 hoursin type | collagen and culture medium supplemented
with either no ligand, 5 nM BMP-2, 20 ug/l HGF, or both BMP-2
and HGF. Structures formed in type | collagen wereimaged by DIC
microscopy (%100 magnification). (B) The number of tubules (linear
structures) formed by untransfected mIMCD-3 cells cultured in type
| collagen in the presence of BMP-2 or HGF was quantitated. The
mean number of tubular structures present in 4 randomly selected
microscopic fields is shown in parentheses above each bar.

generating mIMCD-3 cells in which the BMP-2 signaling
pathway is activated in aligand independent manner. Previoudly,
we demonstrated that BMP-2 is bound to the surface of collecting
duct cells by a molecular complex which includes the type |
activin-like kinase receptor, ALK 3 (Piscione et a., 1997). All
type | receptors, including ALK3, consist of a highly conserved
30 amino &acid region, the GS domain, immediately upstream of
the kinase domain. Within the GS domain, amutation at position
233, changing a glutamine to an aspartic acid, confers a
congtitutive active phenotype on the ALK 3 receptor. In contrast,
changing alysineto an arginine residue at position 261 generates
a kinase deficient ALK3 receptor. This mutant is able to bind
ligand but cannot signal (Weiser et d., 1995).

To establish the functional significance of BMP-2 binding to
ALK3 we stably transfected mIMCD-3 cells with either wild-
type (WT), congtitutive active (Q233D) or congtitutive inactive
(K261R) ALK3 receptor modified at the carboxy terminus with
the hemagglutinin epitope (HA). mIMCD-3 cell clones
expressing HA-ALK3 were identified by the presence of a 58
kDa band detected by immunoblotting using an anti-HA
monoclonal antibody (Fig. 3A). The size of this band is
consistent with the size of HA-tagged ALK 3 (58 kDa) predicted
by its primary structure (ten Dijke et al., 1993; Hoodless et dl.,
1996). The subcellular distribution of HA-ALK3 was examined
further using immunofluorescence and confocal microscopy. A
punctate pattern with maximal intensity along the borders of
cell membranes was observed in 82% of stably transfected cells
(Fig. 3B), consistent with localization of HA-ALKS3 to cell
membranes. Next, we induced mIMCD-3 cells expressing HA
tagged WT, K261R, and Q233D forms of ALK 3 to form tubules
intype | collagen (Fig. 3C). In the absence of BMP-2, both the
WT and the K261R expressing cells formed branched tubular
structures. In contrast, cells expressing ALK3 (Q233D)
aggregated, but rarely formed tubules. Quantitation of
tubulogenesis was performed by counting the number of linear
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tubular structures per defined surface area of the collagen gel
(Fig. 3D). Since transfecting mIMCD-3 cells decreases their
tubulogenic activity and overexpression of wild-type type |
BMP receptors can lead to autoactivation of receptors on the
cell surface (Attisano et d., 1993), we compared the activity of
ALK3 (Q233D) and ALK3 (K261R) expressing cells to those
expressing WT ALK3. mIMCD-3 cells expressing HA tagged
ALK3 (Q233D) formed only afew tubules, representing a 94%
reduction compared to the control (WT ALK3 clones, P<0.05).
These results indicate that the activated ALK 3 receptor inhibits
tubulogenesis, a finding which is consistent with our previous
demonstration that BMP-2 inhibits tubule formation and is
bound to mIMCD-3 cells by ALK3 (Piscione et a., 1997). In
contrast, mIMCD-3 cells expressing the inactive K261R mutant
form of ALK3 formed 41% more tubules than mIMCD-3 cells
expressing HA tagged WT receptors (P<0.05). This result may
reflect dominant negative activity of ALK3 (K261R) in the
presence of autocrine BMP activity. Taken together, these
results establish an inhibitory function for ALK3 in the
collecting duct downstream of BMP-2.

HGF is dominant over the activated BMP-2
dependent signaling pathway during collecting
tubule formation

Theisolation of mIMCD-3 cellswhich signal constitutively via
ALK3 in the absence of BMP-2 provided an opportunity to test
the competition between the HGF and BMP-2 signaling
pathways in the absence of soluble extracellular BMP
inhibitors. As shown in Fig. 4A, mIMCD-3 cells expressing
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the constitutive active form (Q233D) of ALK3 formed very
few tubules under basal conditions. This result is consistent
with the observed effect of BMP-2 on tubule formation by
untransfected mIMCD-3 cells (Figs 1, 2). Addition of 5 nM
BMP-2 to cultures of the ALK 3 (Q233D) expressing cells led
to afurther reduction in tubule formation (Fig. 4B, hatched bar)
(P<0.05). This response is consistent with the prediction that
BMP-2 can activate endogenous ALK 3 receptors which are co-
expressed with the mutant receptor on the cell surface. In
contrast, addition of 20 pug/l HGF resulted in the formation of
branched tubules by ALK3 (Q233D) expressing cells (202%
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Fig. 3. ALK3 functionsto inhibit collecting
duct cell morphogenesis. (A) mIMCD-3
cells were stably transfected with plasmids
encoding HA-tagged WT, K261R, or
Q233D ALKS. Proteins from cell lysates
were analyzed by immunoblotting using an
anti-HA monoclonal antibody.

(B) Representative HA-tagged ALK 3
mlIMCD-3 clones were grown in monolayer.
HA was detected by confocal laser
microscopy using a mouse monoclonal anti-
HA antibody and a fluorescein-conjugated
secondary antibody (x480 magnification).
(C) Stably transfected mIMCD-3 clones
expressing either WT, K261R (constitutive
inactive), or Q233D (constitutive active)
ALK3 receptors were cultured in type |
collagen with DMEM-F12 and 5% fetal calf
serum and then imaged by DIC microscopy
(%100 magnification). (D) The number of
tubules (linear structures) formed by WT,
K261R, and Q233D clones was quantitated.
The mean number of tubules present in 4
randomly selected microscopic fieldsis
shown in parentheses above each bar.

increase compared to untreated ALK3
(Q233D) expressing cells) (P<0.05)
(Fig. 4B). This stimulatory effect of
HGF was reduced only to a minor
degree by treatment of ALK3 (Q233D)
expressing cells with both HGF and
BMP-2. Taken together, these results
establish the dominance of HGF over
the BMP-2 signaling pathway during
collecting duct morphogenesis.

Interaction of HGF with intracellular signaling
events downstream of BMP-2/ALK3

To determine the mechanism which underlies the hiological
dominance of HGF over BMP-2, we determined the effect of
HGF on the discrete molecular events downstream of BMP-2
in collecting duct cells. These events include Smadl
phosphorylation, complex formation between phosphorylated
Smadl and a related protein, Smad4, translocation of Smadl
from the cytoplasm to the nucleus, and activation of gene
transcription (Macias-Silvaet al., 1998). Smad proteins consist
of conserved amino- and carboxy-terminal domains termed
MH1 and MH2, respectively. These domains are separated by
a poorly conserved intervening segment known as the linker
region (Hoodless et al., 1996). The MH1 domain interacts
physicaly with the MH2 domain and thereby inhibits the
transcriptional activity of the MH2 domain (Baker and
Harland, 1996; Liu et a. 1996; Hata et a., 1997).
Phosphorylation of serine residues in the MH2 domain by an
activated type | BMP receptor (e.g. ALK 3) presumably relieves
these autoinhibitory interactions to activate the receptor-
regulated Smad. This, in turn, induces receptor regulated
Smads including Smadl to partner with Smad4 and then to
trandlocate to the nucleus (Kretzschmar et al., 1997).

We first investigated the effects of BMP-2 on endogenous
Smadl phosphorylation in mIMCD-3 cells. mIMCD-3 cedlls
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Fig. 4. Effect of HGF on tubule formation by collecting duct cells expressing constitutive active (Q233D) ALK 3. (A) mIMCD-3 cells stably
transfected with the ALK 3 (Q233D) receptor were cultured in type | collagen in culture medium supplemented with 5 nM BMP-2 or 20 pg/I
HGF for 7 days and imaged by DIC microscopy (x100 magnification). (B) Quantitative analysis of tubule formation by ALK 3 (Q233D)
expressing mlMCD-3 cells exposed to no ligand, 5 "M BMP-2, 20 pg/l HGF or 5 nM BMP-2/20 pg/l HGF. The mean number of tubules
present in 4 randomly selected microscopic fieldsis shown in parentheses above each bar.

were labeled with [32P]phosphate and then treated with
10 nM BMP-2 for 30 minutes. Cdlular proteins were
immunoprecipitated with anti-Smadl antibody and the
immunoprecipitated proteinswere then analyzed by SDS-PAGE.
As shown in Fig. 5A (upper pandl), BMP-2 induced a marked
increase in Smadl phosphorylation as indicated by both an
increase in radioactive signal and an upward mobility shift in
Smad1 migration. The mobility shift is a direct result of Smadl
phosphorylation causing it to migrate more dowly than
unphosphorylated Smadl (Hoodless et a., 1996). In contrast, we
observed little change in the phosphorylation of Smadl after
treatment with HGF. The dlight effects occasionally observed
(Fig. 5A, bottom panel) may reflect fluctuations in the yield of
Smads isolated in the immunoprecipitation procedure.
Consigtent with this, we observed no shift in the mohility of
Smadl in HGF treated samples in contrast to the clear shift that
is induced when overexpressed Smads are phosphorylated by
MAPK in COS cdlls (data not shown). Simultaneous treatment
with HGF and BMP-2 resulted in a marked increase in Smadl
phosphorylation and a shift in Smadl mobility to a similar
degree to that observed with BMP-2 aone. Furthermore,
incubation of cells with HGF for 30 minutes prior to treatment
with BMP-2 achieved the same result (Fig. 5A, upper pane,
right hand lane). These data suggest that HGF signaling does not
target endogenous Smadl for phosphorylation in mIMCD-3
cellsand further indicate that HGF does not interfere with BMP-
mediated phosphorylation of Smadl.

To determine whether other BMPs which signal via Smadl
(Macias-Silva et al., 1998) induce the same effects, Smadl
phosphorylation was anayzed after treatment of mIMCD-3 cells
with BMP-7. We have previoudy shown that, like BMP-2,
high doses of BMP-7 (>0.5 nM) inhibit collecting duct
morphogenesis (Piscione et a., 1997). As shown in Fig. 5A
(lower panel), 10 nM BMP-7 induced both phosphorylation and
a mobility shift of Smadl. Similar to our observations with
BMP-2, phosphorylation of Smadl in mIMCD-3 cells tresated
with BMP-7 was not affected by treatment with HGF (Fig. 5A,
lower panel). Since epidermal growth factor (EGF) has also been

previously reported to interrupt nuclear trandocation and the
transcriptional activity of Smad1l by inducing phosphorylationin
the Smadl linker region, we analyzed endogenous Smadl
phosphorylation in mMIMCD-3 cells after treatment with EGF.
Similar to HGF, 100 pg/l EGF did not increase Smadl
phosphorylation. In contrast, in the same experiments, 10 nM
BMP-7 induced both an increase in Smad1 phosphorylation and
a change of Smadl mobility (Fig. 5B). To investigate the
generdity of these findings, we measured ligand-dependent
phosphorylation of Smadl, Smad2 and Smad4 in several other
cellslines derived from different lineages. Theseinclude Mv1Lu
(derived from mink lung epithelial cells), MC3T3-E1 (a
mesenchymal cell) and P19 cells (amouse embryonic carcinoma
cell line). In each of these cell lines, Smad phosphorylation was
assessed after treatment of the cells with HGF, EGF, fibroblast
growth factor (FGF), FBS or BMP-7. As shown in Fig. 5C, in
each of these cell lines, HGF, EGF or FGF-4 had little effect on
endogenous Smadl phosphorylation. This sharply contrasted
with the strong induction of Smadl phosphorylation observed in
response to BMP-7. Similarly, none of these treatments induced
phosphorylation of Smad2 or Smad4. Interestingly, we observed
the same effect after treatment with fetal calf serum, suggesting
that serum contains a BM P-like activity which resultsin Smadl
activation. Phosphopepti de mapping of endogenous Smadl from
BMP-7 and FBStreated P19 cells revealed that phosphorylation
occurred on residues in the carboxy terminal in an identical
fashion as previoudly described for transfected Smadl (data not
shown). Taken together, these data establish that BMP-2
signaling in mIMCD-3 cells directs phosphorylation of Smadl,
and that combined treatment with HGF and BMP-2 does not
disrupt this event.

Next, we determined the effect of BMP-2 on Smadl/Smad4
complex formation, a prerequisite for cytoplasmic to nuclear
translocation of Smadl. Proteins in cell lysates were
immunoprecipitated with an anti-Smadl antibody (Macias-
Silvaet a., 1998) and then immunaobl otted with an anti-Smad4
antibody (Macias-Silva et al., 1998) (Fig. 6A). Under basal
conditions, Smad4 was not detected in association with Smad1,



Fig. 5. BMP-2 dependent Smadl
phosphorylation is not disrupted by HGF,
FGF or EGF. (A) Untransfected
mIMCD-3 cells were labeled with

HGF:
BMP2:

Smad1 _
Smad1

A

[32P] phosphate and incubated in 0.2%
FBS + DMEM-F12 in the presence of
either 10 nM BMP-2, 100 pg/l HGF, both
BMP-2 and HGF or no ligand for 15-30
minutes (upper panel) or with 10 nM
BMP-7, 100 pg/l HGF or both BMP-7
and HGF or no ligand (lower pandl).
After immunoprecipitation with an
antibody to Smadl, proteins were
analyzed by SDS-PAGE and
autoradiography. (B) Untransfected
mIMCD-3 cells were labeled with P
[32P] phosphate and incubated in 0.2% Smad1*
FBS-DMEM-F12 in the presence of Smad1 ,L—
either 10 nM BMP-7, 100 pg/l HGF, 100
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indicating that Smadl/Smad4 complexes do not exist in
untreated mIMCD-3 cells. In contrast, treatment with 5 nM
BMP-2 resulted in the formation of heteromeric complexes of
Smadl and Smad4 while treatment with 20 pg/l HGF did
not induce complex formation. Furthermore, in cells
treated with both BMP-2 and HGF, the level of heteromeric
complex formation was similar to cells treated with BMP-2
alone. To confirm that equivalent levels of Smadl were
immunoprecipitated, anti-Smad1 precipitates ~ were
immunobl otted using the anti-Smad1 antibody. In all treatment
groups unphosphorylated Smadl was clearly detected, while
in BMP-2 treated cells a slower migrating form of Smadl
(*Smadl) was detected, thus confirming that activation of
Smadl occurred in cells in which Smad1l/Smad4 complexes
were detected. Taken together, these data indicate that BMP-2
induces endogenous Smadl/Smad4 complex formation in
collecting duct cells and that HGF does not physically disrupt
Smadl/Smad4 protein interactions.

Smad1/Smad4 complexes trand ocate to the nucleus where
they function to activate BMP responsive genes. Thus, we
determined whether HGF altered BMP-2-induced cytoplasmic
to nuclear trandocation of endogenous Smadl in collecting
duct cells using immunofluorescence and confocal laser
microscopy. Under basal conditions, Smadl protein was
detected in a punctate distribution throughout the cytoplasm of
MIMCD-3 cells similar to previous reports for Smad5
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(Nishimura et al., 1998) and Smad2/3 (Nakao et al., 1997,
Tsukazaki et a., 1998). However, after a 60 minute treatment
with 5 nM BMP-2, trandocation of Smadl protein was
identified as a shift in fluorescent signal from cytoplasm to
nucleus in 77% of 60 cells analyzed (Fig. 6B). No signal was
detected using preimmune antisera and fluorescein-conjugated
secondary antibody (data not shown). In contrast, when the
cells were stimulated with 20 pg/l HGF, there was no nuclear
translocation of Smad1 protein. Moreover, in cells treated with
both HGF and BMP-2, nuclear translocation of Smad1 protein
was clearly detected and was indistinguishable to that seen in
cells treated with BMP-2 aone. Together, these data indicate
that HGF does not ater biological responses to BMP-2 by
interfering with Smad1 activation and translocation.

To confirm these conclusions, we tested BMP-dependent
induction of a BMP target promoter (Tang et al., 1998). This
provided an opportunity to determine whether HGF signaling
interferes with transcription directed by this promoter. TIx2 is
a homeobox gene of the HOX11 class and is strongly induced
by BMP-2 during mouse gastrulation and in P19 cells, amouse
embryonic carcinomacell line (Tang et a., 1998). The previous
observation that P19 cells express FGF receptors (Ameerun et
al., 1996), and our demonstration that P19 cells express mRNA
transcripts for C-MET, FGFR2 and EGFR, the receptors for
HGF, FGF-4 and EGF, respectively (data not shown), provided
a basis to determine whether interactions between receptor
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Fig. 6. BMP-2 dependent signaling events are not disrupted by HGF. (A) Untransfected mIMCD-3 cells were incubated in 5% FBS + DMEM-
F12 then treated for 1 hour with either no ligand, 5 nM BMP-2, 20 pg/l HGF or both HGF and BMP-2. Proteinsin cell lysates were analyzed
with an anti-Smad4 antibody by immunoblotting. Alternatively, cell lysate proteins were immunoprecipitated with an antibody to Smad1,
separated by SDS-PAGE, and then analyzed by western blotting using an antibody to Smad4 or Smadl. (B) Untransfected mIMCD-3 cells were
grown in monolayer in 0.2% FBS + DMEM-F12 then treated for 1 hour with either no ligand, 5 nM BMP-2, 20 pug/l HGF, or both HGF and
BMP-2. Immunostaining was performed using an antibody to Smad1, followed by a fluorescein-conjugated secondary antibody. |mages were
obtained by confocal laser microscopy (x480 magnification). (C) P19 cells were transiently transfected with a TIx2-luciferase reporter construct
and then treated with HGF, FGF, or EGF in the absence or presence of BMP-2. After 20 hours of incubation luciferase activity was measured.

Luciferase activity was controlled for the activity of -galactosidase.

tyrosine receptor signaling and BMP-2 occurred at the level of
transcription. For this, P19 cells, transiently transfected with
the reporter gene pTIx2-luciferase, were incubated with BMP-
2 or were co-incubated with BMP-2 together with HGF, FGF
or EGF. In addition, we also pre-incubated the cells for 30
minutes with HGF, FGF, or EGF prior to addition of BMP-2.
As shown in Fig. 6C, BMP-2 induced the TIx2 promoter 4.5-
fold. This induction was not significantly decreased by any of
the three receptor tyrosine kinase receptor ligands we tested.
Taken together, our experiments indicate that while HGF is
dominant over the inhibitory effect of BMP-2 on rena
branching morphogenesis, HGF does not disrupt the known
early biochemical signaling events that are activated in
response to BMP-2. Our results suggest that integration of
signals downstream of BMP-2 and HGF likely occurs at the
level of transcriptional or post-transcriptional events.

DISCUSSION

During renal development, collecting duct cells exist within a
complex environment of growth factors and must integrate
these diverse signals to form a tubular network. Several types
of evidence strongly suggest that both BMP-2 and HGF
regulate renal branching morphogenesis but with opposite
effects, as observed in nonrenal embryonic tissues (Niswander
and Martin, 1993; NeubUser et a., 1997). BMP-2 is expressed
in induced metanephric mesenchyme in apposition to
developing collecting ducts (Dudley and Robertson, 1997) that
express the BMP receptor, ALK3 (Dewulf et a., 1995),
and inhibits growth and branching of collecting tubules
(Piscione et a., 1997). HGF is expressed in the metanephric
mesenchyme adjacent to developing collecting ducts and
stimulates growth and branching of collecting ducts which



express its receptor, C-MET (Woolf et al., 1995; Santos and
Nigam, 1993; Piscione et a., 1997).

We have determined the interactions between BMP-2 and
HGF in the mMIMCD-3 model of collecting duct morphogenesis.
As discussed above, inner medullary collecting duct cells form
branched tubules when suspended in extracellular matrix and
respond to growth factorsin an identical manner to that observed
in embryonic kidney explants (Santos and Nigam, 1993;
Piscione et d., 1997). Moreover, the relative simplicity of the
IMCD-3 cell model provides a means to test the direct actions
of growth factorsin cells derived from the ureteric bud. Such an
endeavor is precluded by the cellular complexity and presence
of reciprocal tissue interactions between the metanephric
blastema and the ureteric bud in the intact developing kidney.
Yet, the properties of growth factor signaling and tubular
morphogenesis characteristic of organogenesis in vivo are
maintained in the mIMCD-3 mode.

In this work, we demonstrate that HGF is dominant over the
BMP-2 dependent signaling pathway during collecting tubule
formation. To identify the molecules involved in the interaction
between the HGF and BMP-2/Smad signaling pathways, we
define the signaling pathway downstream of ALK 3 in collecting
duct cells. We demonstrate, surprisingly, that HGF does not
interrupt any of the discrete signaling events initiated by
activation of the ALK3 receptor including cytoplasmic to
nuclear trandocation of Smadl. Further, we find no evidence
that HGF, or other ligands that signal via tyrosine kinase
receptors, induce phosphorylation of endogenously expressed
Smads. These results are inconsistent with a currently proposed
model of HGF-Smad interaction arising from studies in mink
lung epithelial cells (R-1B/117) in which SMAD proteins were
genetically overexpressed (Kretzschmar et ., 1997). HGF and
EGF were shown to induce phosphorylation of Smadl in its
linker region in a MEK1 dependent manner and to inhibit
nuclear trandocation of Smadl (Kretzschmar et a., 1997),
thereby blocking the BMP-2 signaling pathway. Our
observations of signaling via endogenoudly expressed Smad
proteins in a physiologicd model of collecting duct
morphogenesis do not support this model. Our results which
indicate that HGF does not ater BMP-2 dependent Smadl
signaling suggest that interactions between the Smadl and HGF
signaling pathways occur downstream of nuclear translocation
of the Smadl/Smad4 complex.

HGF may act to disrupt the discrete events of the BMP-2
signaling pathway by signaling to the nucleus in a parallel but
dominant pathway. The molecular events, which underlie the
morphogenetic effects of HGF, have been described in MDCK
cells. Binding of HGF to C-MET induces phosphorylation of
phosphoinositide triphosphate (PIP-3) kinase (Santos et dl.,
1993; Cantley et a., 1994) and phosphorylation of Stat3, a
transcription factor originaly described in the JAK-STAT
pathway. Phosphorylation of Stat3 induces homodimerization
and trand ocation to the nucleus (Boccaccio et al., 1998). In fact,
Stat3 is a critical molecule that determines the protubul ogenic
properties of HGF. Thus, signaling via Stat3 may evoke a more
potent parallel transcriptional response than signalling via
Smad1, accounting for the dominant effects of HGF over BMP-
2 in mIMCD-3 cells. Alternatively, the activated BMP-2 and
HGF pathways may converge on common nuclear target genes
and Stat3 may abrogate inhibition of ‘tubulogenesis genes by
Smadl and its partner proteins. Recent evidence indicates that

Parallel signaling by HGF and BMP-2/ALK3 277

the transcriptiona coactivator, p300, physicaly interacts with
Stat3 and Smadl and this interaction is required for the
synergigtic effects of leukemiainhibitory factor (LIF) and BMP-
2 on primary neural progenitor cells (Nakashima et a., 1999).
p300, aso termed CREB hinding protein (CBP), is a
downstream target of protein kinase A (PKA) acting via CREB.
Our recent observation that PKA is required for BMP-2 activity
during collecting duct morphogenesis and that BMP-2 induces
CREB phosphorylation (Guptaet a., 1999) raises the possibility
that HGF exerts its dominant effects by disrupting interactions
between p300 and Smadl. Future experiments are required to
investigate the effects of HGF on p300 activity in the context of
BMP-2 signaling during renal branching morphogenesis.

Our work demongtrates, for the first time, that ALK3 is the
functional BMP-2 receptor in the rena collecting tubule and
inhibits tubule formation. BMPs induce cellular responses by
forming heteromeric complexes with type | and type Il cdll
surface transmembrane serine/threonine kinase receptors
(Ruberte et a., 1995). The cdlular responseto aBMP is defined
by the particular member of the type | receptor family to which
it binds, since the type | receptor transduces a signal to
downstream intracellular target molecules (Wrana et al., 1994).
Among the candidate BMP-2 type | receptors identified to date,
both ALK3 and ALK6 have been identified in the developing
renal collecting system (Dewulf et al., 1995). Our demonstration
that BMP-2 is bound to the mIMCD-3 cell surface by ALK3
(Piscione et a., 1997) provided a basis for testing the function
of ALKS3. Expression of a congtitutive active (Q233D) form of
ALK3 strongly inhibited tubule formation in an identical manner
to that seen with treatment of mIMCD-3 cells which only
express endogenous ALK 3 with BMP-2. Our results using cells
which express a congtitutive inactive (K261R) form of ALK3
support this conclusion since tubule formation by these cellswas
enhanced above control levels. This enhancement may be due to
stimulatory signding by BMP-7 in the presence of a
downregulated BMP-2/ALK3/Smad1 signaling pathway. Low
doses of BMP-7, derived either from collecting duct cells
themselves (Dudley and Robertson, 1997) or fetal bovine
serum (Macias-Silva et al., 1998) stimulate rena branching
morphogenesis (Piscione et al., 1997). While the cognate ligand
and function of ALK®6 in the kidney are as yet unknown, studies
in nonrenal tissues suggest that the function of ALK6 may be
distinct from ALKS3. In the developing limb ALK3 and ALK6
play distinct roles. ALK®6 is required for early steps during
mesenchymal condensation and cartilage formation while ALK3
controls later cartilage differentiation (Zou et al., 1997).

The spatial and tempora patterning of the renal collecting
system s precisely controlled (Saxen, 1987). Our previous work
as well as that of others suggests that this development is
controlled simultaneoudly by stimulatory and inhibitory peptide
growth factors. Our current work providesinsight into how these
signals are propagated and integrated within the collecting duct
cell and provides a basis for further investigating the genetic
control of tubulogenesis.

We thank Drs Howard Lipshitz and Roderick Mclnnes for helpful
suggestions during the preparation of this manuscript. BMP-2 was
provided via a material transfer agreement with Genetics Ingtitute.
BMP-7 (OP-1) was provided via a materia transfer agreement with
Creative Biomolecules. This work was supported by grants from The
Hospital for Sick Children Research Training Centre (to 1.G.), the
Medical Research Council of Canada (to C.W.), the Medical Research



278 I. R. Gupta and others

Council of Canada Fellowship Program (to M.M.-S)), the National
Sciences and Engineering Council of Canada Graduate Studentship
Program (to SK.), the Kidney Foundation of Canada Fellowship
Program (to T.D.P) the National Cancer Institute of Canada, Terry Fox
Fund and Medical Research Council of Canada (to JL.W.), and the
Medical Research Council of Canada and Kidney Foundation of
Canada (to N.D.R.).

REFERENCES

Abbass, S. A. A, Asa, S L. and Ezzat, S. (1997). Altered expression of
fibroblast growth factor receptors in human pituitary adenomas. J. Clin.
Endocrin. Metab. 82, 1160-1166.

Ameerun, R. F, de Winter, J. P, van den Eijnden-van Raaij, A. J., den
Hertog, J., de Laat, S. W. and Tertoolen, L. G. (1996). Activin and basic
fibroblast growth factor regulate neurogenesis of murine embryonal
carcinoma cells. Cell Growth Differ. 7, 1679-1688.

Attisano, L., Carcamo, J., Ventura, F.,, Weis, F. M., Massague, J. and Wrana,
J. (1993). Identification of human activin and TGF beta type | receptors that
form heteromeric kinase complexes with type |1 receptors. Cell 75, 671-680.

Baker, J. C. and Harland, R. M. (1996). A novel mesoderm inducer, Madr2,
functions in the activin signa transduction pathway. Genes Dev. 10, 1880-
1889.

Boccaccio, C., Andé, M., Tamagnone, L ., Bardelli, A., Michidli, P, Battistini,
C. and Comoglio, P. M. (1998). Induction of epithelid tubules by growth
factor HGF depends on the STAT pathway. Nature 391, 285-288.

Buckland, R. A., Callinson, J. M., Graham, E., Davidson, D. R. and Hill, R.
E. (1998). Antagonistic effects of FGF4 on BMP induction of apoptosis and
chondrogenesis in the chick limb bud. Mech. Dev. 71, 143-150.

Cantley, L. G., Barros, E. J. G., Gandhi, M., Rauchman, M. and Nigam, S.
K. (1994). Regulation of mitogenesis, motogenesis, and tubulogenesis by
hepatocyte growth factor in renal collecting duct cells. Am. J. Physiol. 267,
F271-F280.

Demetriou, M., Binkert, C., Sukhu, B., Tenenbaum, H. C. and Dennis, J. W.
(1996). Fetuin/a2-HS glycoprotein is a transforming growth factor-3 type 11
receptor mimic and cytokine antagonist. J. Biol. Chem. 271, 12755-12761.

Dewulf, N., Verschueren, K., Lonnoy, O., Morén, A., Grimsby, S.,, Vande
Spiegle, K., Miyazono, K., Huylebroeck, D. and ten Dijke, P. (1995).
Distinct spatial and temporal expression patterns of two type 1 receptors for
bone morphogenetic proteins during mouse embryogenesis. Endocrinology
136, 2652-2663.

Dick, A., Risau, W. and Drexler, H. (1998). Expression of Smadl and Smad2
during embryogenesis suggests a role in organ development. Dev. Dynam.
211, 293-305.

Dudley, A. T. and Robertson, E. J. (1997). Overlapping expression domains
of bone morphogenetic protein family members potentialy account for
limited tissue defectsin BMP7 deficient embryos. Dev. Dynam. 208, 349-362.

Ferguson, C. A., Tucker, A. S, Christensen, L., Lau, A. L., Matzuk, M. M.
and Sharpe, P. T. (1998). Activin is an essentia early mesenchyma signal
in tooth development that is required for patterning of the murine dentition.
Genes Dev. 12, 2636-2649.

Gupta, |. R., Piscione, T. D., Grisaru, S., Phan, T., Macias-Silva, M., Zhou,
X., Whiteside, C., Wrana, J. L. and Rosenblum, N. D. (1999). Protein
kinase A: a negative regulator of renal branching morphogenesis which
modulates inhibitory and stimulatory BMPs. J. Biol. Chem. 274, 26305-
26314.

Hata, A., Lo, R. S, Wotton, D., Lagna, G. and Massagué, J. (1997). Mutations
increasing autoinhibition inactivate tumour suppressors Smad2 and Smad4.
Nature 388, 82-93.

Hoodless, P. A., Haerry, T., Abdallah, S, Stapleton, M., O’Connor, M. B.,
Attisano, L. and Wrana, J. L. (1996). MADRL1, aMAD-related protein that
functions in BMP2 signaling pathways. Cell 85, 489-500.

Itoh, N., Patel, U. and Skinner, M. K. (1998). Developmental and hormonal
regulation of transforming growth factor-a and epidermal growth factor
receptor gene expression in isolated prostatic epitheliad and stromal cells.
Endocrinology 139, 1369-1377.

Kretzschmar, M., Doody, J. and Massagué, J. (1997). Opposing BMP and
EGF signaling pathways converge on the TGF-3 family mediator Smad1l.
Nature 389, 618-622.

Lechner, M. S. and Dresder, G. R. (1997). The molecular basis of embryonic
kidney development. Mech. Dev. 62, 105-120.

Liu, F, Hata, A., Baker, J. C., Doody, J., Carcamo, J., Harland, R. M. and

Massagué, J. (1996). A human mad protein acting as a BMP-regulated
transcriptional activator. Nature 381, 620-623.

Macias-Silva, M., Hoodless, P. A., Tang, S. J., Buchwald, M. and Wrana, J.
L. (1998). Specific activation of Smadl signaling pathways by the BMP7 type
| receptor, ALK2. J. Biol. Chem. 273, 25628-25636.

Massagué, J. (1996). TGF3 signaling: receptors, transducers, and mad proteins.
Cell 85, 947-950.

Nakao, A., Imamura, T., Souchelnytskyi, S., Kawabata, M., Ishisaki, A.,
Oeda, E., Tamaki, K., Hanai, J.-1., Heldin, C.-H., Miyazono, K. et al.
(1997). TGF-3 receptor-mediated signdling through Smad2, Smad3 and
Smad4. EMBO J. 16, 5353-5362.

Nakashima, K., Yanagisawa, M., Arakawa, H., Kimura, N., Hisatsune, T.,
Kawabata, M., Miyazono, K. and Taga, T. (1999). Synergistic signaling
in fetal brain by STAT3-Smad1 complex bridged by p300.Science 284, 479-
482.

Neubliser, A., Peters, H., Balling, R. and Martin, G. R. (1997). Antagonistic
interactions between FGF and BMP signaling pathways. a mechanism for
positioning the sites of tooth formation. Cell 90, 247-255.

Nishimura, R., Kato, Y., Chen, D., Harris, S. E., Mundy, G. R. and Yoneda,
T. (1998). Smad5 and DPCA4 are key moleculesin mediating BMP-2-induced
osteoblastic differentiation of the pluripotent mesenchymal precursor cell line
C2C12. J. Biol. Chem. 273, 1872-1879.

Niswander, L. and Martin, G. R. (1993). FGF-4 and BMP-2 have opposite
effects on limb growth. Nature 361, 68-71.

Phillips, D. J., McFarlane, J. R., Hearn, M. T. and de Kretser, D. M. (1997).
Inhibin, activin and follistatin bind preferentialy to the transformed species
of apha 2-macroglobulin. J. Endocrinology 155, 65-71.

Piscione, T. D., Yager, T. D., Gupta, |. R., Grinfeld, B., Pd, Y., Attisano, L.,
Wrana, J. L. and Rosenblum, N. D. (1997). BMP-2 and OP-1 exert direct
and opposite effects on renal branching morphogenesis. Am. J. Physiol. 273,
F961-F975.

Ruberte, E., Marty, T., Nellen, D., Affolter, M. and Bader, K. (1995). An
absolute requirement for both the type Il and type | receptors, punt and thick
veins, for dpp signaling in vivo. Cell 80, 889-897.

Sakurai, H., Barros, E. J., Tsukamoto, T., Barasch, J. and Nigam, S. K.
(1997). An in vitro tubulogenesis system using cell lines derived from the
embryonic kidney shows dependence on multiple soluble growth factors.
Proc. Nat. Acad. Sci. USA 94, 6279-6284.

Santos, O. F. P. and Nigam, S. K. (1993). HGF-induced tubulogenesis and
branching of epithelia cellsis modulated by extracellular matrix and TGF-3.
Dev. Biol. 160, 293-302.

Santos, O. F. P, Maura, L. A,, Rosen, E. M. and Nigam, S. K. (1993).
Modulation of HGF-induced tubulogenesis and branching by multiple
phosphorylation mechanisms. Dev. Biol. 159, 535-548.

Santos, O. F. P, Barros, E. J. G,, Yang, X.-M., Matsumoto, K., Nakamura,
T., Park, M. and Nigam, S. K. (1994). Involvement of hepatocyte growth
factor in kidney development. Dev. Biol. 163, 525-529.

Saunders, N. R., Sheardown, S. A, Deal, A., Mdllgérd, K., Reader, M. and
Dziegelewska, K. M. (1994). Expression and distribution of fetuin in the
developing sheep fetus. Histochemistry 102, 457-475.

Saxen, L. (1987). Organogenesis of the Kidney. Cambridge: Cambridge
University Press.

Tang, S.J.,Hoodless, P. A., Lu, Z., Breitman, M. L., Mclnnes, R. R., Wrana,
J. L. and Buchwald, M. (1998). The TIx-2 homeobox gene is a downstream
target of BMP signalling and is required for mouse mesoderm development.
Development 125, 1877-1887.

ten Dijke, P, Ichijo, H., Franzen, P, Schulz, P, Saras, J., Toyoshima, H.,
Heldin, C.-H. and Miyazono, K. (1993). Activin receptor-like kinases: a
novel subclass of cell-surface receptors with predicted serine/threonine kinase
activity. Oncogene 8, 2879-2887.

Tsukazaki, T., Chiang, T. A., Davison, A. F,, Attisano, L. and Wrana, J. L.
(1998). SARA, a FYVE domain protein that recruits Smad2 to the TGFp
receptor. Cell 95, 779-791.

Weiser, R., Wrana, J. L. and Massague, J. (1995). GS domain mutations that
congtitutively activate TBR-1, the downstream signaling component in the
TGF-P receptor complex. EMBO J. 14, 2199-2208.

Woolf, A. S, Kolats-Joannou, M., Hardman, P, Andermarcher, E.,
Moorby, C., Fine, L. G., Jat, P. S, Noble, M. D. and Gherardi, E. (1995).
Roles of hepatocyte growth factor/scatter factor and the met receptor in the
early development of the metanephros. J. Cell Biol. 128, 171-184.

Wrana, J. L., Attisano, L., Wieser, R., Ventura, F. and Massague, J. (1994).
Mechanism of activation of the TGF-3 receptor. Nature 370, 341-347.

Zou, H., Wieser, R., Massagué, J. and Niswander, L. (1997). Distinct roles of
type | bone morphogenetic protein receptors in the formation and
differentiation of cartilage. Genes Dev. 11, 2191-2203.



