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INTRODUCTION
Integrins are a major family of heterodimeric transmembrane
receptors through which cells receive information about their
surrounding extracellular matrix (ECM) (Hynes, 1992). From the
very first stages of embryogenesis, cells establish interactions with
the ECM that are essential for proper differentiation and tissue
organization (Hogan, 1999; Hynes, 1999). Upon interaction with the
ECM, integrin-mediated signal transduction elicits behavioral
responses that include cell proliferation, survival and differentiation,
and migration (Boudreau and Bissell, 1998; Giancotti and Ruoslahti,
1999; Howe et al., 1998; Huang and Ingber, 1999; Miranti and
Brugge, 2002; Ruoslahti, 1999; Schwartz and Baron, 1999).
Integrins signal through multiple biochemical pathways; however,
there is limited information relating distinct pathways to specific
biological processes in tissues and organs. Nevertheless, genetic
studies have demonstrated the importance of integrin-mediated
signaling during the development of invertebrates and mammals (for
a review, see Danen and Sonnenberg, 2003). For example, in
nematodes and flies, integrin-mediated cell adhesion and signaling
can regulate development of the muscular system, central nervous
system and gut (for a review, see Hynes and Zhao, 2000). Similarly,
integrin-mediated signaling can regulate organ development in
mammals. In mice, inactivation of the β1 integrin gene, which

eliminates expression of the entire class of β1 integrins, results in
very early embryonic lethality (Fassler et al., 1996; Fassler and
Meyer, 1995; Stephens et al., 1995). Furthermore, mutation of
distinct α subunits that heterodimerize with β1 has provided
information about the function of different integrin heterodimers in
development. For example, loss of α5β1 integrin (Goh et al., 1997;
Taverna et al., 1998; Yang et al., 1993), or of α4β1 integrin (Yang et
al., 1995), leads to mesodermal or to placental and cardiac defects,
respectively. The α6-containing integrins α6β1 and α6β4 have been
found to play important roles in development of the skin and nervous
system (Georges-Labouesse et al., 1998; Georges-Labouesse et al.,
1996; Gorski and Olsen, 1998), whereas α1β1- and α2β1-deficient
mice show no apparent developmental defects. Mutation of the α3
integrin gene leads to defects in development of the kidney, skin,
brain and salivary glands (Anton et al., 1999; DiPersio et al., 1997;
Kreidberg et al., 1996; Menko et al., 2001).

Wnts are secreted signaling molecules that have been implicated
in a wide array of biological processes including morphogenesis,
cell proliferation, survival and tumorigenesis (Wodarz and Nusse,
1998). In the developing kidney, Wnt9b is expressed in the ureteric
bud and is essential for inducing the metanephric mesenchyme to
form nephrons (Carroll et al., 2005). Wnt4, which is expressed in the
pretubular aggregates, is required for the mesenchymal-to-epithelial
transformation of these aggregates into the simple tubules that
develop into nephrons (Kispert et al., 1998; Stark et al., 1994).
Wnt11 is expressed at the tip of the ureteric buds, where it appears
to have a role in modulating branching morphogenesis of the
derivatives of the ureteric bud (Kispert et al., 1996; Majumdar et al.,
2003). Wnt7b is expressed in ureteric bud stalks and collecting ducts
(Kispert et al., 1996). Mice deficient in Wnt7b have lung
hemorrhages caused by vascular smooth muscle defects, and lung
hypoplasia resulting from impaired branching morphogenesis,
mesenchyme proliferation and epithelial differentiation (Shu et al.,
2002), but the Wnt7b kidney phenotype is unreported.
α3β1 integrin has been best characterized as a receptor for certain

isoforms of laminin, including laminin 5, 10 and 11. Our recent work
(Chattopadhyay et al., 2003) also ascribes a role for α3β1 integrin
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in cell-cell interaction as a component of the E-cadherin adhesion
complex. In α3β1-deficient mice, several abnormalities of epithelial
development are evident, including malformation of the papilla in
the developing kidney (Kreidberg et al., 1996). The papilla is a cone-
shaped collection of densely packed epithelial tubules that includes
collecting ducts and loops of Henle. Although its formation is not
completely understood, it clearly involves several rounds of
branching morphogenesis, followed by tubular extension,
differentiation and tissue remodeling (Cebrian et al., 2004;
Osathanondh and Potter, 1963). In α3β1 integrin-deficient kidneys,
although differentiated collecting ducts are present, the papilla is
much smaller and does not extend out as a projection from the main
body of the kidney. These observations suggest that α3β1 integrin
might be involved in regulating the patterning that results in the
formation of the mature papilla.

In our previous study we observed increased levels of β-catenin in
the presence of α3β1 integrin (Chattopadhyay et al., 2003). Although
higher levels of β-catenin might be a consequence of α3β1 integrin
stimulation of cadherin-mediated cell-cell adhesion, it is also possible
that higher levels of β-catenin might reflect increased Wnt signaling
through the canonical Wnt pathway. Here we report that α3β1
integrin, acting in coordination with the hepatocyte growth factor
(Hgf) receptor c-Met (also known as Met), regulates expression of
two of the three Wnt7b transcripts expressed in the developing
papilla. Furthermore, the expression of Wnt7b appears to regulate cell
survival. Thus, these results demonstrate how integrin-receptor
tyrosine kinase complexes may regulate the expression of signaling
molecules involved in pattern formation during development.

MATERIALS AND METHODS
Antibodies, reagents and constructs
The following were used: fetal calf serum (FCS) (SH30071.03, Hyclone),
Hgf (H1404, Sigma), X-Gal (B9146, Sigma), the mouse Wnt customized
MultiGene-12 RT-PCR Profiling Kit (SuperArray), Hgf-neutralizing
antibody (AF-294-NA, R&D Systems), IGF-neutralizing antibody (AF-291-
NA, R&D Systems), paraformaldehyde (PFA) (76240, Fluka), anti-
digoxigenin antibody (1109327490, Roche, Indianapolis, USA), BM Purple
alkaline phosphatase substrate (11442074001, Roche), anti-c-Met antibody
(3127, Cell Signaling), anti-α3 integrin antibody (Invitrogen, Carlsbad,
USA), anti-PI3K antibody (4292, Cell Signaling), anti-phospho PI3K
p85(Thr458)/p55(Thr199) antibody (Cell Signaling), anti-phospho-AKT
(Thr308) antibody (9275, Cell Signaling), ImmunoPure immobilized Protein
G (20398, Pierce), ImmunoPure immobilized Protein A (20333, Pierce),
protease-free BSA (A3059, Sigma), anti-phosphotyrosine antibody 4G10
(05-321, Upstate Biotech, Lake Placid, USA), ApopTag Plus Fluorescein In
Situ Apoptosis Detection Kit (S7111, Chemicon, Temecula, USA),
Lipofectamine reagent (11668-019, Invitrogen) and DMEM/F12 media (10-
092-CV, Cellgro).

Axin, Fz8CRD and Dkk1 plasmid expression constructs and a control
construct expressing only the Fc region of the Fz8CRD construct were
obtained from Xi He (Children‘s Hospital, Boston, MA, USA).

Conditional allele of the α3 integrin gene
A vector to target a conditional mutation to the α3 integrin gene was
constructed using the pDELBOY vector. LoxP sites flank exon 3, and a Frt-
NeoR-Frt cassette was placed downstream of exon 2 (see Fig. S1 in the
supplementary material). Deletion of exon 3 creates translational termination
codons in exon 4. After homologous recombination in embryonic stem cells
and derivation of mice containing this allele, the Frt-NeoR-Frt cassette was
excised by mating these mice with mice expressing FlpE in the germ line
(obtained from Dr Susan Dymecki, Harvard Medical School, Boston, MA,
USA). This left a single Frt site between exon 2 and the loxP site upstream
of exon 3. Further details of the construction and genotyping are available
upon request. For conditional mutation of the α3 integrin gene, mice were
mated with HoxB7-Cre/GFP mice (Zhao et al., 2004).

Laminin mutant mice
Lama5-null mice have been described (Miner and Li, 2000).

Cell culture
Generation and maintenance of wild-type (WT), α3 integrin knockout (KO),
α3 and α6 integrin stalk and laminin binding mutant cells have been
described previously (Chattopadhyay et al., 2003; Wang et al., 1999). For
the present studies, WT and KO cells were generated a second time from
E18 papillae of mice carrying a temperature-sensitive T-antigen and the
results obtained with the previously and newly developed cell lines were
identical. Cells were routinely cultured on Matrigel-coated plates (Becton
Dickinson). Hgf stimulation experiments involved a 16-hour incubation in
serum-free medium followed by the addition of medium containing 50
ng/ml Hgf. To study the effect of the Hgf-neutralizing antibody with cell
lines, WT cells were treated either with 10 μg/ml Hgf-neutralizing antibody
or 10 μg/ml IGF-neutralizing antibody (as control) for 12 hours. To study
the effect of Wnt3a, HEK293T cells were transfected with plasmids
expressing the Wnt inhibitors Fz8CRD (or control IgG) or Dkk1 using
Lipofectamine (Invitrogen) and incubated for 24 hours. After 16 hours, the
medium was collected and replaced with fresh DMEM/F12. After an
additional 36 hours incubation, the conditioned medium was collected,
centrifuged, and used to incubate kidney papillae for 24 hours (or to treat
cells in the experiments shown in the supplementary figures).

Organ culture
To analyze apoptosis in organ cultures, kidney papillae were isolated from
E18.5 mouse embryos using fine-needle microdissection to remove the
papilla from the cortex and outer medulla. The kidney papillae were then
kept under standard organ culture conditions on Nuclepore membranes for
24 hours in DMEM/10% FCS in the presence of inhibitors or activators as
described. The preparation of Wnt- or inhibitor-conditioned medium was as
described above. To study the effect of Hgf, kidney papillae were treated for
24 hours in the presence of 20 μg/ml Hgf-neutralizing antibody or IGF-
neutralizing antibody or 50 ng/ml Hgf prior to fixation. After 24 hours in
culture, the kidneys were snap frozen in OCT (Sakura, Torrance, USA) to
provide frozen sections for TUNEL and DAPI staining.

Wnt reporter staining
Mice carrying a Tcf/β-catenin-responsive luciferase reporter were obtained
from Dr Benjamin Allman (University of Toronto, Ontario, Canada). Frozen
sections were stained for β-galactosidase expression as described (Sanes et
al., 1986).

RT-PCR
Specific isoforms of Wnt7b were measured using semi-quantitative RT-
PCR, as the PCR reactions required to define specific transcripts result in
PCR products that are too long for use in real-time PCR assays. Cycle
number for each reaction was minimized to assure that amplification was
in the linear range for each assay. Total RNA was isolated from cells as
described (Chomczynski and Sacchi, 1987). Seven micrograms of total
RNA was used for the reverse transcription reaction using the Superscript
III First-Strand cDNA Synthesis Kit (Invitrogen). The resulting cDNA was
subjected to PCR using the following primers (shown 5� to 3�). For Wnt7b,
AAGCACCCACGTAGGTAACG (primer i), AAACCAAGT GAC CAC -
CAAGC (ii), AGGTGTCTCTTTGGAGCCG (iii), TCTATTGCCCGCA-
GATCTTT (iv), GCGACAGGAGGAGCATACTT (v), CTT CACGTA -
GAGGACGCCAA (vi), CTCTCGACTCCCTACTCGGA (vii); and for
Wnt4, GGCGTAGCCTTCTCACAGTC and AGCACGTCTTTACCTC -
GCAG. PCR products were cloned using the PCR-II-TOPO Cloning Kit
(Invitrogen) and sequenced before preparing in situ hybridization probes.

Quantitative PCR
Quantitative PCR to detect all Wnt7b transcripts was performed using a
Cephiad Smart Cycler II. Primers (shown 5� to 3�) were: forward,
TTTGGCGTCCTCTACGTGAAG and reverse, CCCGACTCCCC -
ACTTTGAG. Cycles: 94°C for 30 seconds; 40 cycles of 94°C for 15
seconds, 58°C for 30 seconds, 72°C for 30 seconds; a final 72°C for 120
seconds. All reactions were validated by examining a melt curve for a single
peak between 58°C and 95°C. Results were normalized to 18S rRNA.
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In situ hybridization
Mouse kidneys were fixed in 4% PFA overnight and cryopreserved in 30%
sucrose. Kidneys were then fixed in OCT and sectioned. Frozen kidney
sections (10 μm) were refixed in 4% PFA and treated with 15 μg/ml
proteinase K. After refixing and acetylation, sections were hybridized with
500 ng/ml digoxigenin-labeled probes (sense and antisense) in 1.3� SSC
buffer. Sections were then washed extensively, blocked in sheep serum and
reacted with alkaline phosphatase-conjugated anti-digoxigenin antibody
(Roche). The signals were detected using BM Purple alkaline phosphatase
substrate.

Immunoprecipitation and western blot
Cells were grown in 10-cm dishes, washed with PBS and lysed in lysis
buffer (20 mM Tris-HCl pH 7.6, 1% Triton X-100, 2 mM CaCl2, 1 mM
benzamidine, 0.1 mM ammonium molybdate, 1 mM PMSF, 20 μg/ml
aprotinin, 10 μg/ml leupeptin). Insoluble materials were cleared from the
lysate by centrifugation at 14,000 rpm (10,000 g) for 20 minutes. For
western blotting, 20 μg protein was subjected to SDS-PAGE, followed by
western blot with the specific antibody. For immunoprecipitation, 100 μg
protein was subjected to immunoprecipitation with the specific antibody
followed by western blot.

For the c-Met phosphorylation assay, cells were incubated in 1 mM
sodium orthovanadate for 30 minutes, washed with ice-cold PBS and lysed.
All the buffers used for cell lysis contained 2 mM sodium orthovanadate.
Cellular protein (100 mg) was subjected to immunoprecipitation with anti-
c-Met antibody and Protein G-agarose. The immunoprecipitate was
separated on a 7.5% SDS-PAGE gel and transferred to nitrocellulose
membranes. The membranes were blocked with 5% protease-free BSA, and
then probed with an anti-phosphotyrosine antibody (4G10).

To reprobe the blot, the membrane was stripped using 62.5 mM Tris-HCl
pH 6.7, 2% SDS, 0.7% β-mercaptoethanol, then reblocked and probed with
specific antibody.

TUNEL assay
The fluorescent TUNEL assay was used to determine apoptosis in cells,
following the manufacturer’s protocol (Chemicon).

RESULTS
α3β1 integrin-dependent Wnt signaling in mouse
kidney epithelial cells
The papilla of the mammalian kidney forms through a complex
process that includes branching morphogenesis, tubular elongation
and additional tissue remodeling. The number of branching events
known to occur prior to E15.5 can account for the number of
collecting ducts observed in the mature papilla (Cebrian et al., 2004),
without the need for any additional branching within the papilla
during subsequent development of the kidney. Rather, the
enlargement of the papilla is due to tubular elongation (Cebrian et
al., 2004), maturation of the epithelia in collecting ducts that
involves significant apical-basal lengthening, and the penetration of
loops of Henle from nephrons located in the cortex down into the
medulla and papilla.

At E15.5, wild-type (WT) and α3 integrin mutant (KO)
embryonic kidneys were indistinguishable with regard to branching
morphogenesis (Fig. 1A,B). However, by E18.5, there was a marked
difference between the WT and KO kidneys, primarily reflected in
the failure of papillary outgrowth (Fig. 1C,D). The failure of
papillary outgrowth was completely penetrant and observed in all
α3 integrin KO kidneys examined (n>6).

The malformation of the papilla in α3β1 integrin-deficient
embryonic kidneys may relate to the role of this integrin as a laminin
receptor (Elices et al., 1991), or to its recently described role in the
E-cadherin cell-cell adhesion complex (Chattopadhyay et al., 2003).
Genetic tools are not presently available to test the role of α3β1
integrin in cell-cell adhesion in vivo. However, it is possible to

examine papillary development in embryonic kidneys from mice
carrying a mutation in the α5 laminin gene (Lama5), α5 being the
subunit of laminin 10 that contains the α3β1 integrin binding site
(Kikkawa et al., 1998). Similar to kidneys of α3 integrin KO
embryos, kidneys of α5 laminin-null mutant embryos (Miner and
Li, 2000) also had malformed papillae at E16.5 (Fig. 1B); these
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Fig. 1. Histology of α3β1 integrin-deficient or Lama5-deficient
kidney papillae. (A) Histology and proliferation of (a,c) wild-type (WT)
and (b,d) α3 integrin KO kidneys. (a,b) E15; (c,d) detail of papilla (P)
from E18 kidneys. (B) WT (a) and Lama5-null (b) papillae at E16.
(C) Control (a,c) and α3 integrin conditional KO (b,d) kidneys, obtained
using HoxB7-Cre deleter mice, at (a,b) P0 and (c,d) at 7 months. In d,
the P label is adjacent to the minimal papilla present. Genotypes: (a) α3
integrinflox/–; (b,d) α3 integrinflox/–, HoxB7-Cre+; (c) WT. D
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embryos did not survive to E18.5. Although these results do not
exclude a role for α3β1 integrin stimulation of E-cadherin-mediated
cell-cell adhesion in formation of the papilla, they do support the
possibility that the integrin-laminin interaction is required for
normal papillary development.

Malformed papillae are not the only kidney defect observed in
α3β1 integrin-deficient kidneys (Kreidberg et al., 1996). Glomeruli
are also highly abnormal, raising the question of whether the
papillary phenotype could be secondary to glomerular dysfunction,
which could expose the tubules of the developing papillae to a
protein-rich filtrate that affects its development. To exclude this
possibility, we used the HoxB7-Cre/GFP mouse (Zhao et al., 2004)
to conditionally delete the α3 integrin gene in the derivatives of the
ureteric bud, which include the collecting duct epithelia of the
papilla (see Fig. S1 in the supplementary material). Although
variable in phenotype, some neonatal and adult conditional mutant
mice were observed in which the kidney papillae were largely
absent, and the majority of conditionally mutant kidneys had
abnormal papillae (Fig. 1C, Table 1). For those conditional mutant
kidneys in which some degree of papillary formation occurred, this
might be due to non-cell-autonomous rescue of α3β1 integrin-
deficient cells by Wnt7b expression (see below) from cells that
retained expression of α3β1 integrin.

In our previous report, we observed higher levels of β-catenin in
cells expressing α3β1 integrin (Chattopadhyay et al., 2003). To
examine whether this might reflect an increase in signaling through
the canonical Wnt pathway, the TOPFLASH vector containing a
luciferase reporter gene under control of a Tcf/β-catenin-responsive
promoter was transfected into immortalized WT and α3β1 integrin-
deficient (KO) collecting duct epithelial cell lines (Chattopadhyay
et al., 2003; Wang et al., 1999). Luciferase activity was several fold
higher in WT than in KO cells or in cells expressing a mutant form

of the α3 subunit that is unable to bind laminin (Zhang et al., 2003).
The elevated luciferase activity in WT cells was sensitive to Wnt
signaling blockade with Dkk1, Fz8CRD (a truncated form of
frizzled 8 that contains only the Wnt-association domain) or Axin
(see Fig. S2A,B in the supplementary material).

In our previous study we demonstrated that an interaction of the
α3 integrin subunit ‘stalk’ domain with the tetraspanin Cd151 was
required to stimulate E-cadherin-mediated cell-cell interaction
(Chattopadhyay et al., 2003). However, TOPFLASH luciferase
activity was not affected by the interaction of α3β1 integrin with
Cd151 (see Fig. S2A in the supplementary material). We then
examined whether Wnt/β-catenin activity was affected in the
absence of α3β1 integrin in vivo, utilizing embryos containing a
Tcf-responsive lacZ transgene (Cheon et al., 2002) that were
homozygous for the α3 integrin-null allele. Abundant β-
galactosidase expression was observed in collecting ducts of
papillae from WT E17.5 embryos (WT/Tcf-lacZ in Fig. 2), whereas
greatly diminished β-galactosidase staining was apparent in the
collecting ducts of KO papillae (KO/Tcf-lacZ in Fig. 2). Thus,
canonical Wnt signaling, as reflected by β-catenin levels, indeed
appeared to be decreased in the absence of α3β1 integrin and
dependent on the interaction with laminin. That higher levels of Wnt
signaling could be observed in both cell lines and in vivo in the
presence of α3β1 integrin suggested that it might be a cell-
autonomous feature of α3β1-expressing cells, rather than being due
to a heterotypic interaction between the epithelial tubules and the
adjacent stroma, which is known to express additional Wnt genes
(Itaranta et al., 2006). This hypothesis was supported by additional
in vitro experiments in which TOPFLASH activity was rescued in
KO cells that were exposed to conditioned media from WT cells;
this rescue could be blocked by addition of the Wnt blockers Dkk1
or Fz8CRD (see Fig. S3A,B in the supplementary material).

Differential regulation of Wnt7b expression by
α3β1 integrin
Our studies then focused on Wnt7b, which is known to be
expressed in the derivatives of the ureteric bud (Kispert et al.,
1996) that form the epithelia of the papilla. Wnt7b expression was
decreased several fold in α3 integrin KO cells or in a cell line
expressing the laminin binding mutant of the α3 integrin subunit
(Zhang et al., 2003) in place of the wild-type subunit, and also in
papillae of both α3 integrin KO kidneys and laminin α5 mutant
kidneys (Fig. 3A). Three mammalian Wnt7b transcripts are
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Table 1. Abnormal papilla development in α3 integrin
conditional mutant kidneys at different ages

Abnormal papilla

Stage n n %

PO 6 4 67
P5 5 3 60
8.5 months 10 9 90

Abnormal papillae were defined as those that were less than 50% of the length of a
normal papilla as judged from a section through the mid-line of the kidney.
n, number of animals.

Fig. 2. Tcf/β-catenin reporter
transgene expression in wild-type
and α3β1 integrin KO kidney
papillae. All kidneys are from E17.5
mice. (A,D) Control WT mice without
the Tcf-lacZ transgene, showing
background staining in the cortex, but
minimal staining in the papilla (P).
(B,E) WT/Tcf-lacZ mice showing heavy
lacZ staining in cortex and papilla.
(C,F) KO/Tcf-lacZ mice showing
background lacZ staining in the region
from where the papilla would emerge,
and decreased staining within the
cortex. The results shown are
representative of those obtained from
three sets of kidneys.
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described in the Ensembl database and in recent publications
(Rajagopal et al., 2008): RTH, MHR and MLL (here designated
by the first three amino acids of the putative peptides). RTH and
MHR [recently published as Wnt7b-1 (Rajagopal et al., 2008)]
share a common first exon, although the transcription start site of

the RTH mRNA has been reported to be upstream of the MHR
mRNA. Additionally, the predicted peptide from this first exon
differs between the RTH and MHR isoforms owing to the use of
different splice donor sites at the end of exon 2 that require the use
of different translational start sites in exon 1 to maintain an open

847RESEARCH ARTICLEIntegrin regulation of Wnt genes

Fig. 3. Differential expression of Wnt7b transcripts in α3β1 integrin KO papillae. (A) Real-time PCR for total Wnt7b in (a) cell line G165A
B12 that expresses an α3 integrin subunit with a mutation in the laminin-binding domain, (b) papillae of WT and α3 integrin KO E18 mouse
kidneys, and (c) WT and Lama5-null E16 whole kidneys. (B) Schematic of the exon/intron structure of the three known mouse Wnt7b transcripts,
designated RTH, MHR and MLL according to the first three amino acids of the predicted peptides. The intron lengths are not in proportion to those
of the exons (gray boxes). The length of each exon is indicated. The number of predicted translated nucleotides is designated above the exons,
adjacent to the arrows that mark the predicted translational start sites (ATG). The locations of PCR primers are shown (arrows, i-vii). The locations of
in situ probes are shown as black rectangles below the RTH and MLL exons. See text for further description of the PCR strategy. (C) Detection of
Wnt7b expression from RNA prepared from E17 papillae of WT and α3 integrin KO kidneys. The primers used and the transcript identified are
designated above each panel. (a) Detection of RTH and MHR transcripts. The RTH transcript is only detected in WT, whereas MHR is detected in
both WT and KO. (b) Detection of MLL transcript. Less MLL is detected in the KO than in the WT. (c) Gapdh RT-PCR on WT and KO. (D) Detection of
Wnt7b expression from RNA prepared from E16 papillae of WT and Lama5 KO kidneys. The designations are as in C. (E) In situ hybridization for
Wnt7b in WT and α3 integrin KO E17 papillae. Probe ‘i’ recognizes both the RTH and MHR transcripts, whereas probe ‘ii’ recognizes only the MLL
transcript (see B). (a,b,e,f) Low-magnification views of the entire kidney. (c,d,g,h) High-magnification views of the papilla or area from which the
papilla emerges in KO. (a-d) Expression of RTH and MHR. (e-h) Expression of MLL transcript. Each experiment was repeated a minimum of three
times. D
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reading frame through exon 4. The third isoform, MLL [recently
published as Wnt7b-2 (Rajagopal et al., 2008)], is encoded by an
entirely different first exon from the other two isoforms, but
shares common exons 2, 3 and 4 with RTH and MHR, and the
same reading frame as MHR beginning in exon 2 (Fig. 3B).

To confirm the published data regarding these isoforms, and to
delimit the 5� boundaries of the RTH and MHR transcripts in the
embryonic kidney, we designed a nested set of 5� PCR primers
spaced 100 bp apart, and 3� primers were designed to bridge the
second and third exons so as to distinguish the RTH and MHR
transcripts based on their distinct splice acceptor and donor sites
(Fig. 3B). Detection of the MLL transcript utilized a distinct 5�
primer and the same 3� primer used to detect the MHR transcripts.
As shown in Fig. 3C, all three transcripts were detected in WT E17.5
renal papillae, and the RTH transcript appeared to initiate ~100 bp
upstream of the MHR transcript. α3β1 integrin-dependent
expression was observed for the RTH and MLL isoforms, whereas
the level of MHR transcript did not appear to differ between the WT
and α3 integrin KO kidney papillae. There was a similar pattern of
decreased Wnt7b isoform expression in kidneys of α5 laminin-
mutant embryos (Fig. 3D).

In situ hybridization confirmed the α3β1 integrin-dependent
expression of the Wnt7b transcripts in the developing papillae. The
MLL transcript of Wnt7b was less abundant in α3β1-deficient
kidney papillae, and a probe recognizing both RTH and MHR
mRNAs also demonstrated decreased expression in the absence of
α3β1 integrin (Fig. 3E). These results indicate that α3β1 integrin
differentially regulates the expression of Wnt7b isoforms in the
developing kidney.

The expression of a second Wnt gene expressed in the papilla,
Wnt4 (Itaranta et al., 2006), was also examined. When assessed by
RT-PCR or in situ hybridization (Fig. 4), Wnt4 expression also
appeared to be decreased in the absence of α3β1 integrin.

Coordinate signaling between α3β1 integrin and a
receptor tyrosine kinase
Integrins and growth factor receptors signal coordinately to
integrate signaling by soluble growth factors and the ECM. In
some instances, a physical association between integrins and
growth factor receptors has been identified (Comoglio et al.,
2003; Eliceiri, 2001). Therefore, we investigated whether α3β1
integrin interacts with a growth factor receptor to stimulate Wnt
gene expression and thus regulate kidney morphogenesis. Among
the growth factor receptors known to be expressed in the
developing kidney and to potentially regulate branching
morphogenesis, the Hgf receptor c-Met was detected in
immortalized collecting duct epithelial cell lines by western
blotting irrespective of the presence or absence of α3β1 integrin
(Fig. 5Aa). Two other related growth factor receptors, c-Ret and
c-Ron (Mst1r – Mouse Genome Informatics), were not present in
these cells (not shown). Although Hgf has been reported to induce
branching morphogenesis in vitro with MDCK cells (Jeffers et al.,
1996; Montesano et al., 1991; Stoker et al., 1987; Zhang and
Vande Woude, 2003), no kidney defects were reported in c-Met or
Hgf mutant kidneys (Birchmeier and Gherardi, 1998; Schmidt et
al., 1995; Uehara et al., 1995). However, c-Met- and Hgf-deficient
embryos die of hepatic failure prior to the time when defects are
observed in α3β1 integrin-deficient kidneys, potentially
obscuring later defects in kidney development owing to the
absence of c-Met or Hgf. It was possible to co-immunoprecipitate
α3β1 integrin and c-Met, indicating that there may indeed be
coordinate signaling by these receptors (Fig. 5Ab,c).

A previous study has demonstrated a requirement for α3β1
integrin and its associated tetraspanin CD151 for activation of c-
MET in cells derived from human salivary gland carcinomas
(Klosek et al., 2005). As a first determination of whether α3β1
integrin has a modulatory effect on signaling by c-Met that could
relate to the α3 integrin mutant kidney phenotype, tyrosine
phosphorylation of c-Met in response to Hgf was examined in WT
and α3β1-deficient (KO) cells. Hgf treatment induced higher levels
of tyrosine phosphorylation of several proteins in WT cells as
compared with KO cells (Fig. 5B). Moreover, a c-Met
immunoprecipitate, blotted with anti-phosphotyrosine, also detected
increased tyrosine phosphorylation and additional bands not present
in KO cells (Fig. 5B), suggesting that multi-molecular complexes
that are assembled upon activation of c-Met are dependent on the
presence of α3β1 integrin.

In many cell types, c-Met has been found to signal through a
complex that includes Gab1, which recruits phosphatidyl inositol-
3-kinase (PI3K; Pik3) and signals to activate AKT (Akt1) (reviewed
by Vivanco and Sawyers, 2002). To determine whether α3β1
integrin augmented signaling through PI3K and AKT, we studied
the association of Gab1 and PI3K with the c-Met-α3β1 complex.
Gab1 (Fig. 5C) and PI3K (Fig. 5B) could be co-immunoprecipitated
with c-Met only in the presence of α3β1 integrin. Gab1 could also
be directly immunoprecipitated with α3β1 integrin (Fig. 5D),
demonstrating that the association of Gab1 with c-Met does not
occur in a complex that is distinct from that containing α3β1 and c-
Met.

Activation of PI3K leads to phosphorylation of AKT, which
results in the activation or deactivation of diverse biological
responses (Vivanco and Sawyers, 2002). A similar amount of AKT
was present in WT and KO cells (Fig. 5Ea), but AKT was more
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Fig. 4. Expression of Wnt4 by wild-type and α3β1 integrin-
deficient kidney papillae. (A) Wnt4 RT-PCR from WT and α3β1
integrin KO mouse papillae. The middle panel is a control reaction that
omitted reverse transcriptase (RT). (B) In situ hybridization for Wnt4 in
(a,c) WT or (b,d) KO papillae (P). (a,b) Low-magnification views of entire
kidneys. (c,d) High-magnification views of the papilla or area from
which the papilla would have emerged in the KO.
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highly phosphorylated at the threonine 308 residue in response to
Hgf in WT cells (Fig. 5Eb). Together, these results suggest that
signaling through the c-Met/PI3K/AKT pathway is dependent on an
interaction with α3β1 integrin.

Regulation of Wnt7b expression by Hgf
To examine whether coordinate signaling by α3β1 and c-Met
regulates the expression of Wnt genes in the papilla, WT cells
were treated with a Hgf-neutralizing antibody. This completely

blocked the expression of the RTH, MHR and MLL Wnt7b
isoforms, as detected by RT-PCR (Fig. 6A). By contrast, a
similarly prepared neutralizing antibody that blocks Igf1
function had no effect on the expression of these Wnt7bmRNAs.
The discrepancy between the effect of the Hgf-neutralizing
antibody, which blocks expression of all Wnt7b isoforms, and the
absence of α3β1 integrin, which only blocks two out of the three
isoforms, might indicate an absolute requirement for signals
downstream of c-Met that are augmented by association with
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Fig. 5. Coordinate signaling between α3β1 integrin
and c-Met. WT and α3β1 integrin KO immortalized
epithelial cell lines were used as indicated. (A) Co-
immunoprecipitation of α3β1 integrin and c-Met.
(a) Western blot of c-Met. (b) Immunoprecipitation with
anti-α3 integrin or control rabbit IgG followed by
western blot with anti-c-Met. Lower panel is a reblot for
the α3 integrin subunit. (c) Immunoprecipitation with
anti-c-Met or control mouse IgG followed by western
blot with anti-α3 integrin subunit. Lower panel is a
reblot for c-Met. The first four lanes in b and c are direct
western blots of the lysates prior to
immunoprecipitation. (B) Tyrosine phosphorylation of
c-Met. Hgf treatment is designated above the panel.
Total lysate indicates a direct western blot for
phosphotyrosine. On the right are cell lysates
immunoprecipitated with anti-c-Met antibody, followed
by western blot with anti-phosphotyrosine antibody
(4G10). Lower panel is a reblot with anti-PI3K, indicating
the PI3K only co-immunoprecipitated in WT cells after
stimulation with Hgf. (C) Association of Gab1 with
c-Met. The same extracts and immunoprecipitates were
used in B and C. Total lysate indicates a direct western
blot for c-Met, Gab1 and Gapdh as a loading control.
On the right are cell lysates immunoprecipitated with
anti-c-Met antibody. The upper panel is a positive
control for the immunoprecipitations in B and C. The
lower panel is a reblot with anti-Gab1, showing co-
immunoprecipitation with c-Met only in WT cells after
stimulation with Hgf. (D) Co-immunoprecipitation of
Gab1 and PI3K with α3β1 integrin. The first four lanes
are a direct western blot of WT or α3 integrin KO cells
treated with Hgf, or untreated. The right-hand four
lanes are an immunoprecipitation with anti-α3 integrin,
followed by western blot using antibodies noted at the
right of each panel. Gab1 and PI3K only co-
immunoprecipitate with α3β1 integrin in WT cells
stimulated with Hgf. The overall levels of Gab1 and PI3K
in whole-cell extracts are unaffected by stimulation with
Hgf. (E) Activation of AKT. (a) Western blot for AKT.
(b) Western blot with anti-phosphothreoine 308 AKT
antibody.
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α3β1 integrin. In contrast to Wnt7b, Wnt4 expression by
immortalized cell lines was not sensitive to c-Met blockade
with the Hgf-neutralizing antibody (Fig. 6B).

Hgf and Wnt stimulate cell survival in the
developing papilla
Many of the proposed mechanisms of integrin-mediated regulation
of morphogenesis have focused on integrin function in cell adhesion,
cytoskeletal organization and cell migration. Although fewer tubules
were present in α3β1 integrin-deficient kidneys, those tubules
present displayed normal morphology (Fig. 1A). Cell survival is
known to require integrin engagement, particularly in epithelial
cells. Therefore, we examined whether increased apoptosis could
have a role in the failure of papillary outgrowth in α3β1 integrin-
deficient kidneys. Indeed, TUNEL staining of papillae showed
significantly more apoptosis in α3 integrin KO than in WT kidneys
(Fig. 7A).

Wnt signaling has been found to prevent apoptosis in various cell
types (Chen et al., 2001; Hwang et al., 2004). To examine whether
Wnts are required for regulating apoptosis in vivo, α3 integrin KO
papillae were placed in culture for 24 hours with conditioned
medium from Wnt3a-expressing HEK293 cells. This treatment
prevented apoptosis in these kidney papillae, suggesting a potential
role of Wnt proteins in maintaining cell survival. In addition,
treatment of WT kidney papillae with Wnt inhibitors (Fz8CRD and
Dkk1) induced apoptosis in WT kidneys (Fig. 7B), further
supporting the role of Wnts in preventing apoptosis. As shown in
Fig. 7, the number of obviously apoptotic cells was low, and may not
completely account for the failure of papillary outgrowth, although
TUNEL staining is a relatively late marker of apoptosis and these
results might underestimate the total amount of apoptosis that will
occur between E18.5 and P0. (For lower-magnification images of
these organ cultures, see Fig. S4 in the supplementary material.)

To determine whether Hgf-mediated Wnt expression was
involved in regulating apoptosis, WT kidney papillae were treated
with the Hgf-neutralizing antibody. This treatment also induced
apoptosis in kidney papillae (Fig. 7C). By contrast, treatment with
Hgf could not prevent apoptosis in α3β1 integrin-deficient kidney
papillae (Fig. 7D), consistent with the previous results indicating

that c-Met is largely unresponsive to Hgf in the absence of α3β1
integrin. Together, these results suggest that Hgf and laminin
signaling through c-Met and α3β1 integrin can regulate cell survival
via stimulation of Wnt gene expression, and that this is dependent
on the presence of the α3β1 integrin. Thus, these results suggest a
novel role of α3β1 integrin: acting coordinately with c-Met to
regulate Wnt gene expression, which in turn can regulate cell
survival and contribute to the proper patterning of the renal papilla.

Cell proliferation was also examined in WT and α3 integrin KO
kidneys. There is little proliferation at the tip of the papilla in WT
kidneys. Instead, most proliferation is found at the mid-papilla and
extending into the cortex. The frequency of proliferating cells within
the collecting ducts appeared similar in WT and KO kidneys (see
Fig. S5 in the supplementary material).

DISCUSSION
We present two novel findings in this report. First, that α3β1 integrin
and the receptor tyrosine kinase c-Met signal coordinately to
regulate a morphogenetic event. Secondly, that coordinate signals
by integrins and receptor tyrosine kinases can regulate the
expression of Wnt genes. That Wnt signals can act to maintain cell
survival has been demonstrated previously. Here, we place this
function within a developmental context downstream of signals
from diffusible growth factors and the ECM. These findings also
underscore that it is important to consider the ECM, and not only
diffusible growth factors, as biological information that groups of
cells integrate to produce morphogenetic events.

Mice deficient in α3β1 integrin die during the neonatal period
with multiple developmental defects, including abnormal
development of the renal glomerulus and the papillary region of the
kidney (Kreidberg et al., 1996). Although it is more likely that the
observed neonatal death is due to glomerular dysfunction, the
papillary defects are nonetheless informative with regard to integrin
and receptor tyrosine kinase function in the regulation of Wnt gene
expression and epithelial morphogenesis. The present study
establishes an important role for integrins in maintaining epithelial
cell survival in vivo.

Wnt signaling is transduced through several biochemical
pathways, which are categorized as canonical and non-canonical
(Pandur et al., 2002). In non-mammalian species, it has been
possible to relate specific biochemical pathways to morphogenetic
processes. These relationships are less well defined in mammals. For
example, tubular extension during development of the papilla of the
embryonic kidney involves cell proliferation, cell survival and
vectorial tubular extension. Proliferation and cell survival are likely
to be consequences of canonical Wnt signaling. This is supported by
our observations using β-catenin/Tcf reporter transgenes. Wnt7b is
the most likely candidate to mediate cell proliferation and survival.
A role in proliferation was recently demonstrated in the developing
lung (Rajagopal et al., 2008). By contrast, vectorial tubular
extension may be related to planar cell polarity (PCP) pathways
(Fischer et al., 2006), which are generally thought to be a
consequence of non-canonical Wnt signaling. In this model, tubular
extension results in elongation of tubules that maintain a constant
diameter. If PCP pathways were non-functional, one prediction is
that cysts would form instead of tubules as a consequence of random
rather than ordered cell divisions (Fischer et al., 2006). Wnt4 has
been suggested to be involved in non-canonical Wnt pathways
(Cohen et al., 2002; Lim et al., 2005; Osafune et al., 2006), but this
does not exclude a role in canonical Wnt signaling. Indeed, it
remains unclear whether it is possible to strictly classify specific
Wnts into exclusively canonical or non-canonical signaling ligands.
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Fig. 6. Regulation of Wnt7b but not Wnt4 expression by Hgf. WT
mouse cells were treated with a Hgf-neutralizing antibody (H) or IGF-
neutralizing antibody (I) before RNA extraction. C, control untreated
cells. (A) RT-PCR was used to amplify the three isoforms (RTH, MHR and
MLL) of Wnt7b as shown in Fig. 3. (B) RT-PCR for Wnt4 from cells
treated as in A.
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Whether Wnt4 is responsible for PCP signaling in the developing
kidney is unknown. However, the observation that those tubules that
are present, albeit fewer in number, appear normal and without cysts,
suggests that PCP pathways might be intact. Possibly, there is
sufficient Wnt4 to maintain PCP, even though levels appear to be
diminished. It is also possible that Wnt7b regulates the pattern of
proliferation in the developing papilla and this might be the focus of
future studies.

Note added in proof
Since the acceptance of this manuscript, two reports of relevance to
our studies have been published that describe the phenotypes of the
conditional mutation of Wnt7b (Yu et al., 2009) and of c-Met (Ishibe
et al., 2009) in the kidney.

We thank Drs Susan Dymecki for FlpE deleter mice, Xi He for advice and
expression vectors, Andrew McMahon and Jing Yu for valuable discussions and
Wnt probes. J.A.K. acknowledges support from R01 DK57604 and R01
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Fig. 7. Effect of Wnt and Hgf on cell survival in kidney papilla. Isolated mouse papillae were sectioned and TUNEL/DAPI stained to reveal
apoptotic cells prior to (A) or after (B,C,D) culture under various conditions. TUNEL staining is on the left with the corresponding DAPI staining on
the right. (A) Papillae directly sectioned without organ culture. Significantly more apoptosis was observed in α3 integrin KO than in WT kidney
papillae. The difference in background TUNEL staining between WT and KO was reproducible and considered significant. This difference was still
observed in WT treated with Wnt or Hgf blockade. (B) Effect of conditioned medium from WT immortalized cells and of Wnt blockade. WT-cell-
conditioned medium prevented apoptosis in KO papillae. Wnt blockers Dkk1 and Fz8CRD stimulated apoptosis in WT papillae. Identical results were
obtained using a Wnt3a-conditioned medium prepared with HEK293 cells (see Fig. S4 in the supplementary material). Control conditioned media
made using a vector expressing only the Fc region used in the Fz8CRD construct had no effect on WT kidneys (not shown). (C) The effect of Hgf-
neutralizing antibody or control rabbit IgG on cell survival. An Hgf-neutralizing antibody stimulated apoptosis in WT papillae. A control anti-Igf1
antibody had no effect. (D) Hgf did not prevent apoptosis in KO papillae. Addition of Hgf to cultures of KO kidneys did not prevent apoptosis. Hgf
had no effect on WT kidneys. Each experiment was repeated a minimum of three times.
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