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population is exhausted after a wave of differentiation (Hartman et
al., 2007). A reasonable hypothesis based on the data presented in
this study is that a loss in ability of the progenitor cells to respond
to Wnt9b may play a causal role in the failure of progenitor cells
to self-renew postnatally.

To test this hypothesis, we compared the expression of Wnt9b
target genes to the progenitor expression of Six2 in wild-type mice
from P3 to P4. As expected, Six2 mRNA and protein were present
in P3 kidneys, although the progenitor expression is reduced and,
in some cases, Six2 appeared to be only expressed in the PTAs (see
Fig. S5A in the supplementary material). This most probably
represents the period where the last progenitors are being converted
to tubules. Six2 mRNA and protein were completely undetectable
by P4 (see Fig. S5B in the supplementary material). The Wnt9b
target genes Pla2g7 and Citedl were both present in the progenitor
cells at P3 but completely absent (for Cited!) or present only in
epithelial structures (for Pla2g7) at P4, indicating that, although
Wnt9b was still expressed, it no longer actively signaled to the
progenitor population (see Fig. S5C-F in the supplementary
material). Importantly, the class I targets C/gdc2 and Pax8 were
still expressed at P4, a full day after Cited! was lost, indicating that
Wnt9b is still active and inducing tubule formation (see Fig. SSH
in the supplementary material and not shown). These data suggest
that a loss of Wnt9b signaling to the progenitor cells normally
coincides with or immediately follows loss of Six2 expression in
the progenitors.

We have previously shown that removal of Wnt9b from the
kidney between E15.5 and E17.5 resulted in significantly smaller
kidneys than in wild type (Karner et al., 2009). We originally
attributed this hypoplastic phenotype to a deficit in tubule
induction; however, our new findings suggest this phenotype may
be equally attributable to a deficit in progenitor cell expansion. To
test this hypothesis, we assessed progenitor cell maintenance/
expansion in KspCre; Wnt9b/** mice. Prior to E15.5, KspCre is
active only in the distal collecting ducts and has no apparent effect
on the expression of Wnt9b target genes (Karner et al., 2009) (data
not shown). At some time between E15.5 and E17.5, KspCre
activity expands to include the ureteric bud tips (adjacent to

Fig. 6. Removal of Wnt9b
results in a premature loss of
progenitor cells. (A-P) In situ
hybridization evaluating the
expression of Six2 (A,B,l,)), Pla2g7
(C,D,K,L), Tafa5 (E,FM,N) and
Uncx4.1 (G, H,0,P) in wild-type
(A,C,E,G,I,K,M,0) or
KspCre;Wnt9b% (B,D,FH,J,L,N,P)
kidneys at E17.5 (A-H) or P1 (I-P).
Wnt9b is necessary for the
maintenance of the progenitor
population at later stages.

the progenitors). We therefore examined the expression of
Wnt9b-dependent and -independent progenitor markers in
KspCre; Wnt9b™"* kidneys between E15.5 and P1. Pax2, Six2 and
the Wnt9b target genes Pla2g7, Tafa5 and Uncx4.1 were all present
and expressed at comparable levels with wild-type kidneys at
E15.5 (data not shown). At E17.5, Pax2 and Six2 levels were
reduced in the progenitors cells of KspCre, Wnt9b~° animals (Fig.
6A,B; data not shown), whereas Pla2g7 and Uncx4.l were
completely lost (Fig. 6C,D,G,H). Levels of Tafa5 were highly
reduced at E17.5 and completely absent at P1 (Fig. 6E,F,M,N). The
loss of expression for these genes was specific to progenitor cells
as Pla2g7 expression in the medullary stroma was maintained in
mutants (not shown). By P1, the progenitor population (as
indicated by Six2 expression) appeared to be completely lost (Fig.
61-P).

We next tested the effects of late Wnt9b ablation on progenitor
cell proliferation. At E17.5, there was a significant reduction in cell
proliferation rates in Wnt9b mutants (2.44% and 1.75% for wild
type and KspCre; Wnt9b /1% respectively; P=0.027). However, as
the progenitor cells in Wnt9b mutants are not being converted into
new tubules (as determined by Clgdc2 expression) decreases in
proliferation alone cannot explain the complete absence of the
progenitor population by P1. We also evaluated the rate of
apoptosis in KspCre; Wnt9b™1°* kidneys at E17.5. Somewhat
surprisingly, this analysis revealed a significant increase in cell
death upon loss of Wnt9b (1.62% and 26.83% apoptosis in wild-
type and KspCre; Wnt9b™/% animals, respectively, P=0.0039, -
test), even though apoptosis was not affected by Wnt9b loss at
carlier stages. These data suggest that Wnt9b plays an additional
(most probably secondary) role in survival of the progenitor
population.

DISCUSSION

In this study, we present data suggesting that Wnt9b is actively
signaling to the kidney progenitor cells where it cooperates with
Six2 to mediate expansion and/or self-renewal. Multiple pieces of
data suggest that the role for Wnt9b in the progenitors is direct and
through the canonical/B-catenin-dependent pathway. First, we show
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that canonical activity is required for normal expression of
progenitor targets. Second, we show that activation of the canonical
pathway is sufficient to induce expression of these genes, even in
the absence of Wnt9b. That this activation is not mimicking
signaling downstream of Wnt4 (and tubule differentiation) is
supported by the observation that progenitor targets are expressed
normally in Wnt4 mutants and are lost prior to the cessation of
renal vesicle formation (and Wnt4 loss) in wild-type post-natal
kidneys. Finally, several Wnt9b progenitor target genes (11/13)
contain highly conserved consensus Lef/Tcf-binding sites within
their loci and several of these elements are associated with [3-
catenin in vivo.

Our data suggest that Wnt9b signals through -catenin to both
cell populations with distinct cellular and molecular results. In the
progenitors, it promotes renewal/proliferation, whereas in the PTAs
it promotes differentiation. Reiterative use of B-catenin in phases
of stem cell activation and differentiation has been shown in other
systems, most notably the hair follicle stem cells (Lowry et al.,
2005). How does Wnt9b induce disparate responses (self-renewal
versus differentiation) in different cell types using the same signal
transduction cascade? Our data suggest that, in the kidney, Six2 is
an important player in this decision.

A simple model that explains all of the genetic and molecular
analysis in this and previous studies is that a combination of [3-
catenin and Six2 results in progenitor renewal, while B-catenin
alone (or in combination with another factor) results in
differentiation. Cells that express Six2 and receive a Wnt9b signal
are induced to proliferate and to maintain the progenitor pool,
while cells that receive the Wnt9b/B-catenin signal but do not have
active Six2 (and/or do express another, unknown factor) are
induced to differentiate.

The molecular nature of the interaction between [-catenin and
Six2 is unclear. It is plausible that Six2 regulates the expression of
a separate set of progenitor specific factors that interacts with
and/or alters the response to Wnt9b/B-catenin, perhaps amplifying
or dampening the signal, as has been suggested in the hair follicles.
It is also possible that Six2 directly (or indirectly) interacts with 3-
catenin to drive expression of individual genes. Determining which,
if any, of the above scenarios exists within the kidney mesenchyme
will certainly enhance our understanding of progenitor cell
differentiation during normal development, as well as in
pathological states.

It is important to note that, although levels are highest in the
progenitors, Six2 also shows low level expression in the PTAs. It
is possible that Six2 cooperates with B-catenin in both cell types to
activate expression of target genes. This is consistent with our
finding that many of the Wnt9b targets are expressed in both the
progenitors and the PTAs, and are completely lost in Six2 mutants.
However, some, such as Citedl, are expressed only in the
progenitors whereas others, such as Clqdc2, are expressed only in
the PTAs (and are expanded in Six2 mutants). These observations
suggest that there are additional cell type-specific transcriptional
regulators that cooperate with Six2 and B-catenin to drive
expression in the various cell types.

In summary, we have identified a novel mechanism by which
renal progenitor cells respond to the same Wnt9b signal with
distinct results: self-renewal versus differentiation. By using this
relatively simple mechanism, the kidney is able to balance tubule
induction and progenitor cell maintenance, insuring that the proper
numbers of nephrons form. These findings are highly relevant to
human diseases that affect kidney progenitors, such as aplasia,
hypoplasia, decreased nephron endowment and renal progenitor

tumors. Furthermore, they provide novel insights into the molecular
mechanisms that regulate kidney progenitor cell differentiation and
will enhance future attempts to repair or replace missing or
damaged organs.

Acknowledgements

We thank members of the Carroll, Cleaver and Igarashi labs for their
comments on this work. This work was supported by grants from the
American Heart Association (0730236N), the NIH (RO1DK080004) and the
Susan Irene Simons Kidney Cancer Foundation to T.C.; by grants from the
NIGMS (RO1GM079554) and Welch Foundation (Welch 1-1596) to C.C.; and
by the NIH (RO1GMO076398) and Welch Foundation to L.L. Deposited in PMC
for release after 12 months.

Competing interests statement
The authors declare no competing financial interests.

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.057646/-/DC1

References

Barasch, J., Yang, J., Ware, C. B., Taga, T., Yoshida, K., Erdjument-Bromage,
H., Tempst, P, Parravicini, E., Malach, S., Aranoff, T. et al. (1999).
Mesenchymal to epithelial conversion in rat metanephros is induced by LIF. Cell
99, 377-386.

Blank, U., Brown, A., Adams, D. C., Karolak, M. J. and Oxburgh, L. (2009).
BMP7 promotes proliferation of nephron progenitor cells via a JNK-dependent
mechanism. Development 136, 3557-3566.

Boyle, S., Misfeldt, A., Chandler, K. J., Deal, K. K., Southard-Smith, E. M.,
Mortlock, D. P, Baldwin, H. S. and de Caestecker, M. (2008). Fate mapping
using Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains
self-renewing progenitor cells and gives rise exclusively to nephronic epithelia.
Dev. Biol. 313, 234-245.

Brault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D. H., McMahon, A.
P., Sommer, L., Boussadia, O. and Kemler, R. (2001). Inactivation of the beta-
catenin gene by Wnt1-Cre-mediated deletion results in dramatic brain
malformation and failure of craniofacial development. Development 128, 1253-
1264.

Carroll, T. J., Park, J. S., Hayashi, S., Majumdar, A. and McMahon, A. P.
(2005). Wnt9b plays a central role in the regulation of mesenchymal to epithelial
transitions underlying organogenesis of the mammalian urogenital system. Dev.
Cell 9, 283-292.

Chen, B., Dodge, M. E., Tang, W., Lu, J., Ma, Z., Fan, C. W., Wei, S., Hao, W.,
Kilgore, J., Williams, N. S. et al. (2009). Small molecule-mediated disruption
of Wnt-dependent signaling in tissue regeneration and cancer. Nat. Chem. Biol.
5, 100-107.

Chenn, A. and Walsh, C. A. (2002). Regulation of cerebral cortical size by control
of cell cycle exit in neural precursors. Science 297, 365-369.

Davies, J. A. and Garrod, D. R. (1995). Induction of early stages of kidney tubule
differentiation by lithium ions. Dev. Biol. 167, 50-60.

Dudley, A. T,, Lyons, K. M. and Robertson, E. J. (1995). A requirement for bone
morphogenetic protein-7 during development of the mammalian kidney and
eye. Genes Dev. 9, 2795-2807.

Grieshammer, U., Cebrian, C., llagan, R., Meyers, E., Herzlinger, D. and
Martin, G. R. (2005). FGF8 is required for cell survival at distinct stages of
nephrogenesis and for regulation of gene expression in nascent nephrons.
Development 132, 3847-3857.

Harada, N., Tamai, Y., Ishikawa, T., Sauer, B., Takaku, K., Oshima, M. and
Taketo, M. M. (1999). Intestinal polyposis in mice with a dominant stable
mutation of the beta-catenin gene. EMBO J. 18, 5931-5942.

Hartman, H. A, Lai, H. L. and Patterson, L. T. (2007). Cessation of renal
morphogenesis in mice. Dev. Biol. 310, 379-387.

Hoy, W. E., Douglas-Denton, R. N., Hughson, M. D., Cass, A., Johnson, K.
and Bertram, J. F. (2003). A stereological study of glomerular number and
volume: preliminary findings in a multiracial study of kidneys at autopsy. Kidney
Int. 63, S31-S37.

Huang, S. M., Mishina, Y. M., Liu, S., Cheung, A., Stegmeier, F., Michaud, G.
A., Charlat, O., Wiellette, E., Zhang, Y., Wiessner, S. et al. (2009).
Tankyrase inhibition stabilizes axin and antagonizes \Wnt signalling. Nature 461,
614-620.

Kadowaki, T., Wilder, E., Klingensmith, J., Zachary, K. and Perrimon, N.
(1996). The segment polarity gene porcupine encodes a putative
multitransmembrane protein involved in Wingless processing. Genes Dev. 10,
3116-3128.

Karner, C. M., Chirumamilla, R., Aoki, S., Igarashi, P., Wallingford, J. B. and
Carroll, T. J. (2009). Wnt9b signaling regulates planar cell polarity and kidney
tubule morphogenesis. Nat. Genet. 41, 793-799.



Progenitor differentiation and expansion

RESEARCH ARTICLE 1257

Karner, C. M., Merkel, C. E., Dodge, M., Ma, Z., Lu, J., Chen, C., Lum, L. and
Carroll, T. J. (2010). Tankyrase is necessary for canonical Wnt signaling during
kidney development. Dev. Dyn. 239, 2014-2023.

Keller, G., Zimmer, G., Mall, G., Ritz, E. and Amann, K. (2003). Nephron
number in patients with primary hypertension. N. Engl. J. Med. 348, 101-
108.

Klein, P. S. and Melton, D. A. (1996). A molecular mechanism for the effect of
lithium on development. Proc. Natl. Acad. Sci. USA 93, 8455-8459.

Kobayashi, A., Kwan, K. M., Carroll, T. J., McMahon, A. P, Mendelsohn, C. L.
and Behringer, R. R. (2005). Distinct and sequential tissue-specific activities of
the LIM-class homeobox gene Lim1 for tubular morphogenesis during kidney
development. Development 132, 2809-2823.

Kobayashi, A., Valerius, M. T., Mugford, J. W., Carroll, T. J., Self, M., Oliver,
G. and McMahon, A. P. (2008). Six2 defines and regulates a multipotent self-
renewing nephron progenitor population throughout mammalian kidney
development. Cell Stem Cell 3, 169-181.

Koesters, R., Ridder, R., Kopp-Schneider, A., Betts, D., Adams, V., Niggli, F.,
Briner, J. and von Knebel Doeberitz, M. (1999). Mutational activation of the
beta-catenin proto-oncogene is a common event in the development of Wilms'
tumors. Cancer Res. 59, 3880-3882.

Koesters, R., Niggli, F.,, von Knebel Doeberitz, M. and Stallmach, T. (2003).
Nuclear accumulation of beta-catenin protein in Wilms' tumours. J. Pathol. 199,
68-76.

Li, C. M., Kim, C. E., Margolin, A. A., Guo, M., Zhu, J., Mason, J. M., Hensle,
T. W., Murty, V. V., Grundy, P. E., Fearon, E. R. et al. (2004). CTNNB1
mutations and overexpression of Wnt/beta-catenin target genes in WT1-mutant
Wilms' tumors. Am. J. Pathol. 165, 1943-1953.

Lowry, W. E., Blanpain, C., Nowak, J. A., Guasch, G., Lewis, L. and Fuchs, E.
(2005). Defining the impact of beta-catenin/Tcf transactivation on epithelial stem
cells. Genes Dev. 19, 1596-1611.

Nyengaard, J. R. and Bendtsen, T. F. (1992). Glomerular number and size in
relation to age, kidney weight, and body surface in normal man. Anat. Rec. 232,
194-201.

Park, J. S., Valerius, M. T. and McMahon, A. P. (2007). Wnt/beta-catenin
signaling regulates nephron induction during mouse kidney development.
Development 134, 2533-2539.

Perantoni, A. O., Timofeeva, O., Naillat, F, Richman, C., Pajni-Underwood,
S., Wilson, C., Vainio, S., Dove, L. F. and Lewandoski, M. (2005).
Inactivation of FGF8 in early mesoderm reveals an essential role in kidney
development. Development 132, 3859-3871.

Reya, T., Duncan, A. W., Ailles, L., Domen, J., Scherer, D. C., Willert, K.,
Hintz, L., Nusse, R. and Weissman, I. L. (2003). A role for Wnt signalling in
self-renewal of haematopoietic stem cells. Nature 423, 409-414.

Schmidt-Ott, K. M., Masckauchan, T. N., Chen, X., Hirsh, B. J., Sarkar, A.,
Yang, J., Paragas, N., Wallace, V. A., Dufort, D., Pavlidis, P. et al. (2007).
{beta}-catenin/TCF/Lef controls a differentiation-associated transcriptional
program in renal epithelial progenitors. Development 134, 3177-3190.

Self, M., Lagutin, O. V., Bowling, B., Hendrix, J., Cai, Y., Dressler, G. R. and
Oliver, G. (2006). Six2 is required for suppression of nephrogenesis and
progenitor renewal in the developing kidney. EMBO J. 25, 5214-5228.

Shao, X., Somlo, S. and Igarashi, P. (2002). Epithelial-specific Cre/lox
recombination in the developing kidney and genitourinary tract. J. Am. Soc.
Nephrol. 13, 1837-1846.

Stark, K., Vainio, S., Vassileva, G. and McMahon, A. P. (1994). Epithelial
transformation of metanephric mesenchyme in the developing kidney regulated
by Wnt-4. Nature 372, 679-683.

Zechner, D., Fujita, Y., Hulsken, J., Muller, T., Walther, 1., Taketo, M. M.,
Crenshaw, E. B., 3rd, Birchmeier, W. and Birchmeier, C. (2003). beta-Catenin
signals regulate cell growth and the balance between progenitor cell expansion
and differentiation in the nervous system. Dev. Biol. 258, 406-418.

Zhang, B., Kirov, S. and Snoddy, J. (2005). WebGestalt: an integrated system for
exploring gene sets in various biological contexts. Nucleic Acids Res. 33, W741-
W748.

Zucker, R. M., Hunter, E. S., 3rd and Rogers, J. M. (1999). Apoptosis and
morphology in mouse embryos by confocal laser scanning microscopy. Methods
18, 473-480.



