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Identification of multipotent progenitors in the embryonic
mouse kidney by a novel colony-forming assay

Kenji Osafune™?3, Minoru Takasato?#, Andreas Kispert®, Makoto Asashima?? and Ryuichi Nishinakamura46*

Renal stem or progenitor cells with a multilineage differentiation potential remain to be isolated, and the differentiation
mechanism of these cell types in kidney development or regeneration processes is unknown. In an attempt to resolve this issue, we
set up an in vitro culture system using NIH3T3 cells stably expressing Wnt4 (3T3Wnt4) as a feeder layer, in which a single renal
progenitor in the metanephric mesenchyme forms colonies consisting of several types of epithelial cells that exist in glomeruli and
renal tubules. We found that only cells strongly expressing Sali7 (Sall1-GFPM9" cells), a zinc-finger nuclear factor essential for kidney
development, form colonies, and that they reconstitute a three-dimensional kidney structure in an organ culture setting. We also

found that Rac- and INK-dependent planar cell polarity (PCP) pathways downstream of Wnt4 positively regulate the colony size,
and that the JNK pathway is also involved in mesenchymal-to-epithelial transformation of colony-forming progenitors. Thus our
colony-forming assay, which identifies multipotent progenitors in the embryonic mouse kidney, can be used for examining

mechanisms of renal progenitor differentiation.

KEY WORDS: Progenitor, Kidney, Colony-forming assay, Sall1, Wnt, PCP, JNK, Rho, Mouse

INTRODUCTION

Mammalian adult kidney, metanephros, is formed by reciprocally
inductive interaction between two precursor tissues derived from
the intermediate mesoderm, the metanephric mesenchyme and
the ureteric bud. The ureteric bud induces the metanephric
mesenchyme to differentiate into the epithelia of glomeruli and
renal tubules, endothelial and stromal cells (Saxen, 1987). Inductive
signals have been vigorously investigated, and several factors have
been elucidated that trigger epithelialization of metanephric
mesenchyme in explant culture system; the members of Wnt family
(Herzlinger et al., 1994, Kispert et al., 1998), leukemia inhibitory
factor (LIF) (Barasch et al., 1999; Plisov et al., 2001), and
transforming growth factor 32 (TGFR2) (Plisov et al., 2001). These
studies have also suggested the presence of clonal cells
in mesenchymal rudiments, which sequentially form renal
condensation, comma (C)- and S-shaped bodies, and terminally
epithelia of glomeruli and renal tubules, and the existence of single
epithelial precursors responding to LIF was demonstrated in
mesenchyme (Barasch et al., 1999). One previous report suggested
retrospectively the presence of multipotent cells in embryonic
kidneys, demonstrating that cells in several portions of nephron
were derived from a single stem cell using lacZ gene transduction
with retrovirus into a single cell of mesenchyme (Herzlinger et al.,
1992). However, none has isolated prospectively the renal
progenitor cells with a multilineage differentiation potential from
the embryonic kidney, and none has examined their differentiation
mechanisms in a single cell culture. There has been a lack of assay
systems that specifically identify renal progenitors, as in cases of
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the neurosphere method for neural stem cells (Reynolds et al., 1992)
and the colony assay for hematopoietic progenitors (Pluznik and
Sachs, 1965; Bradley and Metcalf, 1966).

We previously generated mice in which the green fluorescence
protein gene (GFP) was knocked into the locus of Salll (Salll-GFP
mice), a zinc finger nuclear factor that is expressed in the
metanephric mesenchyme and that is essential for kidney
development (Nishinakamura et al., 2001; Takasato et al., 2004).
Salll is also expressed in the subventricular zone of the central
nervous system and progress zones of limb buds, where neural and
mesenchymal stem cells reside, respectively, leading to speculation
that Salll might have some association with stem cells in several
organs, including the kidney.

Targeted disruption of Wnr4 results in kidney agenesis and
impairs mesenchymal-to-epithelial transformation (Stark et al.,
1994), and co-culture with 3T3Wnt4 induces tubulogenesis in the
mesenchyme rudiment in organ culture (Kispert et al., 1998),
suggesting both essential and sufficient roles of Wnt4 for
epithelial differentiation of metanephric mesenchyme. Recently,
Wnt9b expressed in the ureteric bud was shown to function
upstream of Wnt4 (Carroll et al., 2005). Thus, we attempted to set
up assay systems that can identify and characterize the progenitor
cells with multipotent differentiation potential from uninduced
metanephric mesenchyme using Wnt4 signal. Wnt genes are
known to regulate multiple cellular functions using at least three
intracellular signaling branches: the 3-catenin pathway (canonical
pathway), in which stabilized B-catenin interacts with members
of the lymphoid enhancer factor/T cell factor (LEF/TCF) family
of transcription factors and activates gene expression in the
nucleus (Wodarz and Nusse, 1998; Miller et al., 1999); the planar
cell polarity (PCP) pathway, which involves Jun N-terminal
kinase (JNK) and the Rho family of small guanosine
triphosphatases (GTPases) and which directs cytoskeletal
rearrangements, coordinated polarization within the plane of
epithelial sheets, and morphogenetic movements during
development (Veeman et al., 2003; Wallingford et al., 2002); and
the Wnt/Ca?* pathway, which leads to release of intracellular
calcium and is implicated in Xenopus ventralization and in the
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regulation of embryonic cell movements (Miller et al., 1999;
Veeman et al., 2003; Wallingford et al., 2002). Mechanisms by
which Wnt pathways mediate cellular effects in kidney
development are poorly understood.

In this study, we established a novel colony-forming
assay system using 3T3-expressing Wnt4 to identify renal
progenitors in the metanephric mesenchyme. Combining our
colony-forming assay with flow cytometry, we found that these
progenitors could be enriched by using Sall/ as a marker. We also
examined the effects of Wnt downstream branches on the renal
progenitors.

MATERIALS AND METHODS

In vitro colony-forming assay

Metanephric mesenchyme of embryonic day (E) 1.5 mice was isolated
surgically from embryonic kidney rudiment. The mesenchyme was
incubated in 0.05% trypsin-EDTA at 37°C for 10 minutes and then
transferred to DMEM with 10% fetal calf serum. Mesenchymal cells were
then mechanically dissociated by gentle aspiration through repeated
pipetting. Metanephros of E14.5 and 17.5 embryos was incubated in
| mg/ml Dispase (Invitrogen) at 37°C for 30 minutes then mechanically
dissociated by repeated pipetting. NIH3T3 cells stably expressing Wnt3a,
Wnt4 and lacZ (Kispert et al., 1998) were mitotically inactivated
with mitomycin C before use. Single mesenchymal cells were sorted
by FACS Vantage (Becton Dickinson) and plated onto these feeder
cells at a low density (5X10? cells/well of 6-well plates), then cultured
in DMEM/F12 with 5% knockout serum replacement (Invitrogen),
10 pg/ml insulin, 6.7 pg/l sodium selenite, 5.5 wg/ml transferrin,
1%1077 mol/l dexamethasone, 10 mmol/l nicotinamide, 2 mmol/l 1.-
glutamine, 50 pmol/l B-mercaptoethanol, 5 mmol/l HEPES and
penicillin/streptomycin.

RT-PCR
Primers used for PCR were as follows:

Pax2, 5'-AGGGCATCTGCGATAATGAC-3' and 5'-CTCGCGTTTC-
CTCTTCTCAC-3';

Liml (Lhxl ~ Mouse Genome Informatics), 5-TGGACC-
GTTTCCTCTTGAAC-3' and 5'-TGTTCTCTTTGGCGACACTG-3';

Eyal, 5'-CGGTCGACCTCTATGGAAATGCAGGATCTAAC-3' and
5'-AACTTCGGTGCCATTGGGAGTC-3;

Salll, 5'-TCTCCAGTGTGAGTTCTCTCG-3’ and 5'-GTACACG-
TTTCTCCTCAGGAC-3';

Wtl, 5'-ACCCAGGCTGCAATAAGAGA-3' and 5'-GCTGAAGG-
GCTTTTCACTTG-3';

Hoxall, 5'-GGATTTTGATGAGCGTGGTC-3' and 5'-GAGTAG-
CAGTGGGCCAGATT-3';

glial cell line derived neurotrophic factor (Gdnf): 5'-CCCGA-
AGATTATCCTGACCA-3' and 5'-TAGCCCAAACCCAAGTCAGT-3';

integrin a8, 5'-GGCGAAAGTGCAGTCCTAAA-3' and 5'-GAAG-
GAGACATTCGGAGTGG-3';

integrin a3, 5'-CGGCCTGTCATCAATATCCT-3' and 5'-CGAA-
CATTGTCCATCAGCAG-3';

neural cell adhesion molecule (Ncam), 5'-ACGTCCGGTTCA-
TAGTCCTG-3' and 5'-CTATGGGTTCCCCATCCTTT-3';

E-cadherin (cadherin | — Mouse Genome Informatics), 5'-GCA-
CTCTTCTCCTGGTCCTG-3' and 5'-GTTGACCGTCCCTTCACAGT-3';

K-cadherin (cadherin 6 — Mouse Genome Informatics), 5'-CTAGT-
GGCTTCCCAGCAAAG-3' and 5'-CGTGACTTGGACCACAAATG-3';

Ret, 5'-GCGTCAGGGAGATGGTAAAG-3’ and 5'-CATCAGGG-
AAACAGTTGCAG-3';

Hoxb7, 5'-TTCCCCGAACAAACTTCTTG-3' and 5'-CGGAGAGG-
TTCTGCTCAAAG-3';

a-actinin-4, 5'-TGGTGCAACTCTCATCTTCG-3’ and 5'-CCGCA-
GCTTGTCATACTCAA-3';

CD2-associating protein (CD2-AP), 5'-AGGAATTCAGCCACAT-
CCAC-3' and 5'-CCTGAGCGTTGTGAGTTTCA-3’;

P-cadherin (cadherin 3 —~ Mouse Genome Informatics), 5'-CAC-
ACGACCTCATGTTCACC-3' and 5'-GAAATGGTCCCCATCATCAC-3';

podoplanin, 5'-TCTACTGGCAAGGCACCTCT-3’ and 5'-GCTCTT-
TAGGGCGAGACCTT-3';

podocalyxin-like, 5'-ACTACATTGCCCGTCTCCAC-3' and 5'-AAA-
TCCTCAGCTGGCTTGAA-3';

aquaporin ! (Agpl), 5'-CCTCCAGGCACAGTCTTCTC-3' and 5'-
CAGTGGCCTCCTGACTCTTC-3";

chloride channel 5 (Clcn5), 5'-TGGGCTCTTCTGTTTGCTTT-3' and
5'-GCGAAGAAAGAACGCCATAG-3';

cubilin (intrinsic factor cobalamin receptor), 5'-CAACCTT-
GCCCGTGTTCTAT-3' and 5'-GTCTGAGTCATCGCTGTGGA-3';

megalin (low density lipoprotein receptor-related protein 2 — Mouse
Genome Informatics), 5'-CAGGGACTCCTCTGACGAAG-3' and 5'-
CCTCTCCTTCTGGACAGTCG-3';

sodium glucose transporter 1 (Sgitl; Slc5al — Mouse Genome
Informatics), 5'-GCCATCATCCTCTTCGTCAT-3' and 5'-ACCACTG-
TCCTCCACAAAGG-3';

Brnl (Pou3f3 — Mouse Genome Informatics), 5'-TCTATGGCA-
ACGTGTTCTCG-3’ and 5'-CGTCATGCGTTTTTCCTTTT-3";

Na-K-2Cl co-transporter 2 (Nkcc2;, Slci2al -~ Mouse Genome
Informatics), 5'-CATGGCATTCATTCTCATCG-3’ and 5'-GCAGAGG-
CCACTATTCTTCG-3';

Clck2 (Clenkb — Mouse Genome Informatics), 5'-CCTCTCA-
CTTCTCCGTCTGG-3' and 5'-AAGAAAGTCCGCTGGCTGTA-3';

polycystin 2, 5'-GGTGGTGGCAAACTGAACTT-3' and 5'-TCTC-
CAGCTTGACAATCACG-3';

renal outer medulla K channel 2 (Romk2), 5'-TGGTCTCCAAA-
GATGGAAGG-3' and 5'-ATGGCACCACACATGAAAGA3Z';

epithelial Na channel (ENaC; Scnnlg - Mouse Genome Informatics),
5'-GCCTCACTGCTTTCAAGGAC-3' and 5'-CCAAGTGGGATACT-
GGGCTA-3";

Na/Ca exchanger, 5'-TGTGTTTACGTGGTCCCTGA-3' and 5'-TGG-
AAGCTGGTCTGTCTCCT-3;

polycystin 1, 5'-CTCTGTGCCCTTCTGAGTCC-3’ and 5'-TGGATCC-
ATTCCTTCAAAGC-3';

Foxdl, 5'-CTGGTGAAGCCTCCCTACTC-3' and 5'-GCCGTTGTC-
GAACATGTCTG-3'; Flkl (Kdr — Mouse Genome Informatics), 5'-
GCATGGAAGAGGATTCTGGA-3' and 5'-CAAGGACCATCCCAC-
TGTCT-3';

VE-cadherin (cadherin 5 - Mouse Genome Informatics), 5'-
ACCGGATGACCAAGTACAGC-3' and 5 -TTCTGGTTTTCTGGC-
AGCTT-3";

Cd45 (Ptprc — Mouse Genome Informatics), 5'-CCACCAGGGACT-
GACAAGTT-3' and 5'-TAGGCTTAGGCGTTTCTGGA-3'; and

glyceraldehyde-3-phosphate dehydrogenase (Gapdh), 5'-TGATGA-
CATCAAGAAGGTGGTGAAG-3’ and 5'-TCCTTGGAGGCCATGTA-
GGCCAT-3'".

PCR cycles were as follows: Gapdh, initial denaturation at 94°C for 2.5
minutes, followed by 22 cycles of 94°C for 30 seconds, 60°C for 30 seconds,
72°C for 30 seconds, and final extension at 72°C for 10 minutes; other genes,
initial denaturation at 94°C for 2.5 minutes, followed by 28-33 cycles of
94°C for 30 seconds, 58°C for 1 minute, 72°C for 30 seconds, and final
extension at 72°C for 10 minutes.

Organ culture

In order to examine the in vitro differentiating potential of cell populations
included in the metanephric mesenchyme, each cell population was
separated by flow cytometry and was pelleted down by low-speed
centrifugation (380 g). The resultant cell pellet (1 X 10* cells per pellet) was
cultured on 3T3Wnt4 cells at air-fluid interface on a polycarbonate filter (0.4
vm, Nucleopore) supplied with DMEM plus 10% fetal calf serum at 37°C,
5% carbon dioxide. 3T3Wnt4 cells (50,000 cells in 50 pl medium) were
seeded on the filter 24 hours before the experiments, as described (Kispert
et al., 1998). To examine the influence of reagents on tubulogenesis, two
metanephroi or mesenchyme rudiments from E11.5 embryos were cultured
on a polycarbonate filter. For the culture of mesenchyme rudiments,
3T3Wnt4 cells were used as described above.
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Retroviral infection

The cDNA clones of the active mutant form of 8-catenin (pUC-EF-1a-$3-
catenin®*-3HA) (Miyagishi et al., 2000), the full length of rat axin (pBSKS-
rAxin) (Ikeda et al., 1998), and both constitutively-active and dominant-
negative mutant forms of human Rac/ and RhoA with N-terminus flag tag
[pCAGIP-flag-Racl (Val), pCAGIP-flag-Racl (Asn), pCAGIP-flag-RhoA
(Val), pCAGIP-flug-RhoA (Asn)] were subcloned into retroviral vector pMY-
IRES-EGFP (Kitamura et al., 2003). To produce recombinant retrovirus,
these plasmid vectors were transfected into the virus packaging cell line
PLAT-E (Morita et al., 2000) using FuGENE (Roche), and supernatant from
the transfected cells was collected to infect cells of the metanephric
mesenchyme. The viral supernatant was centrifuged at 20,000 g overnight
at 4°C to concentrate the virus. To infect mesenchymal cells with the
retrovirus, dissociated mesenchymal cells were resuspended into the
concentrated virus supernatant with adding polybrene. The suspension was
centrifuged 1400 g for 4 hours at room temperature. After washing with
PBS, mesenchymal cells were plated onto 3T3 feeder cells.

Immunocytochemistry and lectin staining

The colonies formed on 3T3Wnt4 feeder were fixed with 4%
paraformaldehyde in PBS for 20 minutes at 4°C. After washing with PBS,
PBS containing 2% skimmed milk and 0.1% Triton-X was incubated as a
blocking solution for 1 hour at room temperature. The fixed dishes were
incubated with primary antibodies overnight at 4°C followed by incubating
with secondary antibodies for 1 hour at room temperature. The following
antibodies were used: rabbit anti-Pax2 (Babco), rabbit anti-WT1 (Santa
Cruz), mouse anti-E-cadherin (Becton Dickinson), rabbit anti-AQP1
(Chemicon), and rabbit anti-phosphorylated JNKI and 2 (Biosource).
Rhodamine-conjugated anti-rabbit IgG (H+L) and anti-mouse IgG
(Chemicon) were used as secondary antibodies. To examine the expression
of a proximal renal tubule-specific marker, fluorescein isothiocyanate
(FITC)-conjugated Lotus Tetragonobulus lectin (LTL; Vector Labs) was
used. After each step, the cultured cells were washed three times with PBS
containing 0.1% Triton-X. For detection of Salll, mesenchymal cells derived
from Salll-GFP heterozygote embryos were cultured on 3T3 feeder and
subjected to GFP immunostaining procedure using rabbit anti-GFP
(Molecular Probes). Rhodamine-conjugated peanut agglutinin (PNA; Vector
Labs) staining was done as described (Gilbert et al., 1994). Organ culture
tissues were fixed with 4% paraformaldehyde in PBS for 1 hour at 4°C and
incubated in PBS including 0.1% saponin (Sigma) tor 1 hour at 37°C, then
the same staining procedure was carried out. Staining with rabbit anti-
secreted frizzled-related protein 2 (sFRP2; Santa Cruz) and FITC-
conjugated Dolichos biflorus agglutinin (DBA; Vector Labs) were also used
on sections of paraffin-embedded explants to examine the effect of reagents
on tubule formation and branching, respectively.

RESULTS

In vitro colony formation from E11.5 metanephric
mesenchyme

We cultured single cells from the metanephric mesenchyme of E11.5
embryos, using 3T3Wnt4 as a feeder layer in a serum-free condition.
The metanephric mesenchyme of transgenic mice ubiquitously
expressing enhanced green fluorescence protein (EGFP; Okabe et
al., 1997) was used to distinguish mesenchyme-derived cells from
feeder cells, and single cells sorted by flow cytometry were cultured
at a low cell density on 3T3Wnt4. This culture condition resulted in
the formation of sheet-like colonies not formed on 3T3lacZ (Fig. 1A,
upper panels), while scattered fibroblast-like cells were observed in
both conditions (Fig. LA, lower panels, arrows). Colonies were not
formed in the presence of frizzled (Fz)-Fc chimeric protein, a Wnt
inhibitor, thus confirming an essential role of Wnt4 for colony
formation (Fig. 1B). Colonies were not formed by culturing in the
conditioned medium from 3T3Wnt4 without feeder cells (data not
shown). Colonies were also formed on 3T3Wnt3a, but not in feeder-
free conditions using a purified recombinant Wnt3a protein (data not
shown). These data suggested the requirement of other signals from

3T3 cells, in addition to the Wnt signals for the colony formation. In
the presence of serum, colonies were not formed even on 3T3Wnt4,
and some factors in the serum might prevent colony formation (data
not shown). When colonies on 3T3Wnt4 were dissociated and plated
onto fresh feeder cells at day 10 of culture, few colonies were
obtained, and maintenance of these colonies could not be achieved
(data not shown). When we tried colony-formation by using
polycarbonate filters, which separate mesenchymal cells from the
feeder layer, colonies were formed but the number of colonies
formed was much smaller than that formed by directly culturing on
feeder cells (data not shown).

To characterize the molecular profiles of the colonies, genes
expressed in the metanephric mesenchyme were examined by RT-
PCR using RNA from the colonies together with 3T3Wnt4 (Fig.
1C). All the mesenchymal genes examined (Pax2, Limli, Eyal,
Salll, WT1, Hoxall, Gdnf, integrin o8, integrin a3, Ncam, E-
cadherin and K-cadherin) were expressed, and the expression
continued to day 20 (Fig. 1C, lanes 3-5). By contrast, when cultured
on 3T3lacZ, the expression of these genes was below the detection
level (lanes 7-9). The expression of ureteric bud markers (Rer and
Hoxb7) were not detected in mesenchyme separated from ureteric
bud, suggesting that the separation was successful (lane 1). To
determine the potential for differentiation within the colonies,
markers for terminally differentiated epithelia in glomeruli
(podocyte), proximal or distal tubules, and the loop of Henle were
also examined (glomeruli: a-actinin-4, CD2-AP, P-cadherin,
podoplanin and podocalyxin; proximal tubule: Agpl, Clc5, cubilin,
megalin and Sglt!; Henle’s loop: Brunl and Nkcc2; Henle’s loop or
distal tubule: Clck2, polycystin 2, and Romk2; distal tubule: ENaC,
Na/Ca exchanger and polycystin 1. These markers encode: (1)
cytoskeletal or structural proteins: o-actinin-4, CD2-AP, P-cadherin,
podoplanin and podocalyxin; (2) transcription factor: Brrnl; (3)
water or ion channels: Agpl, Clc5, Clck2, Romk2, ENaC, and
polycystinl and 2; and (4) transporters: cubilin, megalin, Sglt],
Nkcc2 and Na/Ca exchanger. As shown in Fig. 1C, almost all the
genes examined were expressed at day 20 on 3T3Wnt4 (lane 5),
while these markers were not expressed on 3T3lacZ (lanes 7-9). To
ascertain that these genes were expressed by the colony-forming
cells, colonies were formed from GFP transgenic mesenchyme, and
cells expressing GFP were separated from feeder layers by using
flow cytometry sorting. RT-PCR using RNA from these cells
suggested that the marker genes examined were indeed expressed by
colony-forming cells (lane 10). Furthermore, we made use of
immunocytochemistry and found that Pax2 (Fig. 1D-F), E-cadherin
(Fig. 1G-I), Salll (Fig. 1J,K), and Agp! (Fig. 1L,M) were expressed
on colonies. The expression of Pax2 and E-cadherin was not
detected on immunocytochemistry at day 3, and was subsequently
upregulated by day 10, which was consistent with the result of RT-
PCR (Fig. 1D.E,G,H). These data suggest that dissociated cells from
the metanephric mesenchyme form colonies on 3T3Wnt4 feeder
cells in serum-free conditions, and that these colonies contain
differentiated epithelia expressing marker genes for epithelia in
glomeruli (podocyte), proximal or distal tubules, and the loop of
Henle.

Colonies are derived from a single multipotent
renal progenitor

To confirm that these colonies were derived from a single cell, each
single cell sorted from the EGFP transgenic mesenchyme was
cultured in an individual well of 96-well plates coated with
3T3Wnt4. The sheet-like colony was found in 166 wells out of a
total of 1632 (10.2%) from three independent experiments (Fig. 2A).




