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Abstract

Primed nephron progenitor cells (NPCs) appear in metanephric mesenchyme by E11.5 and
differentiate in response to the inductive WNT9b signal from the ureteric bud. However, the
NPC WNT-receptor complex is unknown. We obtained M15 cells from E10.5 mesonephric
mesenchyme and systematically analyzed components required for canonical WNT9b-
responsiveness. When M15 cells were transfected with a 3-catenin luciferase reporter plas-
mid, exposure to recombinant WNT9b resulted in minimal luciferase activity. We then ana-
lyzed mRNA-expression of WNT-pathway components and identified Fzd71-6 and Lrp6
transcripts but not Rspo1. When M15 cells were treated with recombinant RSPO1 the
response to transfected WNT9b was augmented 4.8-fold. Co-transfection of M15 cells with
Fzd5 (but no other Fzdfamily member) further increased the WNT9b signal to 16.8-fold and
siRNA knockdown of Fzd5 reduced the signal by 52%. Knockdown of Lrp6 resulted in 60%
WNTO9Db signal reduction. We confirmed Fzd5, Lrp6 and Rspo1 mRNA expression in
CITED1(+) NPCs from E15.5 embryonic mouse kidney. Thus, while many WNT signaling-
pathway components are present by E10.5, optimum responsiveness of E11.5 cap mesen-
chyme requires that NPCs acquire RSPO1, FZD5 and LRP6.

Introduction

The mammalian kidneys are derived from progenitor cells in the embryonic intermediate
mesoderm, expressing the transcription factor, OSR1. Fate mapping studies of the embryonic
kidney reveal that cells labeled by the Osr1 promoter at embryonic day E7.5 give rise to all ele-
ments of the maturing kidney [1] and OsrI knockout mice are anephric [2, 3]. Around
E8.5-E9, a subset of OSR1-positive kidney progenitor cells are transformed into polarized
epithelia, forming the paired nephric duct structures that elongate down the embryo [4]. Con-
currently, another subset of cells upregulate Wilms’ tumor 1 (WT1) while retaining a mesen-
chymal phenotype. [5, 6]. The columns of WT1(+) cells flanking each nephric duct are
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committed to the nephron progenitor cell (NPC) fate; interestingly, W1 knockout mice fail to
develop functional kidneys [7]. Development of the metanephric kidney begins in earnest
when ureteric buds emerge from each nephric duct (E10.5), begins to arborize as it grows into
the adjacent column of metanephric mesenchyme and induces local NPCs to begin
nephrogenesis.

In the 1950s, Grobstein demonstrated that the metanephric mesenchyme can generate
renal tubular structures when co-cultured with inductive tissues that mimic the ureteric bud
signal [8]. This fundamental observation showed that the proper signal from the ureteric bud
could trigger differentiation in the committed NPCs from the metanephric mesenchyme. Key
observations by Herzlinger [9] and Carroll [10, 11] established the canonical WNT9b/f-cate-
nin signaling pathway as the central mechanism by which the ureteric bud initiates nephro-
genesis. Secretion of WNT9b by the ureteric bud is required for the early inductive events in
the developing kidney. Transgenic mice with a beta-catenin reporter display intense canonical
WNT-signaling activity in the cap mesenchyme [12, 13].

It is uncertain when NPCs become competent to respond to the inductive WNT signal,
however, WT1 expression is a crucial element in this process. Biallelic mutations of WT1 in
humans result in the formation of nephrogenic rests, clonal developmentally arrested cells
which lack canonical WNT-signalling activity and are unresponsive to inductive signals from
the ureteric bud [14]. We discovered that this is accomplished by WT1 suppression of EZH2,
de-repressing epigenetically silenced genes of the differentiation cascade [15]. Prior to arrival
of the ureteric bud (E10.5-E11), maturing WT1(+) NPCs express a panel of genes, including
retinoic acid receptor-alpha (Rara), cadherin 11 (CdhI1I) and CD24 [13, 16]. However, the
stage at which they are fully competent to respond to the WNT9b signal is unknown. Further-
more, the molecular basis for WNT9b responsiveness in NPCs is unknown.

The canonical WNT signaling pathway is full of redundancies. Here we take a systematic
approach to identifying the crucial components of the WNT9b signaling pathway in embry-
onic mouse kidney.

Materials and methods
Cell culture

MI5 cells are WT1-expressing cells isolated from E10.5 mouse mesonephric mesenchyme
expressing the large T protein of polyoma virus under control of the early viral enhancer. The
M15 cell line was establish following the protocol described by Larsson et al (1995) and
donated by the Hastie lab (Edinburgh, Scotland) [17]. Cells growing in monolayer attached to
plastic culture vessels in the presence of DMEM culture medium with 10% Fetal Bovine Serum
and 1% Penicillin/ Streptomycin.

Luciferase reporter transfections and dual luciferase assay

Transient transfections were performed using a canonical WNT-signalling reporter plasmid,
Super 8X TOPFlash (TOPFlash). M50 Super 8x TOPFlash was a gift from Randall Moon
(Addgene plasmid # 12456; http://n2t.net/addgene:12456; RRID:Addgene_12456) [18]. The
Renilla luciferase expression vector pRL-SV40 (Promega, Madison, WI, USA) was used to nor-
malize for transfection efficiency. Transfections for each condition were performed in tripli-
cate and repeated three times on different days. The following frizzled plasmids were gifts
from Chris Garcia & Jeremy Nathans: pRK5-mFzd1-1D4, pRK5-mFzd2-1D4, pRK5-mFzd3-
1D4, pRK5-mFzd4-1D4, pRK5-mFzd5-1D4, pRK5-mFzd6-1D4, pRK5-mFzd7-1D4,
pRK5-mFzd8-1D4, pRK5-mFzd9-1D4, pRK5-mFzd10-1D4 and pRK5-Wnt9b [19] (Addgene,
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Cambridge, MA, USA). Lrp5 (Clone ID: 3154246) and Lrp6 (Clone ID: 6409058) plasmids
were purchased from Dharmachon (Lafayette, CO, USA).

One day prior to transfection, 20,000 M15 cells were seeded in 24-well plates and trans-
fected at 80% confluency using Lipofectamine 2000 Transfection Reagent according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Plasmids were
transfected in the following amounts: Fzd (50 ng), TOPFlash (44 ng), Lrp (5 ng), Wnt (50 ng),
Renilla (1 ng). Recombinant WNT9b (3669-WN/CF, R&D Systems, Minneapolis, MN, USA)
was added at a concentration of 50 ng/mL to transfection media at the time of transfection in
corresponding conditions. In R-spondin conditions, either 200 ng/mL of recombinant mouse
RSPOL1 (3474-RS-R&D Systems, Minneapolis, MN, USA) or 200 ng/mL of recombinant
mouse RSPO3 (4120-RS/CF-R&D Systems, Minneapolis, MN, USA) was added to each well
24 hours post transfection. Firefly and renilla luciferase reporter activities were measured after
48h using the Dual Luciferase Assay System reagents and quantified in a GLOMAX 96 micro-
plate luminometer (Promega, Madison, WI, USA). The reporter activity was expressed as a
Firefly luciferase/ Renilla luciferase ratio.

The same procedure as described above was followed to monitor luciferase activity. For
siRNA experiments, cells were transfected with Silencer pre-designed siRNA targeting mouse
Fzd1 (siRNA ID: 75730), Fzd2 (siRNA ID: 57265), Fzd5 (siRNA ID: 14367) and Lrp6 (siRNA
ID: 62715) (Ambion, Carlsbad, CA, USA) using Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer instructions.

RNA isolation and real-time PCR analysis

RNA was isolated using the QIAGEN RNeasy kit according to the manufacturer’s instructions
(QIAGEN, Toronto, ON, Canada). RT-PCR was performed using the iScript cDNA synthesis

kit (Bio-Rad, Mississauga, ON, Canada). Quantitative real-time PCR was performed using the
SsoFast EvaGreen Supermix with Low ROX (Bio-Rad, Mississauga, ON, Canada) and specific

primer sets in a LightCycler 480 II (Roche Applied Science, Laval, QC, Canada).

Immunoblotting

Protein content was quantified in cellular extracts using the BCA assay (Pierce, Rockford, IL,
USA). Twenty-five micrograms of protein extract were loaded onto SDS-PAGE gel and sub-
jected to electrophoresis following standard immunoblotting techniques. The following pri-
mary antibodies and titres were used: anti-WT1 (antibody C19: sc-192, 1/200, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-Actin (A5441, 1/10000, Sigma-Aldrich, Oakville,
ON, Canada). Immunoreactive bands were detected using species-specific horseradish peroxi-
dase-conjugated secondary antibodies (1/2000, Cell Signaling, Danvers, MA, USA) and visual-
ized and analyzed using the GE Healthcare ECL Plus Western Blotting Detection Reagents
and the BioRad Imager Scanner and software (GE Healthcare, Mississauga, ON, Canada).

In situ hybridization

In situ hybridization of E11.5 embryos was performed according to the protocol listed on the
GUDMAP website: https://www.gudmap.org/chaise/recordset/#2/Protocol:Protocol@sort
(RID). cDNAs were purchased from ThermoFischer/Open Biosystems. For each gene, we
include the clone ID, the restriction enzyme used to linearize the plasmid and the polymerase
used to synthesize the antisense probe. Fzd1 (Clone ID: 5697795) Sall/T3, Fzd2 (Clone ID:
6411627) Sall/T3, Fzd3 (Clone ID: 30084926) EcoRI/T3, Fzd4 (Clone ID: 4238940) Sall/T7,
Fzd5 (Clone ID: UI-M-CGOP-BRL-B-03-0-UI) EcoRI/T3, Fzd6 (Clone ID: 3983985) Sall/T7,
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Fzd7 (Clone ID: 6844727) Sall/T3, Fzd8 (Clone ID: 3992722) Sall/T7, Fzd9 (Clone ID:
UI-M-CGOP-BGI-E-03-0-UI), Fzd10 (Clone ID: 556296) Pst1/T7.

Mice

All animal experiments followed the guidelines provided by the Canadian Council of Animal
Care and were approved by the McGill University Facility Animal Care Committee (FACC),
including an analysis of the 3Rs of animal use in research. Cited1-Cre mice were donated from
Dr. Mark de Caestecker [20]. B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Tom™¥
floX) mice were bought from Jackson Laboratories. All animals were housed at the Research
Institute of the McGill University Health Centre animal facility and monitored daily by animal
care staff. Support staff followed McGill University Standard Operating Procedure #508 for
rodent husbandry guidelines (https://mcgill.ca/research/files/research/508_-_rodent_
husbandry_-_march_2016_1.pdf). Cited1-Cre males were crossed with homozygous Tomo¥
flox females to generate double transgenic embryos. All genotypes generated from this cross
were viable and healthy. For immunofluorescence experiments, at 17 dpc, 0.1 mg/g body
weight of Tamoxifen (Sigma) was administered to pregnant females via intraperitoneal injec-
tion in their home cage [21]. No adverse events were observed in the pregnant female or
embryos at this dose of tamoxifen administration. Females were sacrificed 24 hours later, and
embryos were harvested. For ddPCR experiments on Cited1/Tom cells, pairs of embryonic
kidneys were plated in a single well of a 6-well plate after digestion in a collagenase B digestion
solution at 37°C for 1 hour. These cells were subsequently treated with 2.5 pg/mL of 4-hydro-
xytamoxifen added to culture media. Digested embryonic kidneys from one pregnancy were
pooled and cells were grown at 37°C in tissue culture flasks in NPC growth media [22].

Tissue preparation and confocal microscopy

Embryonic mouse kidneys (E18) from Cited1/Tom mice were fixed overnight in 4% PFA at
4°C. Kidneys were then transferred into 15% Sucrose in PBS and rocked at room temperature
for 30 mins followed by rocking overnight at 4°C in 30% sucrose. Next, kidneys were placed
into a 1:1 mixture of 30% sucrose/PBS and OCT and rocked at 4°C for 2 hours and then were
embedded in OCT and stored at -80°C until sectioned. Cryosections (7uM) were obtained
using a Leica Cryostat. Nuclei were counterstained with VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were obtained with
a laser scanning confocal microscope (LSM780) and the ZEN2010 software (Carl Zeiss Canada
Ltd., Toronto, ON, Canada) at room temperature and processed by Adobe Photoshop and
Hlustrator software.

Fluorescence activated cell sorting (FACS)

Whole embryonic kidneys were isolated and activated with tamoxifen as previously described.
Cells were then washed in PBS and re-suspended into 500 uL of 2% FBS in PBS solution and
kept at 4°C until they were sorted. Cell sorting was performed by immunophenotyping core
facility staff using a BD FACSAria Fusion. Isolated Cited1/Tom cells isolated were immediately
pelleted and frozen at -80°C.

Droplet digital PCR (ddPCR)

RNA was extracted from Cited1/Tom cells followed by cDNA synthesis as previously
described (n = 4). Droplets were formed in a QX200 Droplet Generator and PCR was per-
formed using the QX200 ddPCR EvaGreen Supermix (Bio-Rad, Mississauga, ON, Canada)
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and specific primer sets in a C1000 Touch Thermal Cycler (Bio-Rad, Mississauga, ON, Can-
ada). Droplets were read using the QX200 Droplet Reader machine and results were displayed
in QuantaSoft software.

Statistical analysis

Graphs are presented as mean + SEM of three or more independent results. Statistical signifi-
cance was assessed by a one-way ANOVA followed by a Dunnett correction for multiple com-
parisons. ddPCR results were analyzed by unpaired t-tests.

Results
M15 cells

A committed lineage of NPCs emerge from the OSR1(+)/WT1(+) intermediate mesoderm as
early as embryonic day E7.5 [1]. To model early events that render NPCs responsive to the
inductive WNT9b signal from ureteric bud, we analyzed the M15 cell line. M15 cells are
derived from E10.5 mesonephric mesenchyme of mice bearing the large T protein polyoma
virus under the control of an early viral enhancer [17]. These cells are thought to represent the
NPC phenotype one day prior to arrival of the ureteric bud at E11.5. To validate the lineage
specification of M15 cells, we confirmed the expression WT1 (Fig 1A and 1B) and the pattern
of additional transcripts characteristic of the early NPC lineage (Table 1). We detected tran-
scripts of key early NPC markers including Osr1 and Cited1 but not markers of NPCs after
exposure to the ureteric bud, such as Wnt4 and Rara (Table 1). We then screened M15 cells
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Fig 1. Effect of recombinant RSPO1 on responsiveness of M15 cells to WNT9b. (A) mRNA from E10.5 mouse
mesonephric mesenchyme (M15 cells) was analyzed by RT-PCR for WtI mRNA expression in M15 cells and MK3
(positive control) cells vs water blank. (B) Lysates of M15 cells vs E14.5 MK4 (negative control) or am318.2
mesenchymal stem cells from 20-week gestation human amniotic fluid were analyzed by Western immunoblotting for
WT1 protein (upper panel) and Beta actin (lower panel). (C) M15 cells were transiently transfected with p-catenin-
luciferase reporter (TOPFlash) and Renilla-luciferase reporter. The cells were exposed to recombinant WNT9b (50 ng/
ml). After 48 hours, TOPFlash to Renilla signal (RLU) was measured in a luminometer. An unpaired two-tailed
Welch’s t-test was performed. (ns) p = 0.98. (D) M15 cells were transfected with TOPFlash, Renilla and Wnt9b
plasmids and cultured for 24 hours; recombinant RSPO1 or RSPO3 (200 ng/ml) were added for an additional 24 hours
and TOPFlash to Renilla signal was measured. A one-way ANOVA followed by a Dunnett correction for multiple
comparisons was performed. (****) = p <0.0001.

https://doi.org/10.1371/journal.pone.0215139.g001
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Table 1. mRNA expression of WNT/B-catenin pathway components in M15 cells.

Gene
Fzdl
Fzd2
Fzd3
Fzd4
Fzd5
Fzd6
Fzd7
Fzd8
Fzd9
Fzdl10

https://doi.org/10.1371/journal.pone.0215139.t001

Expression

+

+ |+ |+ |+ |+

Whnt-signalling genes NPC markers
Gene Expression Gene Expression
Lrp5 - WT1 +
Lrp6 + Osrl +
Rspol - Citedl +
Rspo3 - Six2
[-catenin + Whnt4

Wnt9b - Rara

Lgr4 +

Lgr5

Lgré +

for mRNA expression (RT-PCR) of candidate genes in the canonical WNT/B-catenin signaling
pathway (Table 1). We identified expression of B-Catenin, Lrp6, Lgr4/6 and Fzd1-6. Notably
absent were Rspol and 3, Fzd7-10, Lrp5 and Lgr5.

M15 cells are unresponsive to external WNT9b

To ascertain whether M15 cells are primed to respond to a WNT9Db signal, we transiently
transfected the cells with TOPFlash, a B-Catenin/luciferase reporter, and exposed them to
recombinant WNT9B protein at concentrations ranging from 50-400 ng/ml but detected only
minimal response (1.05-fold) (Fig 1C).

RSPO1 enhances responsiveness of M15 cells to WNT9b

Considering M15 cells lack both R-spondins known to be expressed in NPCs of embryonic
mouse kidney cap mesenchyme (GUDMAP), we reasoned that M15 cell WNT-responsiveness
might be limited by the stability of the WNT-receptor complex at the cell surface [23-25]. To
test this hypothesis, we first transfected M 15 cells with TOPFlash and assessed the response to
a co-transfected WNT9b expression plasmid. As seen in Fig 1D we detected a significant
(5-fold) increase in luciferase activity. We then added recombinant RSPO1 (200 ng/ml) or
RSPO3 (200 ng/ml) which further increased the signal to 22- and 27-fold above baseline,
respectively (p<0.0001) (Fig 1D). Preliminary dose-response studies showed that no further
signal increase was obtained with higher concentrations of either R-spondin protein. To dis-
sect the importance of other canonical WNT-pathway components, we added Wnt9b plasmid
and recombinant RSPO1 (200 ng/ml) in all subsequent experiments.

Frizzled receptor expression in cap mesenchyme

To identify candidate Frizzled receptors responsible for transducing the WNT9b response in
NPCs, we performed in situ hybridization for the Frizzled family members (Fzd1-10) in E11.5
mouse kidney, except for Fzd9 which was unsuccessful. As seen in Fig 2A, embryos cross-sec-
tioned across both nephric fields show several Frizzled family members (Fzd2, Fzd3, Fzd5 and
Fzd7) with diffuse expression patterns but with concentrated expression in the cap mesen-
chyme; in contrast to Fzds with weak expression in the cap mesenchyme (Fzd4 and Fzd10) or
strong expression restricted to ureteric bud branch tips (Fzd6 and Fzd8).
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Fig 2. Effect of Fzd expression on WNT9b responsiveness in M15 cells. (A) Cross sections of E11.5 embryos displaying both nephric fields were
assessed by in situ hybridization using riboprobes for Fzd1-10, except Fzd9 which was unsuccessful for technical reasons. Asterisk (*) marks
ureteric buds. Arrow (—) marks cells of the cap mesenchyme. (B) M15 cells were transiently transfected with p-catenin-luciferase reporter
(TOPFlash), Renilla-luciferase reporter, Wnt9b-expression vector and various Fzd1-10 expression plasmids in the presence of recombinant
RSPO1 (200 ng/ml). TOPFlash to Renilla signal was measured after 48 hours. A one-way ANOVA followed by a Dunnett correction for multiple
comparisons was performed. (**) p = 0.0002 (C) M15 cells were transiently transfected with B-catenin-luciferase reporter (TOPFlash), Renilla-
luciferase reporter, Wnt9b-expression vector and siRNAs targeting Fzd1, Fzd2 or Fzd5 vs a scrambled negative control siRNA in the presence of
recombinant RSPO1 (200 ng/ml). TOPFlash to Renilla signal was measured. A one-way ANOVA followed by a Dunnett correction for multiple

comparisons was performed. (*) p = 0.005.

https://doi.org/10.1371/journal.pone.0215139.9002
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Transfection of M15 cells with Fzd5 enhances WNT9b responsiveness

To confirm whether one of the Fzd receptors is rate limiting in M15 cells, we transfected each
member of the Fzd receptor family (Fzds 1-10) individually into M15 cells expressing TOP-
Flash. Cells were co-transfected with Wnt9b and exposed to recombinant RSPO1 (200 ng/ml)
in each experiment. As seen in Fig 2B, the only Fzd which significantly augmented WNT9b-
induced TOPFlash signal was Fzd5. When M15 cells were co-transfected with Fzd5, activity of
the canonical WNT/B-Catenin reporter was increased 3.5-fold (p = 0.0002). We then per-
formed similar experiments in M15 cells co-transfected with an siRNA targeting Fzd5, previ-
ously shown to knock down Fzd5 expression level by 70%. As seen in Fig 2C, presence of the
Fzd5 siRNA reduced WNT9b-dependent TOPFlash activity by 52% (p = 0.005), whereas
knockdown of FzdI and Fzd2 resulted in non-significant changes.

Lrp6 is required for optimal responsiveness of M15 cells to WNT9b

To examine the importance of Lrp expression to the canonical WNT9b-responsiveness, we
transiently transfected M 15 cells with Wnt9b, TOPFlash and a Lrp6 siRNA. A scrambled
siRNA was transfected in another condition as a control. As seen in Fig 3, addition of the Lrp6
siRNA reduced WNT9b-dependent TOPFlash signal by 66% (p<0.0001) whereas the scram-
bled siRNA had no effect. Interestingly, additional co-transfection with Lrp5 was unable to res-
cue WNT9b pathway activity in the presence of Lrp6 siRNA. Co-transfection of M15 cells with
Lrp5 (in the absence of siRNA) had no effect on its own.

Responsiveness to extrinsic WNT9b is restored by addition of Fzd5 and
RSPO1

To ascertain whether M15 cell responsiveness to an external source of WNT9b could be
restored by addition of suboptimal WNT-pathway components, we transfected the cells with

-
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Fig 3. Lrp6 is required for optimal responsiveness of M15 cells to WNT9b. M15 cells were transiently transfected
with B-catenin-luciferase reporter (TOPFlash), Renilla-luciferase reporter and a Wnt9b expression vector and treated
with RSPO1 (200 ng/ml). The cells were co-transfected with an siRNA targeting Lrp6 or a scrambled negative control
siRNA in the presence of recombinant RSPO1 (200 ng/ml). After 48 hours, TOPFlash to Renilla signal was measured.
In another experiment, the cells were co-transfected with a Lrp5 expression plasmid to assess its effect on WNT9b
pathway activity. A one-way ANOVA followed by a Dunnett correction for multiple comparisons was performed.
(****) p<0.0001.

https://doi.org/10.1371/journal.pone.0215139.g003
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TOPFlash and Fzd5. We then treated them with recombinant RSPO1 and measured luciferase
activity. As seen in Fig 4, no response was detected in cells exposed to WNT9b, RSPO1 or Fzd5
alone. However, the signal was increased 3.3-fold over baseline in M15 cells exposed to recom-
binant WNT9b and RSPO1. The signal was increased to 11.1-fold over baseline in M15 cells
transfected with Fzd5 and exposed to recombinant WNT9b and RSPO1 (p<0.0001) (Fig 4).

Cited1 cells isolated from embryonic mouse kidney express Wt1, Fzd5, Lrp6
and Rspol

To confirm expression of the key components of the WNT9b signaling pathway identified
above in a primary NPC, we isolated Cited1-expressing cells from embryonic mouse kidneys.
Six2 is a commonly used cap mesenchyme marker, however, Cited1 has been shown to have
overlapping expression with Six2 and also is downregulated before NPCs begin differentiation
into mature tubules [26, 27]. To identify Cited1 cells in the cap mesenchyme, we crossed mice
with a floxed tdTomato (TomatoRed) transgene to mice bearing a tamoxifen-inducible
Citedl-driven Cre Recombinase [20]. The Cited1-Cre mouse also contains EGFP, however, we
were not able to specifically isolate the Citedl population of cells due to high green autofluor-
escence observed in the kidney. As seen in Fig 5A, tamoxifen administered to the pregnant
mother at E17 activated TomatoRed in NPCs of the cap mesenchyme. Although activation of
the Cre-recombinase was successful in vivo, this method required more time between tamoxi-
fen injection and cell isolation which increased the likelihood of including differentiated cells
into our analysis. To circumvent this issue and isolate NPCs rapidly after activation of the
TomatoRed tag, we digested E15.5 embryonic kidneys from Cited1“"*/TomatoRed mice with
collagenase, dispersed the cells into monolayer culture and added 4-hydorxytamoxifen (2.5ug/
ml) to induce Cre-recombinase expression in vitro (Fig 5B). After 12 hours, TomatoRed(+)
cells were isolated by FACS for analysis. This method ensured that fewer red-labelled cells

1 5- *kkk

-
(=}
1

TOPFlash activation
(Fold change in RLU)

5-
0-
WNT9b | - * = + . # &
RSPO1 = - - - + +
Fzd5| - - + + - -

Fig 4. Responsiveness to extrinsic WNT9b is restored by addition of Fzd and RSPO1. In all conditions, M15 cells
were transiently transfected with B-catenin-luciferase reporter (TOPFlash) and Renilla-luciferase reporter; in some
experiments the cells were co-transfected with Fzd5 expression plasmid. TOPFlash to Renilla signal was measured in
the presence or absence of recombinant WNT9b (50 ng/mL) and/or recombinant RSPO1 (200 ng/ml). A one-way
ANOVA followed by a Dunnett correction for multiple comparisons was performed. (****) = p<0.0001.

https://doi.org/10.1371/journal.pone.0215139.g004
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Fig 5. Identification and isolation of Cited1 expressing cells from embryonic kidneys. (A) Cryosections of E18 embryonic kidneys isolated from Cited1“"*/TomatoRed
mice were assessed by immunofluorescent microscopy for the presence of TomatoRed in cap mesenchyme surrounding ureteric bud tips. (*) Ureteric Bud outlined in
green. (B) Whole E15.5 embryonic kidneys were dispersed into monolayer culture in the presence of tamoxifen (2.5 pg/ml) for 16 hours and TomatoRed(+) cells were
visualized by immunofluorescent microscopy. (C) Expression of WNT9b pathway component transcripts in Cited1“"®/TomatoRed cells isolated by FACS from E15.5
embryonic mouse kidney quantified by ddPCR. Bars represent mean number of events of gene of interest normalized to B2M events (n = 2, 17 total pooled embryonic
kidneys). Error bars represent standard error of the mean.

https://doi.org/10.1371/journal.pone.0215139.g005

would differentiate before FACS isolation. We extracted RNA from Cited1/TomatoRed(+)
cells of 17 embryonic kidneys pooled from 4 litters (two litters per sample; sample 1: n =9
embryonic kidneys; sample 2: n = 8 embryonic kidneys) and analyzed transcripts levels by
droplet digital PCR (ddPCR) due to the limited number of cells isolated per kidney. As seen in
Fig 5C, we confirmed mRNA expression of WtI, Fzd5, Rspol and Lrp6 in the Cited1/Toma-
toRed(+) NPCs from E15.5 cap mesenchyme. Each condition was compared to the Cited1/
TomatoRed(-) fraction of cells obtained from the same kidneys and normalized to beta-
2-microglobulin (B2M) transcript levels. As the Cited1/TomatoRed(+) population of cells rep-
resents approximately 6% of the E15.5 kidneys after FACS, we expected the Cited1/Toma-
toRed(-) population of cells to also express some level of our markers of interest, therefore we
used this condition as a positive control.
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Discussion

Around embryonic day E9.0 of mouse development, a lineage of WT1-expressing progenitor
cells emerge within the OSR1(+) intermediate mesoderm. To model this early NPC prior to
the arrival of the ureteric bud, we studied the M15 cell line isolated from E10.5 mouse kidneys
[17]. These cells express Osr1, WT1 and Cited1, placing them in the early NPC lineage. Previ-
ous studies from our lab showed the essential role of WT1 for responsiveness to the inductive
WNT9b signal through suppression of EZH2, a histone H3K27 methyltransferase. EZH2 sup-
pression in turn opens up chromatin, permitting exit from the stem cell state [15, 28]. Thus,
WT1 is essential for maturation of the nephron progenitor cell lineage. Nevertheless, we found
that M15 cells were unresponsive to WNT9b in vitro. This suggests that WT1 expression alone
is not sufficient to prime the NPC for WNT-responsiveness and that the early NPC must
acquire additional molecular properties by the time the ureteric bud arrives at E10.5-E11.

Although M15 cells are unresponsive to WNT9D, they are derived from the Osr1/WT1(+)
lineage in embryonic kidney and afford an informative in vitro model in which to explore the
molecular basis for WNT9b responsiveness. M15 cells express many components of the
canonical WNT-signaling pathway, including 4 frizzled receptors (Fzd1, Fzd2, Fzd3 and Fzd5)
which can be detected in the cap mesenchyme surrounding each ureteric bud tip. M 15 cells
also express the frizzled co-receptor Lrp6 and complex-stabilizing proteins Lgr4/6, shown by
the GUDMAP consortium to be present in cap mesenchyme [24, 25]. Strikingly, however,
they do not express members of the R-spondin family. Several investigators have shown that
canonical WNT-signal transduction is dramatically increased by stabilization of the FZD/
LRP6/WNT complex at the cell surface as a result of the presence of R-spondins [23].

The R-spondin family binds to the WNT-receptor complex through its association with an
LGR family member [29] and ZNRF3/RNF43. ZNRF3 is a negative regulator of canonical
WNT-signalling and has a role of ubiquitinating FZD receptors, targeting them for destruction
and also preventing phosphorylation of LRP receptors, keeping them in their inactive form
[30, 31]. RSPOL1 binds to ZNRF3 which in turn associates with an LGR receptor to remove
ZNREF3 from the cell membrane and allows the WNT-receptor to remain active at the cell sur-
face [31]. RSPOL transcripts are strongly expressed in the cap mesenchyme of E11.5 mouse
kidney [32] but were entirely absent in M15 cells. In our study, pre-treatment of M 15 cells
with RSPO1 enhanced WNT9b-induced canonical signaling activity 4-fold. When the cells
were transfected with additional Fzd5, RSPO1 augmented WNT9b-responsiveness 11-fold.
Thus, RSPO1 appears to be critical for a robust response to WNT9b and its absence in M15
cells precludes measurable signal transduction. We postulate that RSPOL1 is not expressed in
the early developing kidney (E10.5) and the effects of WT'1 on NPC chromatin alone are insuf-
ficient to induce RSPO1 expression. RSPO1 expression may be a late priming event in the mat-
uration of the NPC.

The effects of RSPO1/LGR interactions are crucial for normal nephrogenesis. Three LGRs
(Lgrd4, Lgr5, Lgr6) interact with R-spondin proteins [29, 33-36]. LGR5 has been well-studied in
intestinal epithelia where it was shown to have an important function to promote intestinal
stem cell renewal [37-39]. We detected both Lgr4 and Lgr6 transcripts in M 15 cells which is in
concordance with the data found on GUDMAP, where expression was detected in the NPC
lineage. Current commercially available siRNAs are non-specific and result in knockdown of
both transcripts, therefore we cannot determine which protein is most important in NPCs.
Another group studying Lgr4-knockout mice observed increased apoptosis in NPCs and dis-
ruption of the process by which NPCs condense around ureteric bud tips [40], suggesting Lgr4
may be the primary determinant of WNT9b signal transduction in cap mesenchyme. In con-
trast, murine knockout of the RspoI gene has no renal phenotype [41], likely reflecting
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redundancy between RSPO1 and RSPO3, both of which are expressed in the cap mesenchyme
(GUDMAP). This is in keeping with our in vitro observations indicating that both recombi-
nant RSPO1 and RSPO3 enhance WNT-responsiveness in M15 cells.

Few studies have investigated frizzled expression in the developing kidney. Ureteric bud
specific expression of FZD4 and FZD8 in E11.5 kidneys was previously examined using Fzd4-
lacZ and Fzd8-lacZ mouse models [42]. Additionally, widespread renal expression of FZD2
and FZD7 was observed in 12, 13 and 18-week human fetal kidneys [43]. Our in situ hybridiza-
tion data revealed distinct Frizzled expression patterns in E11.5 mouse kidneys. We detected
Fzd1, Fzd2, Fzd3, Fzd5 and Fzd7 expression in the cap mesenchyme, whereas Fzd4, Fzd6 and
Fzd8 expression was highly restricted to the ureteric bud. Fzd10 expression was relatively non-
specific and Fzd9 in situ hybridization did not work for technical reasons. Interestingly, we
found that in the presence of RSPO1, only Fzd5 was limiting the WNT-response as the canoni-
cal signal was amplified by transfecting cells with Fzd5 but none of the other Fzd family mem-
bers. Furthermore, siRNA knockdown of Fzd5 (but not Fzd1 or Fzd2) reduced WNT9b
responsiveness. These observations suggest that FZD5 is the primary WNT co-receptor
involved in transducing the inductive WNT9b signal in mammalian kidney. Moreover, it
raises the possibility that the other FZDs expressed in cap mesenchyme might be involved in
transduction of other canonical and non-canonical WNT ligands, such as WNT6 and WNT11
from ureteric bud tips [44, 45] or WNT2b and WNT4 from the metanephric mesenchyme of
the developing kidney [46, 47].

Phylogenetic analysis of human frizzled proteins established five distinct frizzled subgroups
[48], one of which consisted of FZD5 and FZD8. Our in situ hybridization studies of E11.5
embryonic mouse kidney demonstrate expression of Fzd5 in the cap mesenchyme while Fzd8
is exclusively expressed in the ureteric bud. Interestingly, WNT9b was demonstrated to bind
and form a complex with FZD8 and LRP6 [49]. It is conceivable that Fzd8 mediates the robust
canonical WNT signaling activity in ureteric buds reported by Bridgewater and Iglesias [13,
50].

The renal stroma, marked by the Foxdl promoter, is another major compartment of the
developing kidney which surrounds NPCs in the cap mesenchyme. Foxdl knockout mice
develop smaller kidneys with disorganized tubular structures suggesting the Foxd1(+) stroma
is required for nephrogenesis to proceed normally [51-53]. Das et al (2013) propose a model
in which the renal stroma promotes NPC differentiation through secretion of Fat4. Ultimately,
this process results in phosphorylation of YAP/TAZ which promotes transcription of Class I
beta-catenin targets (differentiation) rather than Class II beta-catenin targets (self-renewal)
[51]. In Foxd1 knockout mice, NPCs do not receive the Fat4 signal from the renal stroma and

Osr1+ Intermediate

mesoderm
/\ ‘Early’ NPC ‘Primed’ NPC
B-catenin B-catenin
() WTT (+) WT1 ———— BT Lrp6
Lgr6 Lgré
l Fzd5 TRspo1
T1Fzd5
Ureteric
bud

Fig 6. Proposed model of nephron progenitor cell development in embryonic mouse kidney. Early WT1(+) NPCs
express a number of important molecules in the canonical WNT-signalling pathway. By E11.5, increased expression of
Fzd5 and addition of Rspol render NPCs fully competent to respond to the inductive WNT9b signal.

https://doi.org/10.1371/journal.pone.0215139.g006
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remain in a state of self-renewal. However, initiation of differentiation or self-renewal both
require Wnt9b to bind to its cell surface receptor.

Based on our data and the observations above, we propose a model of renal development in
which WT1(+) NPCs in E10.5 embryonic mouse kidney express some, but not all, components
of the canonical WNT-signaling pathway. By E11.5, additional events (expression of RSPO1
and increased expression of FZD5) have primed NPCs forming the cap mesenchyme, allowing
responsiveness to the anticipated WNT9b signal from ureteric bud (Fig 6).

Supporting information

S1 File. ARRIVE guidelines checklist.
(PDF)

Acknowledgments

The authors would like to acknowledge background information drawn from the GUDMAP
consortium public database (www.GUDMAP.org). We would like to acknowledge co-investi-
gators of the CTHR/FRSQ/ERARE consortium who gave advice and critical analysis of the
manuscript.

Author Contributions
Conceptualization: Kyle K. Dickinson, Thomas J. Carroll, Paul Goodyer.

Data curation: Kyle K. Dickinson, Leah C. Hammond, Courtney M. Karner, Thomas J.
Carroll.

Formal analysis: Kyle K. Dickinson, Thomas J. Carroll.
Funding acquisition: Kyle K. Dickinson, Paul Goodyer.
Investigation: Kyle K. Dickinson, Courtney M. Karner.

Methodology: Kyle K. Dickinson, Leah C. Hammond, Courtney M. Karner, Thomas J. Car-
roll, Paul Goodyer.

Project administration: Paul Goodyer.

Resources: Nicholas D. Hastie, Paul Goodyer.

Supervision: Thomas J. Carroll, Paul Goodyer.

Validation: Kyle K. Dickinson, Thomas J. Carroll.

Visualization: Leah C. Hammond, Courtney M. Karner, Thomas J. Carroll.
Writing - original draft: Kyle K. Dickinson, Paul Goodyer.

Writing - review & editing: Kyle K. Dickinson, Paul Goodyer.

References

1. Mugford JW, Sipila P, McMahon JA, McMahon AP. Osr1 expression demarcates a multi-potent popula-
tion of intermediate mesoderm that undergoes progressive restriction to an Osr1-dependent nephron
progenitor compartment within the mammalian kidney. Developmental biology. 2008; 324(1):88—98.
https://doi.org/10.1016/j.ydbio.2008.09.010 PMID: 18835385

2. James RG, Kamei CN, Wang Q, Jiang R, Schultheiss TM. Odd-skipped related 1 is required for devel-
opment of the metanephric kidney and regulates formation and differentiation of kidney precursor cells.
Development (Cambridge, England). 2006; 133(15):2995-3004.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215139  April 12,2019 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215139.s001
http://www.GUDMAP.org
https://doi.org/10.1016/j.ydbio.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18835385
https://doi.org/10.1371/journal.pone.0215139

'PLOS|ONE

WNT9b responsiveness in NPCs

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Lan'Y, Liu H, Ovitt CE, Jiang R. Generation of Osr1 conditional mutant mice. Genesis (New York, NY:
2000). 2011; 49(5):419-22.

Bouchard M, Souabni A, Mandler M, Neubuser A, Busslinger M. Nephric lineage specification by Pax2
and Pax8. Genes & development. 2002; 16(22):2958-70.

Narlis M, Grote D, Gaitan Y, Boualia SK, Bouchard M. Pax2 and pax8 regulate branching morphogene-
sis and nephron differentiation in the developing kidney. Journal of the American Society of Nephrology:
JASN. 2007; 18(4):1121-9. https://doi.org/10.1681/ASN.2006070739 PMID: 17314325

Wilm B, Munoz-Chapuli R. The Role of WT1 in Embryonic Development and Normal Organ Homeosta-
sis. Methods in molecular biology (Clifton, NJ). 2016; 1467:23-39.

Schedl A, Hastie N. Multiple roles for the Wilms’ tumour suppressor gene, WT1 in genitourinary devel-
opment. Molecular and cellular endocrinology. 1998; 140(1-2):65-9. PMID: 9722170

Grobstein C. Trans-filter induction of tubules in mouse metanephrogenic mesenchyme. Experimental
cell research. 1956; 10(2):424—40. PMID: 13317909

Herzlinger D, Qiao J, Cohen D, Ramakrishna N, Brown AM. Induction of kidney epithelial morphogene-
sis by cells expressing Wnt-1. Developmental biology. 1994; 166(2):815-8. https://doi.org/10.1006/
dbio.1994.1360 PMID: 7813799

Carroll TJ, Park JS, Hayashi S, Majumdar A, McMahon AP. Wnt9b plays a central role in the regulation
of mesenchymal to epithelial transitions underlying organogenesis of the mammalian urogenital system.
Developmental cell. 2005; 9(2):283-92. https://doi.org/10.1016/j.devcel.2005.05.016 PMID: 16054034

Karner CM, Das A, Ma Z, Self M, Chen C, Lum L, et al. Canonical Wnt9b signaling balances progenitor
cell expansion and differentiation during kidney development. Development (Cambridge, England).
2011; 138(7):1247-57.

Schmidt-Ott KM, Barasch J. WNT/beta-catenin signaling in nephron progenitors and their epithelial
progeny. Kidney international. 2008; 74(8):1004—8. https://doi.org/10.1038/ki.2008.322 PMID:
18633347

Iglesias DM, Akpa MM, Goodyer P. Priming the renal progenitor cell. Pediatric nephrology (Berlin, Ger-
many). 2014; 29(4):705-10.

Fukuzawa R, Anaka MR, Weeks RJ, Morison IM, Reeve AE. Canonical WNT signalling determines line-
age specificity in Wilms tumour. Oncogene. 2009; 28(8):1063-75. https://doi.org/10.1038/onc.2008.
455 PMID: 19137020

Akpa MM, Iglesias DM, Chu LL, Cybulsky M, Bravi C, Goodyer PR. Wilms tumor suppressor, WT1, sup-
presses epigenetic silencing of the beta-catenin gene. The Journal of biological chemistry. 2015; 290
(4):2279-88. https://doi.org/10.1074/jbc.M114.573576 PMID: 25331950

Challen GA, Martinez G, Davis MJ, Taylor DF, Crowe M, Teasdale RD, et al. Identifying the molecular
phenotype of renal progenitor cells. Journal of the American Society of Nephrology: JASN. 2004; 15
(9):2344-57. https://doi.org/10.1097/01.ASN.0000136779.17837.8F PMID: 15339983

Larsson SH, Charlieu JP, Miyagawa K, Engelkamp D, Rassoulzadegan M, Ross A, et al. Subnuclear
localization of WT1 in splicing or transcription factor domains is regulated by alternative splicing. Cell.
1995; 81(3):391—401. PMID: 7736591

Veeman MT, Slusarski DC, Kaykas A, Louie SH, Moon RT. Zebrafish Prickle, a Modulator of Nonca-
nonical Wnt/Fz Signaling, Regulates Gastrulation Movements. Current Biology. 2003; 13(8):680-5.
PMID: 12699626

YuH, Ye X, Guo N, Nathans J. Frizzled 2 and frizzled 7 function redundantly in convergent extension
and closure of the ventricular septum and palate: evidence for a network of interacting genes. Develop-
ment (Cambridge, England). 2012; 139(23):4383-94.

Boyle S, Misfeldt A, Chandler KJ, Deal KK, Southard-Smith EM, Mortlock DP, et al. Fate mapping using
Cited1-CreERT2 mice demonstrates that the cap mesenchyme contains self-renewing progenitor cells

and gives rise exclusively to nephronic epithelia. Developmental biology. 2008; 313(1):234—45. https://

doi.org/10.1016/j.ydbio.2007.10.014 PMID: 18061157

Acharya A, Baek ST, Banfi S, Eskiocak B, Tallquist MD. Efficient inducible Cre-mediated recombination
in Tcf21 cell lineages in the heart and kidney. Genesis (New York, NY: 2000). 2011; 49(11):870-7.

Zhang Y, McNeill E, Tian H, Soker S, Andersson KE, Yoo JJ, et al. Urine derived cells are a potential
source for urological tissue reconstruction. The Journal of urology. 2008; 180(5):2226—33. https://doi.
org/10.1016/j.juro.2008.07.023 PMID: 18804817

Binnerts ME, Kim KA, Bright JM, Patel SM, Tran K, Zhou M, et al. R-Spondin1 regulates Wnt signaling
by inhibiting internalization of LRP6. Proceedings of the National Academy of Sciences of the United
States of America. 2007; 104(37):14700-5. https://doi.org/10.1073/pnas.0702305104 PMID: 17804805

PLOS ONE | https://doi.org/10.1371/journal.pone.0215139  April 12,2019 14/16


https://doi.org/10.1681/ASN.2006070739
http://www.ncbi.nlm.nih.gov/pubmed/17314325
http://www.ncbi.nlm.nih.gov/pubmed/9722170
http://www.ncbi.nlm.nih.gov/pubmed/13317909
https://doi.org/10.1006/dbio.1994.1360
https://doi.org/10.1006/dbio.1994.1360
http://www.ncbi.nlm.nih.gov/pubmed/7813799
https://doi.org/10.1016/j.devcel.2005.05.016
http://www.ncbi.nlm.nih.gov/pubmed/16054034
https://doi.org/10.1038/ki.2008.322
http://www.ncbi.nlm.nih.gov/pubmed/18633347
https://doi.org/10.1038/onc.2008.455
https://doi.org/10.1038/onc.2008.455
http://www.ncbi.nlm.nih.gov/pubmed/19137020
https://doi.org/10.1074/jbc.M114.573576
http://www.ncbi.nlm.nih.gov/pubmed/25331950
https://doi.org/10.1097/01.ASN.0000136779.17837.8F
http://www.ncbi.nlm.nih.gov/pubmed/15339983
http://www.ncbi.nlm.nih.gov/pubmed/7736591
http://www.ncbi.nlm.nih.gov/pubmed/12699626
https://doi.org/10.1016/j.ydbio.2007.10.014
https://doi.org/10.1016/j.ydbio.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18061157
https://doi.org/10.1016/j.juro.2008.07.023
https://doi.org/10.1016/j.juro.2008.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18804817
https://doi.org/10.1073/pnas.0702305104
http://www.ncbi.nlm.nih.gov/pubmed/17804805
https://doi.org/10.1371/journal.pone.0215139

® PLOS |ONE

WNT9b responsiveness in NPCs

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

McMahon AP, Aronow BJ, Davidson DR, Davies JA, Gaido KW, Grimmond S, et al. GUDMAP: the gen-
itourinary developmental molecular anatomy project. J Am Soc Nephrol. 2008; 19(4):667—71. https:/
doi.org/10.1681/ASN.2007101078 PMID: 18287559

Harding SD, Armit C, Armstrong J, Brennan J, Cheng Y, Haggarty B, et al. The GUDMAP database—
an online resource for genitourinary research. Development (Cambridge, England). 2011; 138
(13):2845-53.

Brown AC, Muthukrishnan SD, Guay JA, Adams DC, Schafer DA, Fetting JL, et al. Role for compart-
mentalization in nephron progenitor differentiation. Proceedings of the National Academy of Sciences
of the United States of America. 2013; 110(12):4640-5. https://doi.org/10.1073/pnas.1213971110
PMID: 23487745

Murphy AJ, Pierce J, de Caestecker C, Taylor C, Anderson JR, Perantoni AO, et al. SIX2 and CITED1,
markers of nephronic progenitor self-renewal, remain active in primitive elements of Wilms’ tumor. Jour-
nal of pediatric surgery. 2012; 47(6):1239-49. https://doi.org/10.1016/j.jpedsurg.2012.03.034 PMID:
22703800

Aiden AP, Rivera MN, Rheinbay E, Ku M, Coffman EJ, Truong TT, et al. Wilms Tumor Chromatin Pro-
files Highlight Stem Cell Properties and a Renal Developmental Network. Cell stem cell. 2010; 6
(6):591-602. https://doi.org/10.1016/j.stem.2010.03.016 PMID: 20569696

Carmon KS, Gong X, Lin Q, Thomas A, Liu Q. R-spondins function as ligands of the orphan receptors
LGR4 and LGRS to regulate Wnt/beta-catenin signaling. Proceedings of the National Academy of Sci-
ences of the United States of America. 2011; 108(28):11452-7. https://doi.org/10.1073/pnas.
1106083108 PMID: 21693646

Koo BK, Spit M, Jordens |, Low TY, Stange DE, van de Wetering M, et al. Tumour suppressor RNF43 is
a stem-cell E3 ligase that induces endocytosis of Wnt receptors. Nature. 2012; 488(7413):665-9.
https://doi.org/10.1038/nature11308 PMID: 22895187

Hao HX, Xie Y, Zhang Y, Charlat O, Oster E, Avello M, et al. ZNRF3 promotes Wnt receptor turnover in
an R-spondin-sensitive manner. Nature. 2012; 485(7397):195-200. https://doi.org/10.1038/
nature11019 PMID: 22575959

Motamedi FJ, Badro DA, Clarkson M, Lecca MR, Bradford ST, Buske FA, et al. WT1 controls antagonis-
tic FGF and BMP-pSMAD pathways in early renal progenitors. Nature communications. 2014; 5:4444.
https://doi.org/10.1038/ncomms5444 PMID: 25031030

de Lau W, Barker N, Low TY, Koo BK, Li VS, Teunissen H, et al. Lgr5 homologues associate with Wnt
receptors and mediate R-spondin signalling. Nature. 2011; 476(7360):293-7. https://doi.org/10.1038/
nature10337 PMID: 21727895

Glinka A, Dolde C, Kirsch N, Huang YL, Kazanskaya O, Ingelfinger D, et al. LGR4 and LGR5 are R-
spondin receptors mediating Wnt/beta-catenin and Wnt/PCP signalling. EMBO reports. 2011; 12
(10):1055-61. https://doi.org/10.1038/embor.2011.175 PMID: 21909076

Gong X, Carmon KS, Lin Q, Thomas A, YiJ, Liu Q. LGR6 is a high affinity receptor of R-spondins and
potentially functions as a tumor suppressor. PloS one. 2012; 7(5):e37137. https://doi.org/10.1371/
journal.pone.0037137 PMID: 22615920

Ruffner H, Sprunger J, Charlat O, Leighton-Davies J, Grosshans B, Salathe A, et al. R-Spondin potenti-
ates Wnt/beta-catenin signaling through orphan receptors LGR4 and LGR5. PloS one. 2012; 7(7):
e40976. https://doi.org/10.1371/journal.pone.0040976 PMID: 22815884

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, et al. Identification of stem
cells in small intestine and colon by marker gene Lgr5. Nature. 2007; 449(7165):1003-7. https://doi.org/
10.1038/nature06196 PMID: 17934449

Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, van Es JH, et al. Lgr5(+ve) stem cells
drive self-renewal in the stomach and build long-lived gastric units in vitro. Cell stem cell. 2010; 6(1):25—
36. https://doi.org/10.1016/j.stem.2009.11.013 PMID: 20085740

Kinzel B, Pikiolek M, Orsini V, Sprunger J, Isken A, Zietzling S, et al. Functional roles of Lgr4 and Lgr5
in embryonic gut, kidney and skin development in mice. Developmental biology. 2014; 390(2):181-90.
https://doi.org/10.1016/j.ydbio.2014.03.009 PMID: 24680895

Mohri Y, Oyama K, Sone M, Akamatsu A, Nishimori K. LGR4 is required for the cell survival of the
peripheral mesenchyme at the embryonic stages of nephrogenesis. Bioscience, biotechnology, and bio-
chemistry. 2012; 76(5):888-91. https://doi.org/10.1271/bbb.110834 PMID: 22738954

Chassot AA, Ranc F, Gregoire EP, Roepers-Gajadien HL, Taketo MM, Camerino G, et al. Activation of
beta-catenin signaling by Rspo1 controls differentiation of the mammalian ovary. Human molecular
genetics. 2008; 17(9):1264—77. https://doi.org/10.1093/hmg/ddn016 PMID: 18250098

Ye X, Wang Y, Rattner A, Nathans J. Genetic mosaic analysis reveals a major role for frizzled 4 and friz-
zled 8 in controlling ureteric growth in the developing kidney. Development (Cambridge, England).
2011;138(6):1161-72.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215139  April 12,2019 15/16


https://doi.org/10.1681/ASN.2007101078
https://doi.org/10.1681/ASN.2007101078
http://www.ncbi.nlm.nih.gov/pubmed/18287559
https://doi.org/10.1073/pnas.1213971110
http://www.ncbi.nlm.nih.gov/pubmed/23487745
https://doi.org/10.1016/j.jpedsurg.2012.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22703800
https://doi.org/10.1016/j.stem.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20569696
https://doi.org/10.1073/pnas.1106083108
https://doi.org/10.1073/pnas.1106083108
http://www.ncbi.nlm.nih.gov/pubmed/21693646
https://doi.org/10.1038/nature11308
http://www.ncbi.nlm.nih.gov/pubmed/22895187
https://doi.org/10.1038/nature11019
https://doi.org/10.1038/nature11019
http://www.ncbi.nlm.nih.gov/pubmed/22575959
https://doi.org/10.1038/ncomms5444
http://www.ncbi.nlm.nih.gov/pubmed/25031030
https://doi.org/10.1038/nature10337
https://doi.org/10.1038/nature10337
http://www.ncbi.nlm.nih.gov/pubmed/21727895
https://doi.org/10.1038/embor.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/21909076
https://doi.org/10.1371/journal.pone.0037137
https://doi.org/10.1371/journal.pone.0037137
http://www.ncbi.nlm.nih.gov/pubmed/22615920
https://doi.org/10.1371/journal.pone.0040976
http://www.ncbi.nlm.nih.gov/pubmed/22815884
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature06196
http://www.ncbi.nlm.nih.gov/pubmed/17934449
https://doi.org/10.1016/j.stem.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/20085740
https://doi.org/10.1016/j.ydbio.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24680895
https://doi.org/10.1271/bbb.110834
http://www.ncbi.nlm.nih.gov/pubmed/22738954
https://doi.org/10.1093/hmg/ddn016
http://www.ncbi.nlm.nih.gov/pubmed/18250098
https://doi.org/10.1371/journal.pone.0215139

'PLOS|ONE

WNT9b responsiveness in NPCs

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Metsuyanim S, Harari-Steinberg O, Buzhor E, Omer D, Pode-Shakked N, Ben-Hur H, et al. Expression
of stem cell markers in the human fetal kidney. PloS one. 2009; 4(8):e6709. https://doi.org/10.1371/
journal.pone.0006709 PMID: 19696931

Kispert A, Vainio S, Shen L, Rowitch DH, McMahon AP. Proteoglycans are required for maintenance of
Whnt-11 expression in the ureter tips. Development (Cambridge, England). 1996; 122(11):3627-37.

Itaranta P, Lin Y, Perasaari J, Roel G, Destree O, Vainio S. Wnt-6 is expressed in the ureter bud and
induces kidney tubule development in vitro. Genesis (New York, NY: 2000). 2002; 32(4):259-68.

Stark K, Vainio S, Vassileva G, McMahon AP. Epithelial transformation of metanephric mesenchyme in
the developing kidney regulated by Wnt-4. Nature. 1994; 372(6507):679-83. https://doi.org/10.1038/
372679a0 PMID: 7990960

LinY, Liu A, Zhang S, Ruusunen T, Kreidberg JA, Peltoketo H, et al. Induction of ureter branching as a
response to Wnt-2b signaling during early kidney organogenesis. Developmental dynamics: an official
publication of the American Association of Anatomists. 2001; 222(1):26-39.

MacDonald BT, He X. Frizzled and LRP5/6 receptors for Wnt/beta-catenin signaling. Cold Spring Har-
bor perspectives in biology. 2012; 4(12).

Bourhis E, Tam C, Franke Y, Bazan JF, Ernst J, Hwang J, et al. Reconstitution of a frizzled8.Wnt3a.
LRP6 signaling complex reveals multiple Wnt and Dkk1 binding sites on LRP6. The Journal of biological
chemistry. 2010; 285(12):9172-9. https://doi.org/10.1074/jbc.M109.092130 PMID: 20093360

Bridgewater D, Cox B, Cain J, Lau A, Athaide V, Gill PS, et al. Canonical WNT/beta-catenin signaling is
required for ureteric branching. Developmental biology. 2008; 317(1):83-94. https://doi.org/10.1016/j.
ydbio.2008.02.010 PMID: 18358465

Das A, Tanigawa S, Karner CM, Xin M, Lum L, Chen C, et al. Stromal-epithelial crosstalk regulates kid-
ney progenitor cell differentiation. Nature cell biology. 2013; 15(9):1035—44. https://doi.org/10.1038/
nch2828 PMID: 23974041

Levinson RS, Batourina E, Choi C, Vorontchikhina M, Kitajewski J, Mendelsohn CL. Foxd1-dependent
signals control cellularity in the renal capsule, a structure required for normal renal development. Devel-
opment (Cambridge, England). 2005; 132(3):529-39.

Hatini V, Huh SO, Herzlinger D, Soares VC, Lai E. Essential role of stromal mesenchyme in kidney mor-
phogenesis revealed by targeted disruption of Winged Helix transcription factor BF-2. Genes & develop-
ment. 1996; 10(12):1467-78.

PLOS ONE | https://doi.org/10.1371/journal.pone.0215139  April 12,2019 16/16


https://doi.org/10.1371/journal.pone.0006709
https://doi.org/10.1371/journal.pone.0006709
http://www.ncbi.nlm.nih.gov/pubmed/19696931
https://doi.org/10.1038/372679a0
https://doi.org/10.1038/372679a0
http://www.ncbi.nlm.nih.gov/pubmed/7990960
https://doi.org/10.1074/jbc.M109.092130
http://www.ncbi.nlm.nih.gov/pubmed/20093360
https://doi.org/10.1016/j.ydbio.2008.02.010
https://doi.org/10.1016/j.ydbio.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18358465
https://doi.org/10.1038/ncb2828
https://doi.org/10.1038/ncb2828
http://www.ncbi.nlm.nih.gov/pubmed/23974041
https://doi.org/10.1371/journal.pone.0215139

