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Abstract

Deficient nephrogenesis is the major factor contributing to renal hypoplasia defined as abnormally
small kidneys. Nephron induction during kidney development is driven by reciprocal interactions
between progenitor cells of the cap mesenchyme (CM) and the ureteric bud (UB). The prorenin
receptor (PRR) is a receptor for renin and prorenin, and an accessory subunit of the vacuolar
proton pump H*-ATPase. Global loss of PRR is lethal in mice and PRR mutations are associated
with a high blood pressure, left ventricular hypertrophy and X-linked mental retardation in
humans. To circumvent lethality of the ubiquitous PRR mutation in mice and to determine the
potential role of the PRR in nephrogenesis, we generated a mouse model with a conditional
deletion of the PRR in Six2* nephron progenitors and their epithelial derivatives (Six2PRR=/-).
Targeted ablation of PRR in Six2* nephron progenitors caused a marked decrease in the number of
developing nephrons, small cystic kidneys and podocyte foot process effacement at birth, and
early postnatal death. Reduced congenital nephron endowment resulted from premature depletion
of nephron progenitor cell population due to impaired progenitor cell proliferation and loss of
normal molecular inductive response to canonical Wnt/B-catenin signaling within the metanephric
mesenchyme. At 2 months of age, heterozygous Six2PRR*/~ mice exhibited focal
glomerulosclerosis, decreased kidney function and massive proteinuria. Collectively, these
findings demonstrate a cell-autonomous requirement for the PRR within nephron progenitors for
progenitor maintenance, progression of nephrogenesis, normal kidney development and function.
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Introduction

Kidney development is driven by reciprocal inductive interactions between a multipotent,
self-renewing Six2*;Cited1* progenitor cells of the cap mesenchyme (CM) and the ureteric
bud (UB) (Kobayashi et al., 2008). CM cells are continuously induced during metanephric
organogenesis to condense around the surface of the UB tips and form pre-tubular
aggregates (PTAs). PTAs undergo a mesenchyme to epithelial transition (MET) to
sequentially form renal vesicles (RVs), comma- and S-shaped bodies (SBs), and, ultimately,
most components of the mature nephrons, including the glomerulus, proximal tubule, loop
of Henle and distal tubule (Little and McMahon, 2012). Although reduced nephron
endowment has significant clinical implications such as renal hypoplasia, proteinuria, a
limited capacity for kidney repair after injury, susceptibility to subsequent hypertension and
chronic kidney disease (CKD), the mechanisms that determine final nephron number in
health and disease are not well understood (Bertram et al., 2011).

The prorenin receptor (PRR) is a receptor for prorenin and renin encoded by the ATP6AP2
(ATPase-associated protein2) gene (subsequently referred to as PRR) located on the x
chromosome in humans (Nguyen et al., 2002). PRR is also an accessory protein of the
vacuolar proton pump H*-ATPase (Ludwig et al., 1998). H*-ATPases are expressed in
intracellular compartments of virtually all cell types and play important roles in protein
trafficking and degradation via acidification of intracellular organelles (Forgac, 2007). In the
intercalated cells of the collecting duct, H*-ATPase is present at the plasma membrane
where it is important for urine acidification (Wagner et al., 2004). Global PRR knockout is
lethal in mice, indicating an essential role of the PRR in embryonic development (Sihn et al.,
2013). In humans, PRR mutations are associated with a high blood pressure, left ventricular
hypertrophy and X-linked mental retardation (Hirose et al., 2009; Hirose et al., 2011,
Ramser et al., 2005). Recent data demonstrate that PRR is critical for normal kidney
development and function. In this regard, PRR deletion in mice podocytes using the Nphs2
promoter results in massive foot process effacement, proteinuria and nephrotic syndrome
(Oshima et al., 2011). PRR ablation in the UB using the Hoxb7 promoter leads to kidney
hypoplasia, polyuria and a reduced capacity to acidify the urine (Song et al., 2013).
However, the role of PRR in nephron progenitors remains unknown.

Here, we demonstrate that conditional inactivation of the PRR in Six2* nephron progenitors
in mice results in small cystic kidneys at birth. We show that nephron progenitor population
is depleted due to reduced cell proliferation and enhanced apoptosis, leading to fewer
nephrons caused by impaired MET. Subsequently, Six2PRR*/~ mice develop evidence of
glomerular kidney disease with focal glomerulosclerosis, proteinuria and decreased kidney
function. Collectively, these findings demonstrate a cell-autonomous requirement for the
PRR within nephron progenitors for maintenance of progenitor cell pool, progression of
nephrogenesis, normal kidney development and function.
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Materials and Methods

Conditional Deletion of PRR from Nephron Progenitors

PRR-floxed mice were provided by Dr. Atsuhiro Ichihara (Keio University, Tokyo, Japan)
(Oshima et al., 2011). To delete PRR conditionally in the CM and its epithelial derivatives,
we used the Six2GFPCre TGC transgenic mice, which drives Cre expression in nephron
progenitors (Kobayashi et al., 2008), and a floxed allele of the PRR. The resulting
Six2Cre*/PRRIf1OX/flox mice represent nephron progenitor-specific PRR- knockout mice
(Six2PRR=/=)_Control mice consisted of PRRIIOX/flox Jittermates (Six2PRR*/*). Al
experiments involving mice were approved by Tulane Institutional Animal Care and Use
Committee.

Quantitative Reverse-transcription Polymerase Chain Reaction (QRT-PCR)

gRT-PCR was performed in the Mx3000P equipment (Stratagene, La Jolla, CA) using
MxPro QPCR software (Stratagene) as previously described (Song et al., 2013). mMRNA was
extracted from snap-frozen E12.5 and E18.5 Six2PRR~/~ and control kidneys (E15.5 kidneys
were pooled, E18.5- n=3 mice per group). The quantity of each target MRNA was
normalized by that of GAPDH mRNA expression. RNA samples were analyzed in
triplicates in each run. PCR reaction was performed twice.

Immunohistochemistry and Histopathology

Kidneys were fixed in 4% PFA at 4° C and paraffin embedded. Immunostaining was
performed by the immunoperoxidase technique using 4-um sections with Vectastain Elite kit
(Vector Laboratories, Burlingame, CA). Primary antibodies included anti-PRR (1:200, Santa
Cruz), anti-Lhx1 (1:10, developmental studies hybridoma bank), anti-Lef1 (1:100, cell
signaling), anti-Jagged1 (1:100, Santa Cruz), anti-Sall1 (1:100, Abcam), anti-Pax2 (1:100,
Invitrogen), anti-WT1 (1:100, Abcam), anti-active -catenin (ABC, Millipore, 1:400), anti-
Six2 (1:100, Proteintech) and Lotus Tetragonolobus Lectin (LTL) (1:400, Vector
Laboratories). Whole intact E13.5 metanephroi from PRRS*2~/~ and control mice (n=10
kidneys per genotype) were processed for the whole mount immunofluorescence using anti-
cytokeratin antibody (1:200, Sigma) and the number of UB tips was counted. For
immunofluorescence studies, secondary antibodies were detected with Alexa Fluor dyes
(Invitrogen). Specificity of immunostaining was documented by the omission of the primary
antibody. Kidneys from PO Six2PRR~/~ and control mice (n=3 mice per group) were cut in
the longitudinal midplane, processed through the paraffin, and embedded on the cut surface.
Kidneys were sectioned at 4-um and stained with hematoxylin and eosin. The number of
nephrons in each of 3 consecutive sections adjacent to the longitudinal midplane was
counted and the mean number of nephrons per section per kidney was calculated. To
determine the number of Six2-positive structures, we examined the intensity of Six2
immunofluorescence in PO kidney sections (n=3 mice per group) using Slide book 4.0
software (Intelligent Imaging Innovations, Denver, CO). All counts were performed in a
blinded fashion. For electron microscopy, PO kidney tissues stored in 3% glutaraldehyde
were processed and embedded by the Department of Pathology, Tulane University.
Ultimately, 60 nm sections were cut and imaged using a Hitachi H-7100 electron
microscope.
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In situ hybridization (ISH)

Section ISH was performed on E14.5 and PO Six2PRR=/~ and control kidneys as previously
described (Song et al., 2013). Mouse full length probes for Cited1, Wnt4, Pax8, Wnt9b,
Bmp7, Etv4 were a kind gift from Drs. Alan Perantoni, Leif Oxburgh and Carl Bates. 3
embryonic kidneys per group per probe were examined.

Cell proliferation and apoptosis assays

Cell proliferation and apoptosis was examined in E13.5 and PO kidney sections from
Six2PRR=/~ and control mice (n=3 mice per genotype, 3 sections per kidney) as previously
described (Song et al., 2013). Anti-phospho-histone H3 (pH3) and anti-cleaved caspase-3
antibodies were used (Cell Signaling, Danvers, MA; 1:50). Nephron progenitors were
visualized with anti-Six2 antibody and UBs/UB-derived epithelia with anti-cytokeratin
antibody. The number of proliferating and apoptotic cells in nephron progenitors was
normalized to the total number of Six2-positive cells in each kidney section. The number of
Six2-positive cells was determined by Image J software (NIH).

Measurement of creatinine and albumin

Blood and urine was obtained from P60 Six2PRR*/~ and control mice (n=4 mice per
genotype). All urine specimens were collected at 8 am. Each mouse was placed in an
individual clean dry cage with no bedding and a sheet of plastic wrap placed on the bottom
until urine was produced (approximately 30 min). Urine that was not contaminated with
fecal waste was collected into autoclaved Eppendorf tubes and frozen at —20°C. Plasma and
urine creatinine was measured by HPLC with picric acid (Jaffe method). Urinary albumin
excretion was determined using the Albuwell ELISA kit (Exocell, Philadelphia, PA).

Fluorescence-Activated Cell Sorting (FACS)

E15.5 kidneys from Six2PRR=/~ (Six2Cre+/pRRflox/floxy and control (Six2C™¢*/PRR*/*) mice
were digested in 0.25% Trypsin for 1 min at 37°C, dissociated by repetitive pipetting and
resuspended in PBS containing 2% FBS and 10 mM EDTA. The resuspended cells were
filtered through 40 um nylon cell membrane (BD Falcon) and kept on ice until FACS. The
GFP* cells were isolated using FACS Vantage and data were subsequently analyzed with
Diva software v.5.02 (Becton Dickinson). RNA was isolated using Absolutely RNA
Nanoprep kit (Stratagene). qRT-PCR was performed to confirm elimination of PRR in
FACS-isolated Six2+ cells from pooled Six2PRR=/~ kidneys. For ABC immunofluorescence
and CM differentiation studies of FACS-isolated CM cells, E15.5 kidneys were digested
with collagenase A (25 mg/10 ml PBS) and pancreatin (100mg/10ml PBS) at 37 °C for 15
minutes.

ABC immunofluorescence and CM differentiation assay

FACS-isolated Six2Cret/PRRfIoX/flox gng Six2Cre*/PRR*/* cells from E15.5 kidneys were
grown on Matrigel-coated 8 chamber slides (20,000 cells/chamber) in DMEM/F12 medium
with 10% FBS. After 24h, cells were stained with anti-ABC antibody (Millipore, 1:400)
followed by secondary antibody (Alexa Fluor 555). For CM differentiation assay, 1x10°
FACS-isolated Six2Ce+/PRRIox/flox gand Six2Cre+/PRR*/* cells were aggregated and grown
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on transwell filters placed on DMEM/F12 medium with 10% FBS in the presence of
glycogen synthase kinase 3 inhibitor 6-bromoindirubin-3’-oxime (BI1O, 4 uM) or DMSO
(control) for the first 24h followed by medium with DMSO for the subsequent 24h, as
described before (Park et al., 2012). Cells were fixed in 4% PFA for 10 min and stained with
an antibody against E-cadherin (indicator of epithelialization, 1:200, BD Biosciences) and
Lefl (indicator of canonical Wnt signaling) (Filali et al., 2002). Treatments with BIO were
performed on three separate pools of FACS-isolated cells.

3D Reconstruction and Analysis

Statistics

Results

3D reconstructions of E12.5 control and Six2PRR~/~ developing nephrons and ureteric trees
were performed as described (Sims-Lucas et al., 2009). Briefly, image layers were created
from projected serial H&E stained sections (4 um) by tracing around capsules of
nephrogenic structures which were classified as RVs, comma-shaped bodies, SBs, immature
glomeruli or the ureteric tree based on the morphology of the structures (Stereoinvestigator,
Microbrightfield, MBF, VT). Traced layers were aligned and rendered into a 3D graphical
reconstruction, from which nephron structure and ureteric tip number as well as total kidney,
nephron structure, and ureteric surface areas and volumes were determined.

Statistical analyses were carried out upon all biologic replicates with Student’s t test or a
one-way ANOVA, followed by Bonferroni test. Data are presented as Mean+SEM. A p
value of <0.05 was considered statistically significant.

PRR is required within mesenchymal progenitors for progression of nephrogenesis

To examine the role of PRR in nephron progenitors, we removed PRR from the CM using
the Six2TGC line in combination with a floxed allele of the PRR. Mutant mice were born at
normal Mendelian ratios but died within 48 hours from birth. qRT-PCR revealed a 71%
decrease in PRR mRNA levels in Six2* cells FACS-isolated from E15.5 Six2PRR~/~
compared with control kidneys (0.29£0.01 vs. 1.0+0, p<0.001) (Fig. 1). On E15.5, double
immunostaining of PRR and cytokeratin revealed reduced PRR expression in the
mesenchyme in Six2PRR~/~ mice (Fig. 1).

On E12.5, Six2PRR~/~ kidneys appeared grossly similar to controls on 3D reconstruction
(Fig. 1). Mean mutant and control kidney and UB tree volumes were not significantly
different (Table 1). However, developing glomeruli volume (relative to kidney volume) and
average size were reduced in mutants. While RV number was not statistically different, the
number of comma- and SBs was reduced in mutants (Fig. 1, Table 1). Thus, it appears that
nascent nephrons reach RV stage, but do not develop beyond in Six2PRR=/~ mutants.
Because of this, nephron structure volume compared to the total kidney volume is reduced in
mutants at this stage.

On E13.5, mutant kidneys had reduced size and less developed epithelial structures (Fig. 2).
In control Kidneys, nephrogenesis was active and several vesicles and comma-shaped
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nephrons were apparent (Fig. 2). In contrast, Six2PRR~/~ mutants had few vesicles and
comma-shaped nephron structures apparent (Fig. 2). UB branching was reduced at this stage
of kidney development (28+3.5 vs. 41+1.6, p<0.001), likely secondary to decreased
nephrogenesis (Fig. 2).

PRR promotes nephrogenesis through progenitor maintenance

We next investigated the early molecular responses to inductive signaling within the
metanephric mesenchyme resulting from PRR deletion. The transition of responding
progenitors to PTAs and RVs is directed by Wnt4, Fgf8, Pax8, and Lhx1 which act
downstream of Wnt9b (Valerius et al., 2002; Stark et al., 1994; Grieshammer et al., 2005).
Lef1 and Jagged1 (Jagl) represent additional RV markers.1® Hence, these markers enable a
detailed molecular analysis of the inductive steps of nephrogenesis program. ISH
demonstrated apparent reduction in Wnt4 and Pax8 expression in E13.0 Six2PRR~/~
compared to control kidneys (Fig. 3). Expression pattern of Wnt9b (in the UB stalk) was not
altered (Fig. 3). Immunofluorescence demonstrated decreased number of Lefl (2.2+0.3 vs.
10£1.1, p<0.001), Jagl (3.1+0.7 vs. 15+2.1, p<0.001) and Lhx1 (8+1.2 vs. 21+2.6,
p<0.001)-positive structures in E14.5 mutant compared to control kidneys (Fig. 3). qRT-
PCR showed reduced expression of Wnt4, Fgf8, Pax8, Lhx1, Lefl, Jagl and Fgf20
(p<0.001), and no change in Wnt9b and Bmp7 mRNA levels in whole E14.5 Six2PRR=/~
metanephroi compared to controls (Fig. S1). Thus, a greatly reduced inductive and
differentiation response was observed in Six2PRR=/~ mutants in spite of unaltered Wnt9b
expression.

To test the hypothesis that decreased nephrogenesis in Six2PRR~/~ mutants is due, in part, to
premature depletion of nephron progenitors, we examined the expression of Six2, Cited1
and Salll, markers of CM cells with self-renewing capacity (Kobayashi et al., 2008; Carroll
et al., 2005; Mugford et al., 2009; Brown et al., 2013). Cited1, Six2 and Salll mRNA levels
were reduced in Six2PRR== whole mutant kidneys (Fig. S1). Consistent with qRT-PCR data,
Citedl, Six2 and Sall1 immunostaining in the CMs of mutants was substantially decreased
(Fig. 3, Fig. S1). Quantification of fluorescence intensity of Cited1, Six2 or Salll
immunostaining per kidney section demonstrated ~50-fold reduction in Citedl, ~5-fold
reduction in Six2 and ~3-fold reduction in Sall1 expression in mutant compared to control
kidneys (Cited1: 2.69x10%+4.2x103 vs. 1.38x10%+9.0x10%, p<0.001; Cited1/DAPI:
0.0620.01 vs. 2.7+0.16, p<0.01; Six2: 1.28x10%+9.7x10% vs. 8.08x106+8.8x10%, p<0.001;
Six2/DAPI: 3.5+0.6 vs. 15.5+1.0, p<0.01; Sall1: 2.67x10%+4.6x10% vs. 8.06x10%49.2x10%,
p<0.05; Sall1l/DAPI: 3.2+0.5 vs. 6.2+0.5, p<0.05). These findings demonstrate that CM
PRR maintains Cited1*, Six2* and Sall1* progenitor cells with most pronounced effect on
the Cited1* subcompartment of the nephron progenitor pool. It is conceivable that premature
loss of Cited1* cells with relative persistence of Six2* population may account for
premature commitment of progenitors to nephron differentiation in mutants. Collectively,
reduced early inductive response observed in Six2PRR~/~ mutants may result from
precocious depletion of the progenitor population and premature commitment of progenitors
to nephron differentiation.
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Since BMP7 and Fgf20 promote/maintain progenitor self-renewal (Barak et al., 2012;
Brown et al., 2013), we next tested whether premature depletion of the progenitor
population in Six2PRR~~ mutants is due to reduced expression/activity of BMP7 or Fgf20.
Consistent with gRT-PCR data, expression pattern of Bmp7 mRNA in the CM was unaltered
(Fig. S1). Given that Bmp7 signaling via phospho-Smadl/5 (pSmad1/5) was shown to be
required for transition of progenitors from the Cited1*/Six2* to Cited1 ~/Six2* compartment
of the CM, thereby sensitizing progenitor cells to inductive effects of Wnt9b (Brown et al.,
2013), we next investigated whether premature depletion of Cited1* cells in Six2PRR~/~
mutants is due to increased pSmad1/5 expression in the CM. pSmad1/5 expression in the
CM of mutant kidneys was increased (Fig. S1). Given that Fgf20 mRNA levels were
reduced in the mutant kidney, we next determined the expression of Etv4, which correlates
with Fgf activity (Carroll et al., 2005; Barak et al., 2012). Etv4 expression was reduced in
mutant compared to control kidneys (Fig. S1). Thus, increased pSmad expression and
reduced Sall1/Fgf20 expression and Fgf signaling via Etv4 in the CM may contribute to
precocious depletion of the progenitor cells in Six2PRR~ kidneys.

Since progenitor cell-specific removal of B-catenin inhibits nephrogenesis (Park et al., 2007)
and PRR activates Wnt co-receptor LRP, thus promoting canonical Wnt/B-catenin signaling
(Cruciat et al., 2010), we next examined whether expression of active form of -catenin
protein (ABC) dephosphorylated on Se37 or T"41 is reduced in Six2PRR~/~ mutant kidneys.
We found that ABC expression in the CM of Six2PRR~/~ mutants was reduced (Fig. 4). In
addition, ABC immunofluorescence was decreased in Six2* cells FACS-isolated from E15.5
Six2PRR=/~ mutant kidneys compared with controls (Fig. 4). Quantification of fluorescence
intensity of ABC immunostaining demonstrated ~5-fold reduction in ABC expression in
mutant compared to control cells (ABC: 1.38x10%+9.0x10% vs. 4.88x10°+7.0x104, p<0.01;
ABC/DAPI: 1.49+0.18 vs. 3.3+0.29, p<0.01). To determine the role of p-catenin signaling
downstream of the CM PRR in MET, we induced Wnt/B-catenin pathway-activated MET in
Six2* cells FACS-isolated from E15.5 Six2Cre*/PRRfIoX/flox ang Sjx2Cre+/pPRR*/* kidneys
with B1O which mimics canonical Wnt signaling response by inhibiting GSK-33-mediated
B-catenin degradation. DMSO (control)-treated Six2C"®*/PRR** cells expressed E-cadherin,
Lefl and formed multicellular structures, indicative of active MET (Fig. 4). In contrast,
Six2Cre+/pRRI1ox/flox ce|ls showed very weak E-cadherin/Lefl expression, and failed to form
multicellular structures, indicating that intact PRR signaling in nephron progenitor cells
(NPC) is required for proper MET. Upon induction of -catenin activity with BIO, E-
cadherin, Lefl expression and complexity of multicellular structures increased in both
Six2Cre*/PRR*/* and Six2CTe+/PRRIOX/ToX ce|ls compared to vehicle (DMSO)-treated
controls (Fig. 4). However, induction of MET was attenuated in Six2Cre+/PRRflox/flox
compared to Six2C"¢*/PRR*/* cells. These data demonstrate that NPC PRR promotes MET
via induction of canonical Wnt/B-catenin signaling in Six2* NPC.

PRR regulates nephron progenitor proliferation

To identify the cellular mechanisms by which PRR deficiency in the CM could deplete
nephron progenitor pool and attenuate the inductive response, we examined cell
proliferation and apoptosis in Six2* compartment of the CM on E13.5. The number of pH3-
positive proliferating cells in the CM per kidney section was lower in E13.5 Six2PRR=/-
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compared to control kKidneys (8+1.6 vs. 27+2.5, p<0.001) while the number of caspase 3-
positive apoptotic cells did not differ (2.5+1 vs. 2.2+0.8, p=0.83) (Fig. 5). These findings
indicate that progenitor depletion in Six2PRR~~ mice may be caused by proliferation defects.

Targeted PRR deletion results in small cystic kidneys at birth and podocyte foot process

effacement

Newborn (P0) Six2PRR=/~ mice had smaller kidney size (kidney length: 870+21 vs. 1295+23
um, p<0.001) (Fig. 6). On PO, body weight did not differ in mutant and control mice
(1.21£0.06 vs. 1.23+0.05 g, p=0.92). In contrast, kidney weight (7.7£0.6 vs. 12.1+0.6 mg,
p<0.01) was lower in mutants than in controls. Histological examination revealed that
mutant kidneys have normal shape and are architecturally organized into cortex, medulla
and papilla with radially arranged collecting system. Mutant kidneys lack a well-defined
nephrogenic zone, have thin cortex, many cysts in the cortex and outer medulla, and
decreased mean number of nephrons per section per kidney compared to controls (47+4.4
vs. 190+3.8, p<0.001) (Fig. 6). To determine whether deletion of PRR from nephron
progenitors arrests nephrogenesis in a defined stage of nephron maturation, we counted
nephron generation numbers in mutant and control kidneys on P0. All stages of nephron
development were reduced in mutants compared to controls, suggesting that decreased
number of more mature forms in mutants is due to reduced nephron induction (Fig. 6).

To define the effect of PRR deletion in the CM on nephron progenitors, nephron induction
and segmentation during later stages of nephrogenesis, we performed ISH and
immunofluorescence for markers specific for the CM and developing nephron structures on
PO. ISH showed presence of Citedl mRNA expression in the nephrogenic zone in controls
and complete absence of its expression in the nephrogenic zone in mutants (Fig. S2). These
findings demonstrate an important role for nephron progenitor PRR in the maintenance of
Cited1* population and suggest that persistent reduction in nephron number in PRR mutants
at birth is due to precocious depletion of progenitor pool. There was also a marked reduction
in staining for WT1-positive glomeruli, lotus tetragonolobus Lectin (LTL)-expressing
tubules of proximal tubule origin and Pax2/Jagl-positive RVs in mutants (Fig. S2). These
data indicate that nephron induction and specification of proximal nephron segments (which
arise from nephron progenitors) is impaired in Six2PRR~/~ mutants at birth. Given reduced
expression of podocyte marker WT1 in mutants, we performed electron microscopy (EM) to
assess podocyte ultrastructure on PO. EM demonstrated podocyte foot process effacement in
Six2PRR=/~ mutants (Fig. 7). Thus, loss of PRR from nephron progenitors results in podocyte
foot process effacement, a hallmark of glomerular injury leading to proteinuria.

PRR deletion results in a decreased cell proliferation and an increased cell apoptosis at

birth

To identify the cellular mechanisms accounting for small cystic kidneys observed in
Six2PRR=/~ mutants at birth, we examined cell proliferation and apoptosis in the Six2*
compartment of the CM on P0. Quantification of fluorescence intensity of phosphohistone
H3 (pH3) and activated caspase-3 (Casp3) in the Six2* compartment revealed that the ratio
of proliferating/Six2-positive cells was reduced (0.054+0.006 vs. 0.096+0.01, p<0.05) and
of apoptotic/Six2-positive cells per kidney section was increased (1.08+0.06 vs.
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0.007+0.001, p<0.001) in mutants compared with controls (Fig. S3). These findings
demonstrate that loss of PRR in nephron progenitors results in impaired cell proliferation
and survival in Six2* compartment of the CM during later stages of nephrogenesis, leading
to congenitally small cystic kidneys.

Reduced PRR gene dosage in nephron progenitors results in proteinuric kidney disease

Because Six2PRR~/~ mice did not survive beyond the first 48 hours of life, we evaluated the
functional consequences of reduced PRR gene dosage in Six2PRR*/~ mice at 2 months of
age. Kidney weight was reduced in Six2PRR*/~ compared to control mice (0.288+0.01 vs.
0.408+0.02 g, p<0.001) (Fig. 7). Histological analysis of Six2PRR*/~ kidneys demonstrated
focal glomerulosclerosis (Fig. 7). Serum creatinine levels and urinary albumin excretion
were increased in Six2PRR*/~ mice compared to Cre-negative controls (Fig. 7). These data
indicate that reduced PRR gene dosage in nephron progenitors results in histologic
glomerular injury, proteinuric kidney disease and renal dysfunction. Taken with the
histologic data showing podocyte effacement in Six2PRR~/~ mice at birth, the podocyte foot
process effacement is probably responsible, in part, for proteinuria in Six2PRR*/~ mice at 2
months of age. These findings are in keeping with previously published reports in which
podocyte-specific loss of PRR results in proteinuric kidney disease due to abnormal
podocyte function (Oshima et al., 2011).

Discussion

We demonstrate that nephron progenitor PRR is essential for the maintenance of progenitor
cells of the CM and the induction of nephrogenesis during metanephric kidney development.
Conditional deletion of PRR in nephron progenitors causes premature depletion of NPC pool
resulting in decreased mesenchyme to epithelial transition required for later stages of
nephron formation. Reduced nephron endowment and small cystic kidneys are related to
impaired progenitor cell proliferation and loss of normal molecular inductive response to
canonical Wnt/B-catenin signaling that occur early in kidney development. Postnatally,
heterozygous Six2PRR*/~ animals develop focal glomerulosclerosis and proteinuric kidney
disease.

The balance of NPC self-renewal and differentiation into nephrons ultimately determines
nephron endowment (Little and McMahon, 2012). Premature depletion of progenitors
during kidney development results in renal hypoplasia, a common cause of pediatric end-
stage renal disease and a risk factor for hypertension (Bertram et al., 2011). Six2, Eyal,
Osrl, Pax2, Salll, Bmp7, Fgf2, Fgf9, Fgf20 and Whnt signaling pathways are essential in
regulating the balance between self-renewal and differentiation of progenitor cells
throughout nephrogenesis to generate sufficient number of nephrons by term birth in
humans (Brown et al., 2013; Kanda et al., 2014; Barak et al., 2012; Brown et al., 2011,
Blank et al., 2009; Self et al., 2006). UB-derived Wnt9b is a primary inductive signal
required to initiate the transition of NPC of the CM toward nephron differentiation via the
stabilization of B-catenin within the CM (Grieshammer et al., 2005; Xu et al., 2014). While
the least differentiated nephron progenitor compartment is marked by Cited1, Six2 and
Salll, Fgf8, Pax8, Wnt4 and Lhx1 represent the earliest markers that demarcate the
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transition of nephron progenitors responding to Wnt9b signaling to PTAs and RVs (Valerius
et al., 2002; Stark et al., 1994; Grieshammer et al., 2005).

In the mouse kidney, PRR mRNA and protein are detected from E12.5 (Song et al., 2013b).
PRR mRNA is expressed in the intact UBs isolated from E11.5 wild-type mouse kidneys
(Song et al., 2013a). PRR immunostaining is present in the UB and the CM on E13.5 (Song
etal., 2013a). In this study, we found that PRR maintains nephron progenitors and promotes
differentiation of nascent nephrons by regulating the expression of key genes critical for
both populations. The expression of Six2, Cited1 and Salll, which are essential for
maintaining stemness of the nephrogenic niche (Kobayashi et al., 2008; Mugford et al.,
2009; Brown et al., 2013), was reduced in PRR mutants. The early loss of Cited1* cells in
our study may indicate reduced survival of the progenitors and/or their premature
commitment to nephron induction (Mugford et al., 2009). The observed depletion of Cited1*
population in PRR mutants may be due to increased signaling via pSmad, previously shown
to be required for transition of progenitors to a distinct Six2*;Cited1- subcompartment in
which cells are sensitized to inductive effects of canonical Wnts (Mugford et al., 2009).
Reduced nephrogenesis in PRR mutants may be also attributed to decreased expression of
Salll and Fgf20 (and Fgf20 signaling via Etv4) in the mesenchyme. This possibility is
supported by similarity in renal phenotype in Six2PRR~/~ mice and in mice with conditional
loss of Salll in Six2-positive progenitors or in Fgf208Gal/fGal: Fgfg*/~ compound mutants.
Both Sall1 and Fgf208Gal/BGal:Fgfg*/~ mutants have small dysplastic kidneys at birth due to
depletion of nephron progenitors and premature cessation of nephrogenesis (Brown et al.,
2013; Kanda et al., 2014).

PRR may also control nephrogenesis through the canonical Wnt/ -catenin signaling. In this
regard, inhibition of the PRR by small inhibitory RNA (siRNA) in HEK293T cells in vitro
or by the PRR antisense morpholino in Xenopus embryos in vivo decreases luciferase
reporter activity stimulated by canonical Wnt signaling (Cruciat et al., 2010). Emerging
evidence indicates that Wnt/B-catenin signaling regulates both NPC self-renewal and
differentiation. The disparate responses (self-renewal vs. differentiation) are controlled, in
part, by expression levels of Six2 (Karner et al., 2011; Park et al., 2012). In CM cells with
high Six2 levels, Six2 forms complexes with -catenin binding patners Tcf/Lef and prevents
[3-catenin from activating the expression of genes promoting differentiation (Park et al.,
2012). In NPCs induced by a high dosage of Wnt9b, increased p-catenin levels reduce Six2
levels, resulting in upregulation of genes such as Wnt4 and Fgf8 which are essential for
nephrogenesis (Karner et al., 2011; Park et al., 2012). In spite of unaltered expression
pattern of Wnt9b in the UB of Six2PRR=/~ mutants in our study, we observed reduction in
active B-catenin protein levels in the mutant CM and in Six2* cells FACS-isolated from
E15.5 Six2PRR=/~ mutant kidneys. Moreover, Six2Ce*/PRRIoX/floX ce||s showed weak E-
cadherin/Lef1 expression, and failed to form multicellular structures. These findings provide
strong evidence that f-catenin-dependent canonical Wnt signaling downstream of the PRR
plays a central role in the initiation of MET (Valerius et al., 2002; Xu et al., 2014).

Finally, as H*-ATPase subunit, PRR may be important for progenitor cell survival through
maintenance of pH homeostasis. In this regard, conditional loss of the PRR from podocytes
in mice causes downregulation of H*-ATPase subunit expression, impaired acidification of
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intracellular comparments, foot process effacement and proteinuria (Oshima et al., 2011). In
our study, ablation of the PRR in nephron progenitors resulted in podocyte foot process
effacement at birth and decrease in PRR gene dosage- in proteinuric kidney disease later in
life. Thus, nephron progenitor PRR is essential for glomerular structure and function.

In summary, nephron progenitor PRR is essential for nephron development and renal
function postnatally. We propose that PRR positively regulates targets in nephron
progenitors, thereby maintaining stemness of nephron progenitor niche. Findings of small
cystic kidneys and podocyte foot process effacement observed in PRR mutants at birth
points to PRR as a potential candidate for future genetic screening studies in humans with
renal hypoplasia, hypodysplasia and podocytopathy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Conditional deletion of the prorenin receptor (PRR) in nephron progenitors in
mice causes reduced nephron endowment and severe congenital bilateral renal
hypodysplasia (RHD).

RHD results from premature depletion of nephron progenitor cell pool,
decreased nephrogenesis and secondary ureteric bud branching defects.

Mechanistically, aberrant kidney development is due to impaired progenitor cell
proliferation and loss of normal molecular inductive response to canonical
Whnt/B-catenin signaling.

Postnatally, heterozygous Six2PRR*/~ animals develop focal glomerulosclerosis
and proteinuric kidney disease.

Nephron progenitor prorenin receptor (PRR) is essential for normal kidney
development and function.
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Figure 1. Nephron progenitor PRR is required for nephrogenesis
Efficiency of Six2-Cre-mediated PRR deletion. (A) PRR mRNA levels are reduced in Six2*

cells FACS-isolated from E15.5 Six2PRR~/~ kidneys compared with controls. (B,C) PRR
immunostaining (red) is reduced in the mesenchyme of Six2PRR~/~ E15.5 kidneys. Ureteric
buds (UB) are visualized with anti-pancytokeratin antibody (green staining). (D-1) 3D
reconstruction of E12.5 kidneys demonstrates that mutant kidneys have no nephrons past the
RV stage (light blue), while control kidneys have RVs, comma (red) and SBs (dark purple).
Both Six2PRR~/~ and control kidneys show robust UB branching (pink). (D-I) Scale bars=
100 pm.
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Figure 2. Nephron progenitor PRR is required for normal kidney development
(AD) On E13.5, Six2PRR=/~ kidneys are reduced in size (A, B) and have less developed

epithelial structures on hematoxylin and eosin-stained sections cut in the longitudinal
midplane (C, D). Insets in the upper right-hand corners of C and D show higher
magnification photos of the respective boxed region. In control kidney (C), nascent vesicle
and comma-shaped nephron are observed on ventral surface of branching UB. Mutant
kidney is smaller and has no apparent developing nephron structures adjacent to the UB (D,
inset). (E-G) The number of UB tips (green staining, anti-pancytokeratin antibody) is
reduced in E13.5 mutant compared to control kidneys. (C,D) Scale bars= 100 pm.
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Figure 3. Removal of PRR in nephron progenitor cells results in aberrant expression of cap
mesenchyme and nephron differentiation markers

(A-H) Section in situ hybridization of nephron induction (Wnt4, Pax8), UB (Wnt9b) and
progenitor cell (Cited1) markers in E13.0 (Wnt4, Pax8) and E14.5 (Wnt9b, Cited1) control
and Six2PRR~/~ kidneys shows reduced Wnt4Pax8 and Cited1 expression in mutants, and no
apparent change in Wnt9b. (I-P) Immunoflurescence for nephron induction markers
demonstrates preserved Lefl, Jagl and Lhx1 expression in control, but decreased formation
of pre-tubular aggregates (PTA) and renal vesicles (RV) in Six2PRR~/~ kidneys on E14.5.
Pancytokeratin (I-L, O, P) and calbindin (M, N) (green) label ureteric bud (UB). (O, P)
Immunoflurescence for nephron progenitor markers demonstrates preserved Cited1
expression (red) in the cap mesenchyme (CM) in control (O) and decreased expression in
Six2PRR=/~ (P) kidneys
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Figure 4. Impaired MET Six2PRR~/~ compared to control kidneys
(A-H) ABC immunoflurescence shows apparent reduction in ABC levels in the CM of

mutant (E-H) compared to control (A-D) E14.5 kidneys. (I-N) Apparent reduction in ABC
immunofluorescence (red) in Six2* cells FACS-isolated from E15.5 mutant compared with
control kidneys. (O-T) FACS-isolated Six2* cells from E15.5 mutant and wild-type kidneys
were pelleted, placed on Transwell membranes and induced to differentiate with 2 uM BIO.
(O-Q) DMSO (control)- treated mutant CM cells express less E-cadherin and Lef1, and fail
to form complex structures. (O’-Q”) Upon stimulation of MET with BIO, induction in E-
cadherin and Lefl expression is attenuated in mutant compared to wild-type cells.
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Figure 5. Decreased proliferation and no change in cell death in nephron progenitors in
E13.5Six2PRR~/~ kidneys

(A-H) Immunoflurescence for phospho-histone H3 (pH3), activated caspase-3 (Casp3) (red)
and Six2 (green). Representative images demonstrate fewer pH3-positive cells in Six2*
compartment of the cap mesenchyme (CM) in Six2PRR=/~ kidneys than in control
littermates. (1,J) Bar graphs show decreased number of pH3-positive cells and no difference
in the number of Casp3-positive cells in the CM of Six2PRR~/~ kidneys compared to
controls.
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Figure 6. Loss ofPRR in nephron progenitors results in small cystic kidneys
(A-1) Hematoxylin and eosin-stained sections of PO kidneys from control (A-C),

heterozygous (D—F) and Six2PRR~= (G-I) mice demonstrate reduced kidney size, lack of
well-defined nephrogenic zone, thin cortex with apparent reduction in nephron number,
presence of cysts (Cy) in the cortex and medulla in Six2PRR~/~ mutants. (A,D,G) scale bar=
100 pm; numbers- kidney length. (J,K) Bar graphs demonstrate a decrease in total nephron
number (J) and in number of all nephron generation stages (K) Six2PRR~/~ mutants
compared to controls.
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Figure 7. Nephron progenitorPRRis required for normal podocyte ultrastructure and kidney
function

(A,B) Toluidine blue-stained PO Six2PRR~/~ kidney sections show cystically dilated tubules
(Cy) and collapsed glomeruli with an enlarged Bowman’s space (Bs). (C) Electron
micrograph of PO Six2PRR*/+ kidney section shows normally appearing podocyte foot
processes (arrow). (F) PO Six2PRR=/~ kidney section shows fusion and effacement of
podocyte foot processes in mutants (arrows); C- capillary lumen (original magnification
x20,000). (D-E) Hematoxylin and eosin staining of 2 months-old kidney tissues shows
normally appearing glomeruli in Six2PRR*/* mice (D) and focal glomerulosclerosis (arrows)
in Six2PRR*~ mice (E). (G) Kidney weight is reduced in Six2PRR*/~ compared with
Six2PRR*/* mice at 2 months of age. (H-J) Six2PRR*/~ mice have significantly increased
levels of serum creatinine, urinary albumin and urinary albumin-to-creatinine ratios at 2
months of age.
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Table 1

Mean kidney measurements in E12.5 control and PRRYB~/~ mice

Parameter Control (n=3) Mutant (n=3) P value
Kidney
volume (um3) 2.64x107+4.17x10%  3.41x107+6.63x10%  0.38
surface area (um?) 3.44x105£1.82x104  3.90x105+5.51x104  0.46
Nephron
developing glomeruli (% of kidney) 3.79+0.01 1.42+0.02 0.001
developing glomeruli average size (um)  5.1x10%+2.7x103 3.3x104+2.4x103 0.008
RV number 12.7£2.4 15.6+5.7 0.65
comma number 7.0£1.2 0+0 0.004
SB number 0.43+0.3 0+0 0.04
Ureteric tree
volume (um3) 3.10x106+3.47x10°  4.19x106+9.40x10°  0.33
% of kidney 11.8+0.01 12.2+0.01 0.55
surface area (Lm?) 2.33x10°%43.01x10*  3.12x10°+7.11x10* 0.36
tip number 29+3 3448 0.43

Data are expressed as the mean+SE
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