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Abstract

Current models suggest that the fate of the kidney epithelial progenitors is solely regulated by
signals from the adjacent ureteric bud. The bud provides signals that regulate the survival, renewal
and differentiation of these cells. Recent data suggest that Wnt9b, a ureteric bud-derived factor, is
sufficient for both progenitor cell renewal and differentiation. How the same molecule induces
two seemingly contradictory processes is unknown. Here, we show that signals from the stromal
fibroblasts cooperate with Wnt9b to promote differentiation of the progenitors. The atypical
cadherin Fat4 encodes at least part of this stromal signal. Our data support a model whereby
proper kidney size/function is regulated by balancing opposing signals from the ureteric bud and
stroma to promote renewal and differentiation of the nehron progenitors.

Introduction

Kidney development depends on reciprocal interactions between two tissues, the ureteric
bud and the metanephric mesenchyme 1 2. Signals produced by the mesenchyme promote
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reiterative branching morphogenesis of the ureteric bud (UB), while signals from the bud
support survival and proliferation of nephron progenitor cells within the mesenchyme.
Additionally, the bud produces a signal(s) that induces a subset of the progenitors to undergo
a mesenchymal-to-epithelial (MET) transition to form an intermediate condensed structure
known as the pre-tubular aggregate (PTA), which proceeds to an epithelial structure referred
as the renal vesicle (RV). The RV will undergo morphogenesis to form the nephron, a
structure consisting of the renal corpuscle, proximal tubule, loop of Henle, distal tubule and
the connecting tubule. The UB will give rise to the collecting ducts and ureter.

A significant portion of the inductive activity attributed to the ureteric bud can be assigned
to Wnt9b3. Previous studies have shown that Wnt9b signals to the nephron progenitor cells
and activates at least two molecularly and spatially distinct programs; one that promotes
progenitor cell proliferation/renewal (referred to as the Class Il/progenitor signature) and
another that induces their differentiation (referred to as the Class I/pre-tubular aggregate or
PTA signature)?. In the absence of Wnt9b, the progenitor domain is specified correctly but
does not expand and the PTAs and RVs do not form3: 4. Both programs are activated by the
transcription factor beta-catenin?. A question that arises is how the same molecule promotes
two seemingly contradictory, program-specific responses?

The nephron progenitors are encapsulated by a population of fibroblasts known as the
stroma (Figure 1a). These cells are ideally positioned to influence the fate of the nephron
progenitors. Indeed, ablation of the transcription factor Foxd1 from the stroma results in
expansion of nephron progenitor cells and a severe deficit in MET/differentiation 6.
However, the precise mechanism underlying this phenotype is unclear.

Here, we show that the stromal cells produce a signal(s) that regulates progenitor cell
renewal. This signal is at least in part encoded by the atypical cadherin Fat4. Fat4 normally
functions to modify beta-catenin activity, promoting the differentiation program and
repressing the renewal program. We hypothesize that Fat4 accomplishes this role by
modulating the activity of Yap and Taz within the nephron progenitors. By providing
opposing progenitor renewal and differentiation signals, the ureteric bud and the stroma
provide a niche that assures proper nephron endowment and optimal kidney function.

The stroma promotes differentiation

To test a potential role for the stroma in nephron progenitor fate, these cells were ablated by
generating pups carrying both a Cre inducible form of the Diphtheria toxin A chain
(RosaDTA)” and Foxd1Cre8.

Foxd1Cre;RosaDTA pups died within 24 hours of birth. As expected, examination of E18.5
kidneys revealed a complete absence of the cortical stromal cells and their derivatives
(Figure S1A). Foxd1 positive stromal cells were absent at E15.5 although there were still
some Foxd1 derived medullary stromal cells (Figure S1A). Thus, the Foxd1Cre;RosaDTA
mouse results in deletion of the cortical stroma by at least E15.5.
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Kidneys of P1 Foxd1Cre;RosaDTA pups (which we will refer to as ‘stromaless’) were
smaller than wild type and were fused to the body wall. Hematoxylin-Eosin (HE) stained
sections revealed an expanded zone of mesenchymal cells capping the ureteric buds (Figure
1C). Staining with an antibody to Six2 demonstrated that the nephron progenitor domain of
mutants was significantly expanded in the Foxdlcre;Rosa-DTA mutants (Figure 1E, G, I).

To determine if stromaless kidneys had a normal Wnt9b response, we assessed the
expression of both Class I/PTA and Class Il/progenitor target genes at E15.5. Class | targets
include Pax8, Wht4, Lefl and Clqdc2 4. Class |1 targets include Cited1, phospholipase A2
group 7 (Playxgy), amphiphysin (Amph) and expressed sequence AW049604 (Tafa5/
Fam19a5) 4. At E15.5, all Class Il/progenitor Wnt9b targets examined were expressed
throughout the expanded progenitor domain of the stromaless mutants (Figure 1E, G, Figure
S1B). However, the expression of Class I/PTA targets was significantly reduced or absent
(Figure 11 and Figure S1B). Although most kidneys were largely devoid of PTAS/RVs, a
very low number of PTAs/RVs did form, most likely corresponding to regions of retained
stroma. These data suggest that a signal(s) from the cortical stroma suppresses renewal
and/or promotes differentiation of the nephron progenitor cells.

Previous studies have found that the stroma produces secreted frizzleds and it has been
hypothesized that these signals affect the activity of Wnt ligands produced by the ureteric
bud and/or renal vesicles 8 9 10 To test if ablation of the stroma could affect the strength of
ureteric bud derived Wnt9b signaling, we cultured stromaless mutants with a small molecule
that inhibits Wnt production (IWP2) by repressing the fatty acyl-transferase porcupinel: 12,

Unexpectedly, Foxd1Cre;RosaDTA kidneys treated with the highest dosage of IWP2 still
maintained the expression of Wnt9b Class Il/progenitor targets (although at slightly reduced
levels) after 48 hours of culture (Figure 2E). Interestingly, IWP2 treatment blocked
expression of class I/PTA targets in both wildtype and stromaless kidneys (Figure S6).
These data suggest that in the absence of stroma, Class Il target expression is less dependent
on a Wnt ligand.

To determine if beta-catenin was still necessary for the expression of Wnt9b targets in
stromaless kidneys, Foxd1Cre;RosaDTA kidneys were cultured with a compound that
destabilizes beta-catenin (inhibitor of Wnt response 1 or IWR1) (Figure 2C,F)11. 12, Both
wild type and Foxd1Cre;RosaDTA mutants lost expression of Wnt9b/beta-catenin Class |
and Il targets in the presence of IWRL. These data indicate that removal of the stroma makes
Whnt9b Class Il target gene expression less dependent on a Wnt ligand, but does not lessen
dependence on beta-catenin.

Stromal signals affect Yap activation

Recent studies have shown that beta-catenin activity can be regulated by crosstalk with the
Hippo/Warts pathway13-16, Hippo and Warts (Mst1/2 and Lats1/2 in mice) are serine/
threonine kinases that regulate cell proliferation and differentiation by activating the
phosphorylation and nuclear exclusion of the transcriptional regulator Yorkie. Loss of
Hippo/Warts signaling in the heart results in increased levels of nuclear Yap (a mouse
ortholog of Yorkie) and inappropriate activation of the beta-catenin pathway 6. Given the
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observed effect on beta-catenin activity, we decided to examine the localization and
activation status of Yap in stromaless kidneys using antibodies that recognize either total or
phosphorylated forms of the proteinl/-20,

In wild type kidneys, we found that total Yap protein was ubiquitously expressed. However,
Yap showed differences in its sub-cellular localization with a higher nuclear to cytoplasmic
ratio in differentiated cells in the more central or medullary region of the kidney (Figure
3C,D and Figure S2A). As expected, phospho- (or p-) Yap expression and nuclear Yap were
largely exclusive of each other. pYap expression was strong in the cortical stromal, ureteric
bud and nephron progenitor cells (Figure S2 A’). Levels of pYAP abruptly decreased in all
three lineages as differentiation proceeded. The medullary region was largely devoid of
pYap expression (Figure S2A).

Yap protein levels were next assessed in Foxd1Cre;RosaDTA kidneys. Although total Yap
levels did not change significantly in mutants, there was a striking increase in the levels of
nuclear Yap in all three lineages within the nephrogenic zone of mutant kidneys (Figure
3G,H). Conversely, phosphorylation of Yap was significantly reduced in the Six2-positive
cells of Foxd1Cre; RosaDTA kidneys (Figure 3E,F). These data suggest that signals from
the cortical stroma regulate Yap phosphorylation and localization within the nephron
progenitors.

Yap/Taz regulates Wnt9b activity

Our data suggest that nuclear Yap (and Taz) stimulate the expression of Wnt9b target genes.
To test this hypothesis, nephron progenitors were isolated and cultured 2122, As in the
stromaless mice, Yap protein was predominantly nuclear in the cultured cells although, as
previously shown, the levels of nuclear Yap were inversely correlated to cell density (Figure
S2B).

Citedl, Pla2g7, Tafa5 and Amphiphysin are all expressed in the isolated progenitors in the
absence of Wnt9b (Figure 4A) and all tested were positively affected by Lefl/beta-catenin
activity (Figure S4A). We next asked whether the expression of these genes was dependent
on Whnt production. Similar to observations made in Foxd1Cre;RosaDTA kidneys, treatment
of isolated progenitor cells with IWP2 had no significant effect on the expression of these
progenitor target genes (Figure S4B).

We next asked if Wnt9b/Class Il target expression was dependent on Yap/Taz activity. Cells
in which Yap/Taz mRNA/protein levels were knocked-down via siRNA mediated silencing
showed a significant repression of Class Il/progenitor targets Cited1, Tafa5, Pla2g7,
Amphiphysin (Figure 4A, B) while the levels of Wnt9b independent progenitor targets like
Salll and Six2 were only moderately reduced (Figure 4A, B). Expression of the class I/PTA
targets Pax8 and E-cadherin was significantly increased in these cells (Figure 4A, B). These
findings suggest that nuclear Yap/Taz enhances the expression of Wnt9b Class I1/progenitor
target genes while it represses the expression of Class I/PTA targets.

To determine if this role for Yap/Taz was conserved in vivo, we ablated both genes from the
kidney nephron progenitors using Six2Cre. Both Yap and Taz are expressed in largely
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overlapping domains in the kidney progenitor cells (Figure S8B) and single ablation of
either gene had little effect on Wnt9b target gene expression (with the exception of Cited1,
which was lost in both single mutants Figure S8C). Although
Six2Cre;Yapflox/floxiTazflox/flox mytants maintained Yap protein through E13.5, levels were
greatly decreased at E15.5 and by birth, the majority of the progenitor cells and their
derivatives showed no detectable levels of Yap (Figure S3 and 5A-B). As expected, given
the kinetics of Yap ablation, the first several days of kidney development did not appear to
be affected in these mutants (Figure S3). However, Six2Cre;Yapflox/floxiTazflox/flox mytants
died within 24 hours of birth.

At E18.5, Yap/Taz double mutant kidneys were smaller than those of wild type littermates
and exhibited a greatly reduced nephrogenic zone and decreased density of epithelia in the
more central regions of the kidney indicative of a reduction in nephron number (Figure 5D).
Staining of mutant kidneys with Lotus tetragonolobus lectin (LTL), a marker of proximal
tubules, revealed a severe decrease in number and length of these structures in mutants
(Figure 5E-F). Further, P1 double mutants had significantly fewer glomeruli than wild type
(Table 1). However, the collecting duct epithelium, which is derived from the ureteric bud
lineage, looked relatively normal.

The paucity in progenitor cell-derived structures in mutants could be caused by a deficit in
progenitor cell number or progenitor cell differentiation. To test the role of Yap/Taz in
progenitor cell maintenance/proliferation, we stained kidneys with an antibody to the Wnt9b
Class Il/progenitor target Cited1 as well as the Wnt9b independent progenitor marker Six2.
The majority of ureteric bud tips lacked a Cited1 positive mesenchymal cap (arrows in
Figure 5H), even though a single layer of Six2-positive cells (as opposed to 2-3 cell layers
in wild type) still surrounded the ureteric bud of some mutants (Figure 5 and S3). Many tips
completely lacked progenitor cells. Transcripts of Class |1 targets Pla2g7,Tafa5 and
Amphiphysin showed similar reductions in double mutants (Figure 5J, L and R
respectively). Importantly, beta-catenin protein was still expressed in mutants (Figure 5 R-R
). Thus, similar to what was observed in vitro, Yap/Taz activity is required for normal beta-
catenin Class Il/progenitor target gene expression in vivo.

Loss of Class 11 target expression correlates with low rates of progenitor cell proliferation?.
Therefore, we compared the percentage of pHH3/Six2 positive cells in the Yap/Taz mutants
to the wild type. Mutants showed a significant decrease in cell proliferation rates (Figure
S5).

To determine if Yap/Taz activity affected the expression of the Class I/PTA targets, we
assessed the expression of Pax8 and Wnt4 in P1 kidneys. Both genes showed expanded/
ectopic expression in Yap/Taz mutants. Pax8 and Wnt4 showed strong ectopic expression in
the cortical mesenchyme, expanding into what would normally be the expression domain of
Class Il/progenitor targets (Figure 5N, N’ and P).

These data suggest that Yap/Taz normally represses the expression of Class I/PTA markers
in the nephron progenitors. Although we observed ectopic expression of Class I/PTA
targets, the formation of renal vesicles appeared to be delayed in mutants suggesting that
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Yap/Taz activity is required for proper differentiation. Thus, the reduced size of the kidney
and the reduction of nephron number observed in Yap/Taz mutants is most likely caused by
a combination of reduced progenitor cell renewal as well as defects in differentiation.

Fat4 regulates Yap/Taz activity in the progenitors

Our data suggests that a signal(s) from the stroma regulates Yap/Taz activity within the
progenitors. In flies, members of the Fat and Ds family of atypical cadherins have been
shown to mediate activity of the Yap/Taz homolog Yorkie 23. Intriguingly, one member of
this family, Fat4, is expressed predominantly in the stroma of the embryonic kidney 24 25,

To determine if Fat4 regulates the phosphorylation status of Yap/Taz, we analyzed
expression of Yap protein in E15.5 and P1 Fat4~/~ kidneys. Similar to the observations in
the stromaless kidneys, phosphorylation of YAP was normal in the stroma and the UB
epithelium, but significantly reduced in the majority of Six2 positive progenitor cells in Fat4
mutant kidneys (Figure 31,G). Further, total YAP protein was predominantly localized in the
nucleus of Fat4 mutant progenitor cells (Figure 3K, L). These results suggest that Fat4
regulates the activity/localization of Yap in the mammalian kidney.

Fat4 nulls exhibit an expanded progenitor domain

We next sought to determine if ablation of Fat4 had an impact on the nephron progenitor
population. Fat4 null kidneys are smaller than their wild type littermates at birth but appear
to have an expanded progenitor domain (Figure 6B). The expanded progenitor cells
expressed Wnt9b nephron progenitor (Class I1) targets as well as other progenitor markers
(Figure 6D,F,H,J,L,N,P). Quantification of the number of Six2 positive cells revealed a
significant expansion of the progenitor domain (Figure 6P). However, the number of Lefl
positive structures suggested that Fat4 mutants had significantly fewer nephrons than
wildtype (Figure 6P, Table 1).

To determine if the expansion of the nephron progenitor population was the result of an
increased rate of proliferation or simply a failure to differentiate, we quantified the
percentage of pHH3 positive progenitor cells in wild type and Fat4 mutants. Fat4 mutants
showed a mild but significant increase in the percentage of pHH3 positive progenitor cells
relative to wild type (Figure S5, Table 1).

We next determined if Fat4 mutant kidneys continued to express Wnt9b/Class |1 target
genes after treatment with IWP2 (similar to stromaless kidneys). Indeed, the low level
expression of Wnt9b Class Il target genes was maintained, while Class I/PTA targets were
lost (Figure 2H, J, K and S6). Fat4 mutants lost expression of both classes of targets after
treatment with IWR1 (Figure 21, J,K and S6). Thus, ablation of Fat4 renders expression of
Wnt9b Class Il/progenitor targets less-dependent on a Wnt ligand but does not relieve
dependence on beta-catenin.

To determine the effect of Fat4 ablation on Wnt9b activity in vivo, we generated Fat4/
Wnt9b double mutants. Fat4/Wnt9b double mutant kidneys were hypoplastic with a
moderately branched ureteric bud system. Unlike Wnt9b null kidneys, double mutant buds
were capped with progenitor cells although they still lacked renal vesicles and their
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derivatives (Figure 7D). Similar to the results observed upon culture of Fat4 mutants with
IWP2, we found that expression of Wnt9b Class Il/progenitor target genes Cited1, Pla2g7
and Tafa5 was rescued in Wnt9b mutants upon co-ablation of Fat4 (Figure 7H, L and P).
However, class I/PTA target expression was not rescued (Figure 7T, X). These data suggest
that Fat4 inhibits expression of Wnt9b Class Il/progenitor targets and promotes the
expression of Class I/PTA targets in vivo.

Previous studies suggest that Fat4 interacts with VVangl2 to regulate PCP during tubule
diameter maintenance in the kidney28. However removal of Vangl2 from mice carrying
either a null or hypomorphic allele of Wnt9b%? (Wnt9b~/~;Vangl2 PP and
Wnt9bneo/neo:\/angl2 P1P) did not rescue the progenitor domain or expression of Wnt9b
Class Il/progenitor targets suggesting this phenotype is independent of the Vangl2/PCP
pathway (Figure S7B).

The cortical stroma and mural cells of Fat4 mutant kidneys were molecularly and
phenotypically indistinguishable from wild type through birth (Figure S7A). Further, we did
not observe ectopic expression of progenitor markers within the stromal compartment of
Fat4 mutants (Figure S7A). These data suggest that the expansion in progenitors was not
caused by a transformation of the stroma into progenitors.

Reciprocally, lineage tracing of progenitor cells in kidneys revealed that the Six2Cre
expressing derivatives were present in mutants until E15.5 (Figure S8A). Co-labeling of
Six2Cre;RosaYFP; Wnt9b™~ with antibodies to GFP and stromal markers Foxd1, Meis1/2
or Slug demonstrated that the progenitors of Wnt9b mutants were not mis-specified or trans-
fated toward a stromal fate (Figure S8A). These findings rule out the possibility that the
phenotypes observed in Wnt9b, Fat4 or Wnt9b/Fat4 double mutants were the results of
defects in nephron progenitor or stromal cell specification or fate.

Fat4 acts non-autonomously

Our model suggests that stromal Fat4 acts on the adjacent progenitors. To determine if Fat4
can act non-autonomously, we co-cultured isolated progenitors with cells transfected with
full length Fat4. Yap localization shifted from predominantly nuclear to cytoplasmic when
progenitor cells were cultured adjacent to Fat4 expressing cells (Figure 4D). A construct
lacking the cytoplasmic domain of Fat4 (Fat4-ECD) had the same effect (Figure 4C). Both
constructs resulted in increased levels of phosphorylated Yap. All results occurred
independent of cell density indicating that Fat4 is capable of activating Yap/Taz in a non-
autonomous manner.

We next assessed the effect of Fat4 on progenitor cell differentiation. Both full length and
the extra-cellular domain of Fat4 had a similar effect on gene expression as knockdown of
Yap/Taz, repressing class Il/progenitor gene expression (with the exception of Pla2g7) and
enhancing differentiation/MET as assessed by E-cadherin (Figure 4C). In sum, these data
suggest that stromally-derived Fat4 non-autonomously regulates Yap/Taz activity within a
subset of the nephron progenitors, which promotes their differentiation.
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Discussion

The embryological studies performed by Clifford Grobstein during the 1950s established
one of the central tenets of metanephric kidney development: nephron progenitor
maintenance and differentiation rely on signals produced by the ureteric bud epithelium?®: 2,
However, there is growing evidence that final kidney form relies on inductive and inhibitory
crosstalk between multiple cell types present in the organ anlagen®: ¢ 28-30_ |n this study, we
provide evidence the cortical stroma inhibits nephron progenitor cell expansion and
promotes its differentiation. We propose that Fat4, produced by the stroma, provides a signal
that antagonizes nephron progenitor renewal and promotes differentiation by modulating
response to Wntb.

We suggest that Yap/Taz plays a crucial role in regulating Wnt9b signature activation.
Precisely how this is accomplished is not clear. Several recent studies have shown direct
interaction between beta-catenin and Yap/Taz signaling 13-16. Our data are consistent with
the idea that Fat4 signaling promotes the expression of Wnt9b/beta-catenin differentiation
targets, inhibits the expression of the progenitor renewal targets. We propose that nuclear
Yap/Taz and beta-catenin cooperate to activate the nephron progenitor signature and loss of
nuclear Yap/Taz (and possibly gain of cytoplasmic pYap/Taz) is necessary for the
expression of the differentiation signature (Figure 8). As we have not identified conserved
Tead (the DNA binding co-factor for Yap and Taz) binding sites within either class of target
gene, the effect of Yap/Taz on beta-catenin targets may not be direct. Nevertheless, Yap/Taz
must impinge on Wnt9b/beta-catenin activity at some point.

Although Fat4 is expressed in the stroma (24 25 and this study), we cannot rule out the
possibility that low levels of Fat4 present in the progenitors constitute the active pool of
protein. However, the observation that DTA deletion of the stromal cells results in a similar
phenotype to Fat4 ablation would seem to support a stromal source. We hypothesize that
Fat4 binds to another factor produced by the progenitors to activate Yap/Taz in the
progenitors. The mouse ortholog of Dachsous and Fat3, a paralog of Fat4, are both
expressed in the progenitor cells where they could be acting as receptors for stromal

Fat4 24 2531 1t will be interesting to determine whether either of these factors mediates
Yap/Taz activity.

The Foxd1Cre;RosaDTA kidneys elicits a more severe phenotype than mutation of Fat4
alone. Inappropriate production of other signals (such as Bmps, 8) produced by the ectopic
endothelial or capsular cells observed in Foxdl 8 mutants may lead to the more severe
phenotype observed in these mutants. In support of this model, we did not detect ectopic
pSmad1/5/8 activity in Fat4 or SixCre;Yapflox/flox-Tazflox/flox mytants (Figure S7C),
although they are detectable in Foxd1 mutants 6. These data suggest that the phenotypes
resulting from ablation of Fat4 are a subset of those observed in Foxdl and stromaless
kidneys.

In summary, we have revealed that ureteric bud derived Wnt9b and stromal derived Fat4
provide opposing signals that regulate kidney progenitor cell maintenance and
differentiation. Although this interaction is clearly essential for kidney development, we feel
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that the crosstalk between the Wnt and Fat/YYap pathways may be representative of a more
general mechanism underlying stromal/epithelial interactions in multiple tissues. Given the
increasing evidence of stromal involvement in numerous human pathological conditions,

these findings are likely to have significant impact on our understanding of human disease.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Thecortical stromaregulates Wnt9b target activation and differentiation of the
nephron progenitors

A: Schematic representation of the embryonic kidney indicating the Wnt9b expressing
ureteric bud epithelium in red, the renewing nephron progenitors that express Wnt9b Class

Il targets in light gray, the differentiating nephron progenitors or pre-tubular aggregates
(PTAs) that express Wnt9b Class | targets in dark gray and the Foxd1 positive stromal
fibroblasts in blue. Hematoxylin and Eosin stained P1 wild type (B) and Foxd1cre;
Rosa26DTA mutant (C) kidney sections. Arrows indicate nephron progenitor cells.
Expression of Class Il/progenitor gene Citedl (D,E), Amphiphysin (F,G) and Class I/PTA
gene Lefl (H, I) in wild type (D, F,H) and mutant (E, G and I) kidneys at E15.5. All sections
have been co-stained with antibodies to the Wnt9b independent progenitor marker Six2 (in
red) and the ureteric bud epithelium marker cytokeratin (CK) in blue. Quantification of the
Six2 expression domain showed that it was significantly expanded from 2.1 cell layers in the
wild type to 5.3 layers in mutants (n=4, p<0.000001). Statistics source data can be found in
Table 1. The ureteric bud in B-I is outlined with a white dotted line. D-I are captured at 63x
magnification. Scale bar = 100 microns in B, C and 50 microns in all other panels.
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Figure 2. Expression of Class || targetsisindependent of a Wnt ligand but dependent on beta-
catenin in stromaless and Fat4 mutants

A-I: Whomemount images of wild type (A—C), Foxdlcre; Rosa26DTA (D-F) and Fat4 null
(G-1) kidneys cultured from E11.5 for 48 hours in the presence of DMSO (A, D, G), 5uM
IWP2 (inhibitor of Wnt production) (B, E, H) or the beta-catenin destabilizer IWR1 (C, F,
1). All tissues were hybridized with an antisense probe to Pla2g7. Scale bar = 1Imm. J-
K:Quantitative analysis of gene expression by grtPCR. cDNA levels of Class Il/progenitor
targets Tafa5 and Pla2g7 and Class I/PTA target C1qdc2 were assessed after treating
wildtype or Fat4 mutant kidneys with IWP2 (J) or IWR1 (K) or DMSO. DMSO treated

Nat Cell Biol. Author manuscript; available in PMC 2014 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Das et al.

Page 13

wildtype levels are considered baseline. Shown is the mean value of Qrt-PCR data from 3
different experiments. Error bar indicates SEM. “*’ indicate p<0.05 and ‘#’ indicate p<0.01.
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Figure 3. Nephron progenitor s of stromal mutants show increased nuclear YAP and reduced
pYAP
P1 wild type (A-D), Foxdlcre; Rosa26DTA (E-H) and Fat4 null (I-L) kidneys were

subjected to immunostaining using either an antibody to Y AP or a phoshpo-Y AP specific
antibody (green in merged images), the progenitor marker Six2 (in red) and ureteric bud
epithelium marker cytokeratin (CK in blue). Single channel images for pYap (B,F and G)
and Yap (D, H and L) are shown beneath each merged image. ‘*’ indicates the progenitor
domain in mutants with significantly reduced pY AP expression. All images captured at 63X
magnification. Scale bars = 20 microns.
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Figure 4. Nuclear YAP drivesWnt9b Class | I/progenitor and represses Class |/PTA target gene
expression in isolated progenitor cell cultures

A) Western blot on whole cell lysates from isolated mesenchymal cells transfected with
scrambled, YAP or Taz specific siRNA for 72hrs. Blots were probed with the following
antibodies: Yap, Taz, Class Il target genes (Cited, Tafa5, Pla2g7, Amphiphysin), Class |
target gene (Pax8), Wnt9b independent progenitor markers (Six2 and Sall1l) and a marker of
differentiation E-cadherin. (B) QrtPCR on cDNA from cells transfected with a scrambled
SiRNA or siRNAs to Taz and Yap using primers to Yap, Taz, Class Il Class | targets and
Wnt9b independent progenitor genes. (C) Western blot of cells 72hrs after transfection with
vector, full length or Fat4-ECD plasmids. (D) MM cells (stained with CellTracker, red) were
co-cultured with cells co-expressing empty vector, full-length Fat4 or Fat4-ECD and GFP
(green) then stained with anti-Yap antibody (teal) and Dapi (blue). Arrows in B indicate the
nucleus. Note the lack of Yap in the nucleus of mesenchymal cells adjacent to Fat4
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expressing cells. Scale bar in D =20microns. In all in vitro experiments, cultured cells are
isolated from 20 embryos from 3 pregnant females. The QrtPCR data shown is one
representative example from 3 individual experiments.
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Figure5. Ablation of TAZ/Y AP from the progenitorsalters expression of Class| and Class||
target genesin the nephron progenitors
Kidney sections from E18.5 wild type (A, C, E, G, I, K, M, O, Q) or Six2cre;

Y apflox/floxrazfloxiflox mytant (B, D, F, H, J, L, N, P, R) were stained with antibodies to
pYap (green), progenitor marker Six2 (red) and UB epithelium gene, cytokeratin (CK in
blue) (A-B, Single channel images for pYap are shown in A’ and B’), Hematoxylin and
Eosin (C-D), LTL (red), epithelial marker E-cadherin (green) and Dapi (blue) (E-F),
Wnt9b/Class Il target Cited1 (in green), UB epithelium marker Dolichos biflorus agglutinin
(DBA, in red) and Dapi (blue) (G-H, G’-H’ shows a higher magnification with the UB
outlined in white), antisense Wnt9b/Classl| target Pla2g7 (1-J), antisense Wnt9b/Classl|
target Tafa5 (K-L), antisense Wnt9b/Classl target Pax8 (M—N, M’-N’ shows the higher
magnification with the UB outlined in white), antisense Wnt9b/Classl target Wnt4 (O-P)
antibodies to Classl| target Amphiphysin (in red), beta-catenin (in green) and E-cadherin
(blue) (Q-R, the corresponding single channels for Amphiphysin and beta-catenin are
shown in Q-R’ are Q”-R”, respectively). Model showing the expression of progenitors in
wild type and Yap/Taz double mutants (S-T). The self-renewing progenitor cells (light gray)
are significantly reduced or lost in the mutants and are replaced by the differentiating
progenitors (dark gray). Dotted lines indicate the UB in all panels. Arrow in A’-B’ indicate
reduced Six2 positive cells and * indicate the PTAs; arrow in C-D indicates epithelial
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structures lost in the mutants; arrow in H indicates loss of Cited1 expression from UB tips
and arrow in N and P indicates ectopic expression of target genes. Scale bar for A,B =.1mm,
C-P =10 microns, Q-R =50 microns.
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Figure 6. Fat4 mutants exhibit an expansion of the progenitor domain and reduced
differentiation

Wild type (A, C, E, G, |, K, M, O) and Fat4 null (B, D, F, H, J, L, N, P E18.5) kidneys
stained with Hematoxylin and Eosin staining (A-B), antisense probes to Six2 (C,D),
Eyal(E-F) and Wnt9b/Classl| target genes Cited1 (G-H) Tafa5 (I-J), or antibodies to
Amphiphysin (green), UB epithelium marker cytokeratin (CK in red) and Dapi (K-L), Pax2
(red), Ecadherin (green) and beta-catenin (blue) (M-N), Six2 (red), Wnt9b/Classl target
gene Lefl (green) and cytokeratin (blue) (O-P). Quantification of Six2 positive cells
revealed that the progenitor domain was on average 4 cell layers thick in mutants as
compared to 2.1 cell layers in wild type kidneys (n=4, p<0.000001). Wild type kidneys had
an average of 51.5 Lefl positive structures per section while Fat4 mutants had only 28 (n=4,
p=0.007). Statistics source data can be found in Table 1. All images are taken at 20x
magnification. Scale bars-100 microns.
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Figure 7. Fat4 mutants express Class | |/progenitor genesin the absence of Wnt9b

Wild type (A, E, I, M, Q, U, A), Fatd mutant (B, F, J, N, R, V, B), Wnt9b mutant (C, G, K,
0, S, W, C’) and Wnt9b/Fat4 double mutant (D, H, L, P, T, X, D’) kidneys at P1 (A-D and
A/-D’), E11.5 (E-T) or E15.5 (U-X). Sections were stained with Hematoxylin and Eosin
(A-D), anti-Six2 (green), DBA (red) and Dapi (blue) (A’-D’), anti-Six2 (red), Wnt9b/
Classl| target gene Citedl (green) and cytokeratin (blue, CK in E-H), antisense probes
toPla2g7 (I-L),Tafa5 (M-P) and Wnt9b/Class | target gene C1lgdc2 (Q-T) and Wnt4 (U-X).
Dotted line indicates the UB. * in AD indicate expanded progenitor cell domains. * in W-X
indicate medullary stromal expression of Wnt4. ‘a” in W-X indicate adrenal gland. In A-D
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images are captured at 40x magnification and scale bar is: 20 microns. All other images are
at 20x magnification and scale bars are 100 microns.
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Figure 8. Model for the interaction between the stroma and the ureteric bud on the progenitor
cels

The boxed area of the nascent kidney is magnified on the right. Wnt9b, produced by the
ureteric bud (red) signals canonically to both the renewing progenitors (gray cells) and to the
differentiating progenitors (green cells). Fat4, produced by the stroma, promotes
differentiation by enhancing the nuclear export of Yap/Taz within the progenitors (green
cells), which allows expression of Class | beta-catenin targets. In the renewing progenitors
levels, of pYAP are low. Un-phosphorylated Yap is localized predominantly in the nucleus
and activates expression of Class Il beta-catenin targets and promotes progenitor renewal.
We hypothesize that cells induced to differentiate by Fat4 are only transiently located next
to the stroma the migrate to the stalk side of the UB where they initiate MET.
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