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Stromal Transcription Factor 21 Regulates
Development of the Renal Stroma via Interaction
with Wnt/B-Catenin Signaling
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Key Points

e Transcription factor 21 in Foxd1+ interstitial progenitors is required for proliferation and differentiation of the
renal stroma.

e Tcf21 binds to B-catenin and enhances expression of stromal Wnt target genes.

e The kidney stroma is critical for normal development of the nephron progenitor cells, loop of Henle, and
collecting ducts.

Abstract

Background Kidney formation requires coordinated interactions between multiple cell types. Input from the
interstitial progenitor cells is implicated in multiple aspects of kidney development. We previously reported that
transcription factor 21 (Tcf21) is required for ureteric bud branching. Here, we show that Tcf21 in Foxd1+
interstitial progenitors regulates stromal formation and differentiation via interaction with B-catenin.

Methods We utilized the Foxd1Cre;Tcf21/* murine kidney for morphologic analysis. We used the murine clonal
mesenchymal cell lines MK3/M15 to study Tcf21 interaction with Wnt/ B-catenin.

Results Absence of Tcf21 from Foxdl+ stromal progenitors caused a decrease in stromal cell proliferation,
leading to marked reduction of the medullary stromal space. Lack of Tcf21 in the Foxd1+ stromal cells also led to
defective differentiation of interstitial cells to smooth-muscle cells, perivascular pericytes, and mesangial cells.
Foxd1Cre;Tcf21%* kidney showed an abnormal pattern of the renal vascular tree. The stroma of Foxd1Cre;Tcf21%/*
kidney demonstrated marked reduction in B-catenin protein expression compared with wild type. Tcf21 was
bound to B-catenin both upon B-catenin stabilization and at basal state as demonstrated by immunoprecipitation
in vitro. In MK3/M15 metanephric mesenchymal cells, Tcf21 enhanced TCF/LEF promoter activity upon
B-catenin stabilization, whereas DNA—bindin§ deficient mutated Tcf21 did not enhance TCF/LEF promoter
activity. Kidney explants of Foxd1Cre;Tcf21"f showed low mRNA expression of stromal Wnt target genes.
Treatment of the explants with CHIR, a Wnt ligand mimetic, restored Wnt target gene expression. Here, we also
corroborated previous evidence that normal development of the kidney stroma is required for normal
development of the Six2+ nephron progenitor cells, loop of Henle, and the collecting ducts.

Conclusions These findings suggest that stromal Tcf21 facilitates medullary stroma development by enhancing
Wnt/ B-catenin signaling and promotes stromal cell proliferation and differentiation. Stromal Tcf21 is also
required for the development of the adjacent nephron epithelia.
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Introduction forkhead box D1 (Foxdl+) cells, and the endothelial
Kidney development relies on interactions between the  progenitors (2). The Six2+ /Cited1+ NPC comprise the
metanephric mesenchyme (MM) and the ureteric bud  cap mesenchyme (CM) and undergo mesenchymal-to-
(1). The MM consists of at least three progenitor cell epithelial transition to form the glomerulus, proximal
populations: the nephron progenitor cells (NPC), the  tubule, loop of Henle, distal tubule, and connecting
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segment (3,4). The Foxd1+ cells are a distinct progenitor cell
population within the MM. The Foxdl+ cells surround the
CM and give rise to a significant portion of the stroma, the
renal capsule, the glomerular mesangium, and the mural
cells of the renal arterial tree: renin-secreting cells, smooth-
muscle cells, perivascular fibroblasts, and pericytes (5-8).
Although the definition of the renal stroma remains broad,
it is generally accepted that the stroma encompasses all of
the non-endothelial and non-epithelial cells of kidney. In
addition to being a structural scaffold to the kidney, the
interstitium plays an important role in branching morpho-
genesis, in the balance between self-renewal and differen-
tiation of the NPC, and in the development of the renal
vasculature. Recent analysis suggests that the Foxd1+ inter-
stitial progenitor population is heterogeneous and consists
of at least three transcriptomically distinct cell types that
give rise to at least 12 anatomically distinct stromal zones
along the cortical-medullary axis of the kidney (9). The
study also suggested that patterning of the nephron appears
to be regulated by instructive signals sent by a specific stro-
mal zone to an adjacent epithelial segment. However, the
mechanisms by which the interstitium orchestrates its vari-
ous functions remain poorly understood.

Cell type-specific basic helix-loop-helix (bHLH) tran-
scription factors are key regulators of organ morphogenesis
(10-13). Transcription factor 21 (also known as Pod1/cap-
sulin/epicardin) is a class 2, mesoderm-specific, bHLH
transcription factor that is expressed in mesenchyme-
derived tissues, such as the lung, gut, gonad, and epicar-
dium. In the kidney, Tcf21 is expressed in the mesenchyme
surrounding the invading ureteric bud in both the Six2+
and Foxdl+ cells, beginning on embryonic day 10.5 (14).
Tcf21 expression was found to be low in stillborn infants
with renal dysplasia (15). Tcf21 has also been shown to be
involved in coronary artery disease (10,11) and podocyte
differentiation (12). Tcf21 functions as tumor suppressor as
well (13,16). We previously showed that stroma-specific
Tcf21 knockout (KO) mice (Foxd1-eGFPCre;Tcf217f) dem-
onstrate defective collecting duct development and conse-
quent abnormal urine concentration capacity (17). We
therefore set out to examine if Tcf21 in interstitial progeni-
tors plays a role in stromal development.

Materials and Methods
Mice and Genotyping

All murine experiments were approved by the Animal
Care Committee at the Center for Comparative Medicine of
Northwestern University (Evanston, IL) and were per-
formed in accordance with institutional guidelines and the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Tef21//* and Tcf21-LacZ mice were
created as previously described (18). The Six2-eGFPCre and
Foxd1-eGFPCre mice were kind gifts from Dr. Andrew
McMahon (University of Southern California, Los Angeles,
CA) and are described elsewhere (4,6). Genotyping was
performed with Quick-Load Taq 2X Master Mix (M0271L;
New England Biolabs, Ipswich, MA), on 2% agarose gel
for the PCR bands. Primer information is provided in
Supplemental Table 1.
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Histology, Immunohistochemistry, and
Immunofluorescence

Murine embryo dissections were performed at the indi-
cated time points. Samples were fixed with 10% neutral
buffered formalin or 4% paraformaldehyde overnight,
embedded in paraffin, and sectioned into 5 um by the
Mouse Histology and Phenotyping Laboratory of North-
western University. Sections were deparaffinized in xylene
and ethanol, and boiled in citrate buffer for antigen
retrieval. Sections were then treated with 1% donkey serum
with 0.3% Triton X-100 in PBS for 30 minutes at room tem-
perature before incubating with primary antibodies at 4°C
overnight. Sections were washed in PBS and incubated
with Alexa Fluor fluorescence-conjugated secondary anti-
bodies for 45 minutes at room temperature. Antibody
information is as follows: LEF1 (2230s; Cell Signaling Tech-
nology, Danvers, MA), Krt8 (TROMA-I-s; Developmental
Studies Hybridoma Bank, Iowa City, IA), Acta2 (A2547;
Sigma-Aldrich, St. Louis, MO), PDGFR (ab32570; Abcam,
Cambridge, United Kingdom), Six2 (11562-1-AP; Protein-
tech, Rosemont, IL), ECAD (AF748; R&D Systems, Minne-
apolis, MN), B-catenin (ab2365; Abcam), GFP (A11122; Life
Technologies, Carlsbad, CA), Pbx1 (4342S; Cell Signaling
Technology), Meis2 (ab73164; Abcam), uromodulin (THP;
BT-590; Biomedical Technologies, Stoughton, MA), aqua-
porin2 (sc-9882; Santa Cruz Biotechnology, Santa Cruz,
CA), and Ki67 (RM-9106; Thermo Fisher Scientific, Wal-
tham, MA). All secondary antibodies were purchased from
Molecular Probes Thermo Fisher Scientific and used at a
1:1000 dilution. For five-channel imaging, secondary anti-
bodies were employed as follows: AlexaFluor 488, 555, 594,
647, and DAPIL.

Quantification of Vessel Number, Wall Thickness, and
Vessel Size

Cryo-sections (10 um) of control (Foxd1Cre;Tcf21¢ or
Foxd1Cre;Tcf21”") and mutant (Foxd1Cre;Tcf21¥? were
immunostained for Acta2 (A2547; Sigma-Aldrich). After
image capturing, quantifications of Acta2+ area and total
kidney area were measured with Fiji Image J-Win64 soft-
ware. The ratio of Acta2-stained area over total kidney area
was then calculated. All blood vessels in the coronal mid-
cross-section were examined and counted. Vessel thickness
was calculated as the difference between interior and exte-
rior vessel diameter, which were measured with Fiji Image
J-Win64. Vessel size was calculated by measuring the exte-
rior vessel diameter.

Quantification of Glomeruli, Capillary Loops, and
Perivascular Cells

E16.5 and E18.5 murine embryo paraffin sections were
stained with CD31 (AF3628; R&D Systems) and CD146
(ab75769; Abcam). After image capturing, the glomeruli
were recognized and counted independently by two
blinded individuals. The size of the glomeruli and the num-
ber of glomerular capillary loops were measured with Fiji
Image J-Win64 software. Nuclei of CD146+ cells around
interlobular (ie., corticoradial) arteries, and CD146+ glo-
merular mesangial cells of control and mutant kidneys were
selected, counted, and analyzed. Fluorescence intensity of
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CD146 staining was measured using Fiji Image J. For arterial
size, the maximal, minimal arterial diameters were mea-
sured with Fiji Image].

Vascular Tracing

E16.5 murine embryo coronal mid-cross-sections stained
with CD31 (AF3628; R&D Systems) were selected. CD31
staining pattern in the medulla of control and mutant kid-
neys was traced manually using PowerPoint scribble tool.
Individual CD31 tracings were stacked together to illustrate
the vascular pattern.

Tissue Clearing

E12.5/E13.5 murine kidneys were dissected, stained, and
cleared according to Cui et al. (19). The tissue was cleared
with BABB: one part benzyl alcohol (305197; Sigma-Al-
drich) to two parts benzyl benzoate (W213802; Sigma-Al-
drich). Samples were stained with anti-ACTA2 antibody
(A2547; Sigma-Aldrich), anti-Krt8 Antibody (TROMA-1;
Developmental Studies Hybridoma Bank), and anti-f-cate-
nin antibody (ab2365; Abcam).

Isolation of Murine Kidney Fibroblasts

For isolation of murine kidney fibroblasts, FoxD1-eGFP-
Cre; T2V, mTmG or FoxD1-eGFPCre; mTmG mice were
used. Murine kidneys were perfused with PBS, and the
kidneys were harvested. Kidneys were dissociated with a
Multi-Tissue Dissociation Kit 2 and Gentle MACS dissocia-
tor (Miltenyi Biotec, Bergisch Gladbach, Germany) at 37°C
for 30 minutes, following the program “Multi E.” The
digested samples were filtrated through 100-, 50-, 40-, and
30-um strainers before FACS. For fibroblast cells, GFP+
cells were sorted with a SH800 FACS cell sorter (Sony Bio-
technology, San Jose, CA).

Cell Surface Area and Cell Growth Assay

Tcf217/~ and Tcf21"/* fibroblast cells were seeded at
2% 10° in six-well plates at 37°C in DMEM with 10% FBS
and non-essential amino acids (Thermo Fisher Scientific).
The plates were inserted in Incucyte C3 (Essen BioScience,
Ann Arbor, MI) and imaged every hour for 24 hours. Cell
surface area and growth rate were calculated by the Incu-
cyte software.

RNA Isolation, cDNA Synthesis, and Real-Time PCR

Kidneys were dissected and preserved at —80°C after
being snap-frozen in liquid nitrogen. Total RNA was
extracted using the RNeasy Mini kit (74104; Qiagen, Valen-
cia, CA). Reverse transcription was performed using the
Iscript cDNA Synthesis Kit (1708891; Bio-Rad Laboratories,
Hercules, CA). Quantitative RT-PCR was performed using
iTaqTM Universal SYBR Green Supermix (6432474; Bio-Rad
Laboratories). Data were analyzed as the ratio to GAPDH
or S18. Primer information is provided in Supplemental
Table 1.

Cell Culture, Plasmid Transfection, and Lithium
Chloride Activation

The renal mesenchymal cells MK3 and M15 were kind
gifts from Dr. Seppo Vanio (University of Oulu, Oulu, Fin-
land) and Dr. Peter Hohenstein (Leiden University, Leiden,

Netherlands) respectively. Cells were cultured in DMEM
with L-glutamine supplemented with 10% FBS, 100 ug/ml
penicillin and 100 pg/ml streptomycin. In some experi-
ments, cells were treated with lithium chloride (LiCl,
L9650-100G; Sigma—Aldrich). Transfection was carried out
using the Electroporation and Nucleofector Technology
system (VCA-1003; Lonza, Basel, Switzerland). The follow-
ing plasmids were used: Tcf21_eGFP empty vector (PEGFP-
N1, 6085-1; Addgene, Watertown, MA), Tcf21 eGFP mutant
and wild type (WT) generated and validated in our labora-
tory. Plasmid (2 ug; 1 ug/1 ul) was used for each transfec-
tion. Transfected MK3 cells were activated with 12 mM
lithium chloride for 24 hours, and eGFP+ cells were iso-
lated using flow cytometry at the Flow Cytometry Cell Sort-
ing core at Northwestern University on a BD FACSAria
SORP system and the BD FACSymphony S6 SORP system
(BD, Franklin Lakes, NJ).

Luciferase Assay

M15 cells were grown to 70%-85% confluence and were
transferred with Tcf21_Flag empty vector (pcDNA3; Addg-
ene), Tcf21_Flag mutant or WT plasmid generated and vali-
dated in our laboratory, TCF/LEF luciferase reporter (M50
Super 8X TOPFlash, plasmid #12456; Addgene), and
B-galactosidase plasmid as a measure of transfection effi-
ciency using electroporation as described above. Trans-
fected cells were incubated overnight and then treated with
LiCl (15 mM) for 8 hours and lysed with reporter lysis
buffer. The luciferase expression was assessed using the
Luciferase Reporter Assay System (E1500; Promega, Madi-
son, WI) and a luminometer. B-Galactosidase was mea-
sured with the B-Galactosidase Enzyme Assay System
(E2000; Promega). The luciferase expression was standard-
ized with B-Gal expression levels.

Immunoprecipitation and Western Blot

MK3 cells were lysed with RIPA buffer (25 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxy-
cholate, and 0.1% SDS), proteinase and phosphatase
inhibitor cocktails (Protease Inhibitor Cocktail; p8340; Sig-
ma-Aldrich), sodium orthovanadate, Phosphatase Inhibitor
Cocktail #2 (P5726; Sigma-Aldrich) and Phosphatase Inhib-
itor Cocktail #3 (P0044; Sigma—Aldrich). After protein con-
centration measurement (BioRad Protein Assay Reagent
cat. #500-0006), 1 ng of protein was used for each experi-
ment. Tcf21 antibody (ab182134; Abcam) was added to the
protein samples and incubated overnight at 4°C. Protein G
agarose (50 ul; 11719416001; Sigma—Aldrich) was added to
the samples and incubated for 90 minutes. Beads were pel-
leted by centrifugation and eluted with Laemmli sample
buffer containing 5% of B-mercaptoethanol by boiling at
95°C for 5 minutes. The supernatant was collected after
centrifugation and loaded on 7% SDS-PAGE, followed by
Western blotting with Tcf21 (ab182134; Abcam) and B-cate-
nin (ab2365; Abcam) antibodies, and probed with a poly-
clonal HRP secondary antibody (ab2365; Abcam).

Affymetrix Microarray and Bioinformatic Analysis
Gene-expression microarray analysis on total RNA

extract from glomeruli of Tcf21"*/"*% null mice at E18.5

was conducted using Mouse Affymetrix GeneChips 430-2.0
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at the microarray facility in the Center for Applied Geno-
mics (The Hospital for Sick Children, Toronto, Canada) (19).
Four thousand genes whose expression was either up- or
downregulated at least two-fold between Tcf21'***/!2* null
and WT samples were chosen for further analysis.

To determine the enrichment of specific lineage genes
among those differential in the global Tcf21 KO, we
counted the overlap with the each of the top 50 cell type
markers that were previously reported (20). Significance of
the overlap was calculated by comparing with the random
distribution of overlaps achieved through permuting the
marker labels. This was done independently for increased
and decreased genes, and then the P value cutoff for a
family-wise error rate of 0.05 was calculated using the Bon-
ferroni correction for multiple hypotheses.

Statistical Analyses

Statistical analyses were carried out using GraphPad
Prism v7 (GraphPad Software, San Diego, CA). Compari-
son of two groups was performed by two-tailed ¢ test. A P
value <0.05 was considered significant. Error bars show
+SEM.

Results
Tcf21 in Foxd1+ Stromal Progenitors Is Required for
Normal Formation of the Kidney Medullary Stroma in a
Cell Autonomous Manner

Tcf21 is ubiquitously expressed in Foxdl-derived inter-
stitial cells (9,21,22). Here, we utilized Foxdl-eGFP-
Cre;Tcf21"f mice or their WT littermates to investigate the
role of Tcf21 in interstitial progenitors. Tcf21 mRNA
detected by in situ hybridization is markedly reduced in
the stroma of Foxdl-eGFPCre;Tcf21f starting at E14.5,
confirming effective and specific Foxd1Cre-mediated Tcf21
excision as we have previously shown (supplemental
figure 4 in Ide et al.) (17) and confirmed here by quantita-
tive PCR (Supplemental Figure 1). We first affirmed that
the Foxd1-eGFPCre does not have a significant effect on
kidney morphology (Supplemental Figure 2). At E16.5, the
medullary stroma zone is significantly smaller in the
mutant kidney than in the WT control (Figure 1, A, A', B,
and B'). Additionally, the Foxd1Cre;Tcf21"f kidney shows
expansion of the CM (Six2+ cells) at E16.5 (Figure 1, C and
C, yellow dashed line; for more detail, see Supplemental
Figure 3). At E18.5, the medullary stroma is significantly
smaller in the mutant compared with the WT (Figure 1D,
quantification Figure 1E), as quantified by expression of
smooth-muscle actin a2 (Acta2), that normally marks inter-
stitial cells in the outer segment of the inner medulla (9).
The morphologic changes of the Foxd1Cre;Tcf21”* kidney
are less notable by hematoxylin and eosin at E12.5 and E14.
5 (Supplemental Figure 4). However, immunostaining with
the stromal marker slug (9) demonstrates significant reduc-
tion of the stromal space at E14.5 (Figure 2, A and A, quan-
tification Figure 2E). Although Foxd1 cells give rise to most
of the stromal cells, their expression diminishes early and
remains expressed in a small subset of cells, specifically in
the nephrogenic zone and around the hilum of the kidney
(5,23). In contrast to slug expression, which preferentially
marks the medullary stroma, Foxdl expression, detected

Tcf21 controls medullary renal stroma via B-catenin, Finer et al. 1231

by the promoter-driven GFP expression, is not significantly
decreased in the mutant kidney at E14.5 (Figure 2, B and
B') and is confined to the nephrogenic zone. This suggests
that Tcf21 in interstitial progenitors is primarily required
for development of the medullary stroma. This is also dem-
onstrated at E16.5, where expression of slug and Acta2 are
markedly reduced in the inner layers (Figure 2, C, C, D,
and D’). These findings suggest that Tcf21 in Foxd1+ cells
is required for the formation of the medullary stroma cell
autonomously. The expansion of the Six2+ cells in CM of
the mutant kidney indicates that Tcf21 in Foxd1l+ cells is
required for normal development of the NPC noncell
autonomously.

It was recently shown that the inner segment of the outer
medulla of the stroma expresses genes important for DNA
replication and functions as a transient zone for interstitial
cell amplification (4). We have previously shown (17) and
redemonstrated here (Supplemental Figure 5A) that the
stromal Tcf21 KO kidney has lower Ki67 expression at PO
compared with the WT. Further, Foxd1-eGFP+ cells iso-
lated from Foxd1-eGFPCre;Tcf217f at PO are smaller and
grow at a slower pace compared with cells isolated from
WT controls (Supplemental Figure 5B). This suggests that
the severe constriction of the medullary stroma in the
mutant is a result of reduction in Foxd1+ cell proliferation
due to a lack of Tcf21.

Stromal Tcf21 Is Required for Differentiation of Foxd1+
Cells and Development of the Endothelium

The mural cells of the renal vasculature are derived from
Foxd1l+ progenitors (24). We next asked whether deletion
of Tcf21 in Foxdl+ cells affects mural cell development.
Examination of the medullary stromal areas revealed that in
addition to the marked reduction of Acta2 expression in
interstitial cells (Figure 3, A and A, a layer of Acta2+ cells
surrounding the arterial wall of stromal Tcf21-deficient kid-
neys is mostly absent at E18.5 (Figure 3, B and B'), suggest-
ing poor development of pericytes. When stained with the
pericyte marker CD146, stromal Tcf2l-mutant kidneys
indeed show reduced CD146+ cells surrounding the arterial
endothelium of interlobular arteries at E16.5 (Figure 3, C, C,
and G). The defect in pericyte development was also notable
in the peritubular capillaries of the medullary stroma where
fewer pericytes were observed in the stromal Tcf21-deficient
kidney (Figure 3, D, D, E, E, F,and F). These data suggest
that Tcf21 is required, cell-autonomously, for normal differ-
entiation of Foxd1+ progenitors to pericytes.

The endothelial progenitors are present in the embryonic
kidney before arterioles are formed and marked by the
proto-oncogene c-Kit and the SCL (2). Tef21 is not normally
expressed in endothelial cells (18,25). We next asked
whether stromal Tcf21 affects the development of the endo-
thelium. Immunostaining with the pan-endothelial marker
CD31 shows distorted pattern of the arterial tree in the
mutant, demonstrating disorganized, shorter, and thinner
arterioles, displaying abnormal centripetal pattern at E15.5
(Figure 4, A and A’). Additionally, the mutant kidney
shows abnormal vessel branching with aberrant ramification
leading into the renal capsule at E15.5 (Figure 4, A and A,
arrow, Supplemental Figure 6, movies). At E18.5, the mutant
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Figure 1. | Reduced medullary stroma in stromal Tcf21-deficient kidneys at E16.5 and E18.5. (A, A", B, and B') E16.5 kidneys of
Foxd1Cre;Tcf21”f mutants demonstrate reduced stromal space in the medullary compartment (hematoxylin and eosin staining). (C and (o))
Expansion of the cap-mesenchyme domain containing the Six2+ nephron progenitor cells (yellow line). (D, D', and E) E18.5 kidney of
Foxd1Cre;Tcf217 shows severe reduction of smooth-muscle actin a 2 (Acta2) expression in the medullary stroma (immunostaining and
quantification). Figures provided are representative images from three kidneys from at least two different litters. Scale bar 100 pm;

**P<0.03.

arterial tree has fewer vessels globally (Figure 4B). This
abnormal pattern is suggestive of immature vessels with
fewer layers of smooth-muscle cells, and reminiscent of the
Foxd1 KO murine kidney (24). At E16.5, examination of spe-
cific renal vascular beds shows that in addition to smaller
interlobular arteries (Supplemental Figure 7), the mutant
kidney demonstrates disrupted peritubular capillaries in the

medulla (Figure 4, D-F) and simplified glomerular capillary
loops (Figure 4, H, H', and C). The number and size of the
glomeruli are not significantly different in the mutant at E16.
5 and E18.5 (Supplemental Figure 8), but there are fewer
capillary loops (Figure 4C, Supplemental Figure 9). CD146+
mesangial cells in glomeruli are markedly reduced in the
mutants (Figure 4, G, G, and J, circled areas). The latter
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Figure 2. | Stromal marker expression in stromal Tcf21-deficient
kidneys at E14.5 and E16.5. (A and A') Slug expression is dimin-
ished in Foxd1Cre;Tcf21” kidneys at E14.5 compared with the
wild type (WT; immunostaining). (B and B') In contrast, the expres-
sion of Foxdl (evaluated by staining for GFP in Foxd1-eGFP-
Cre;Tcf21” and Foxd1-eGFPCre;Tcf217%) is not changed in the
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finding is further confirmed by a decrease in PDGFRB+
mesangial cells in Tcf21 stromal mutants (Supplemental
Figure 10). Together, these data suggest that stromal Tcf21 is
required for the normal development of vascular mural
cells, mesangial cells, and the renal endothelium.

Tcf21 Cooperates with B-Catenin to Promote Wnt
Signaling in Kidney Stromal Mesenchyme

The Wnt-B-catenin axis plays critical roles in embryo-
genesis. In the kidney stroma, the canonical Wnt respon-
sive TCF/LEF pathway was shown to be active in the
inner stromal zones (9). The severe constriction of the stro-
mal compartment we observed in the Foxd1CreTcf21"*
kidney is reminiscent of the Foxd1Cre;catnb™ flox kidney
where B-catenin is deleted under the control of the Foxd1
promoter (26). Thus, we hypothesized that the morpho-
logic changes observed in the stromal Tcf21 KO kidney
are mediated by disruption in B-catenin signaling. Using
the MM murine cell lines MK3 and M15 (27,28), we exam-
ined the effect of Tcf21 on Wnt/B-catenin signaling.
Immunostaining for B-catenin in Foxd1CreTcf21"* kid-
neys showed markedly reduced expression in the medul-
lary stroma at E14.5 and E16.5 (Figure 5, A, A’, B, and B).
Immunoprecipitation of Tef21 in MK3 cells showed direct
interaction between Tcf21 and B-catenin, in both the pres-
ence and the absence of B-catenin stabilization with LiCl,
(Figure 5C).

In MK3 cells, B-catenin stabilization by LiCl, induced
expression of the Wnt target genes Wnt4, Pla2g7, Pax8,
Tafa5, and Cited1 in a dose-dependent manner (Figure 6A).
Importantly, Tcf21 mRNA expression also increased after
B-catenin stabilization, suggesting that Tcf21 expression is
regulated by B-catenin. The NPC marker Clqdc2 is not a
B-catenin target and did not change with LiCl, stimulation.
Next, we examined if Tcf21 affects TCF/LEF promoter
activity. Tcf21 overexpression in M15 cells significantly
enhanced the responsive TCF/LEF reporter activity upon
B-catenin stabilization with LiCl, (Figure 6B) In contrast,
over-expression of Tcf21 in the basal state did not signifi-
cantly enhance TCF/LEF promoter activity (Figure 6B).
Finally, we evaluated the expression of the stromal Wnt
target genes in kidney explants of stroma Tcf21 mutants
and controls. Expression of Thyl and Apcddl was lower in
the mutant compared with the control (Figure 6C), further
supporting that stromal Tcf21 regulates B-catenin signal-
ing in the stroma. Interestingly, these Wnt target genes
are equally induced in kidney explants of WT or Tcf21 mut-
ant when incubated with CHIR, which strongly stabilizes
B-catenin and bypasses Wnt-mediated p-catenin stabiliza-
tion. Representative images of explants are shown in Figure
6D. Taken together, our findings support a model where
Tcf21 enhances B-catenin signal by increasing the pool of
B-catenin and promote stromal cell proliferation and

Figure 2. | Continued. mutant. (C and C') At E16.5, Slug expression
is dramatically reduced in the medullary stroma in the stromal
Tcf21 knockout kidneys. (D and D) The Acta2 is severely reduced
in the interstitial cells in the medulla of the stromal Tcf21 knockout
kidney. (E) quantification of Slug+ area normalized to total kidney
area in Foxd1Cre;Tcf21% kidneys and WT control. Scale bar 100 pm;
P=0.03.
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Figure 3. | Tcf21 is required for differentiation of Foxd1+ progenitors to smooth-muscle cells and pericytes. (A and A") Reduction of
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mal Tcf21-deficient kidneys is absent at E18.5. (C, C', and G) Interlobular (corticoradial) arteries show reduced CD146+ pericyte cell
number and expression in stromal Tcf21-mutant kidneys at E16.5. (D, D', E, E', F, and F') Reduced expression of the pericyte marker
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differentiation when the pathway is activated by Wnt kidney development (29-34). Here, we report that Tcf21
ligands (Figure 7). in Foxdl+ interstitial progenitors facilitate development
of the medullary stroma. Stromal Tcf21 is required for dif-

ferentiation of the stromal progenitors to their deriva-

Discussion tives—the smooth-muscle cells, pericytes, and mesangial
Growing evidence indicates that the renal stroma is not cells—and is essential for normal development of the renal
solely a scaffold to the kidney but is active in directing endothelium and arterial tree. Our data suggest that Tcf21
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regulates stromal proliferation and that Tcf21 functions
through B-catenin stabilization. Others have reported that
stromal progenitors are more heterogeneous than previ-
ously appreciated (9). Indeed, in the Foxd1Cre;Tcf21"* kid-
ney, the effect of Tcf21 was most dramatic in the medulla,
where interstitial cells proliferate, whereas milder changes

were noted in the cortical stroma. Stromal Tcf21 is also nec-
essary for normal development of the renal endothelium
and arterial tree. This abnormal pattern is reminiscent of
that of the Foxd1 KO mouse (24). Because Tcf21 is not nor-
mally expressed in endothelial cells (18), our findings sug-
gest that stromal Tcf21 modulates proper differentiation of



KIDNEY360 3: 1228-1241, July, 2022 Tcf21 controls medullary renal stroma via B-catenin, Finer et al. 1237

A Tcf21 and Wnt target genes mRNA expression upon stabilization of B-catenin in MK3 Cells
30 -
Licl, °0mM
s 7mM
. + 12mM
4 15mM
3 201 . -
@ tot
(o]
C
©
e
o R .
o
2 10 A *kk
*
*  a e
£ il Mfﬁﬁ]i Mfgﬂhi e | ] e £ P pon i g
Tef21 Wnt4 Pla2g7 Pax8 Tafab Cited1 C1qdc2
B TCF/LEF promoter activity
6 - . 6 -
>
2t
82 41 = 44
T O o0
s | & .
SO 24 ’ 24
pd 3 :
- Rl e
0 —— 0+—
OY.O% O N\ Q
| x\>0 x\>0 x\>0 < ,\,\%@&'Z’
< @ \'?f(‘\\ &60/‘?:\ :
N WO &
Q0 N «
RO g
<&
C Stroma Wnt target gene expression D
Foxd1Cre;Tcf21% Kidney explant
8 -
o Control+DMSO Control  FoxdiC ngz‘i;ﬁ?e
— wn « Control+CHIR ontrol - Foxditre Tc
6l . . o Mutant+DMSO Control +CHIR Tcf21 +CHIR

+ Mutant+CHIR

Fold Change/18S
i
1
22 N ]
Iz
B-Catenin/Krt8

Thy1 Apcdd1 Nkd1 Axin2

Figure 6. | Tcf21 enhances B-catenin action in metanephric mesenchymal cells. (A) In MK3 cells, B-catenin stabilization by LiCl, leads to
an increase in Tcf21 and Wnt target-gene mRNA in a dose- and time-dependent manner. Tcf21 mRNA expression is also increased after
B-catenin stabilization (quantitative RT-PCR). The NPC marker C1qdc2 is not a B-catenin target and did not change with LiCl, stimulation.
(B) Tcf21 overexpression in M15 cells significantly enhanced the responsive TCF/LEF reporter activity upon B-catenin stabilization with
LiCl,. In contrast, overexpression of Tcf21 in the basal state did not significantly enhance TCF/LEF promoter activity. (C) Expression of the
stromal Wnt target genes Thy1, Axin2, Apccd1, and Nkd1 in kidney explants of stroma Tcf21 mutants and controls. Stromal Wnt gene
expression is lower in the mutant compared with the control, whereas in kidney explants that were incubated with CHIR, activator of Wnt
signaling, the expression of the stromal Wnt target genes was not reduced, further supporting that Tcf21 in Foxd1+ cells regulates p-cate-

nin signaling in the stroma. Visualization of the experiment in (D). *P<0.05; **P<<0.03; ***P<<0.01 compared with no LiCl, and EV+LiCl,,
respectively.




1238 KIDNEY360

OFF

Fz

g,

TCF/LEF OFF

I
Wnt target genes

ON

B-catenin ON - o
PROLIFERATION
US> (p/FFERENTIATION

Whnt target genes

Figure 7. | Suggested model. In uninduced stromal progenitors (OFF state), Tcf21 binds B-catenin in the cytoplasmic destruction complex,
preventing its degradation and thus facilitates B-catenin stabilization in the cytoplasm. Upon interstitial progenitor cell induction by
Wnit9b (ON), Tcf21 accompanies B-catenin to the nucleus and enhances its transcriptional actions on TCF/LEF.

the interstitial progenitors, which is essential for vascular
tree maturation.

The role of Tef21 in progenitor cell differentiation and
proliferation has been shown in other organs such as the
heart (35-38). Here, we show that Tcf21 promotes Wnt/
B-catenin signaling in the renal stromal mesenchyme. Spe-
cifically, we observed that Tcf21 is required for normal
expression of B-catenin in the kidney, and that it binds to
B-catenin in both basal and activated states, at least in vitro.
Although Tcf21 interaction with B-catenin in the nucleus
suggests transcriptional regulation, its interaction with
B-catenin in the cytosol suggests a potential role in B-cate-
nin stabilization.

It has been recently shown that the inner zones of the
stroma express high levels of genes of the canonical Wnt-
responsive TCF/LEF pathway (9). Additionally, evidence
suggests that inactivation of B-catenin within Foxd1l+ cells
leads to severe constriction of the inner stromal regions
(9,26). Our observation of lower B-catenin expression in
the stromal Tcf21 mutants supports these data by ascribing
an essential role for Wnt/B-catenin signaling in stromal
development.

Wnt-ligand activation leads to stabilization of B-catenin
and to its translocation to the nucleus where it facilitates
TCF/LEF transcriptional activator actions. Tcf21 is a tran-
scription factor that contains a bHLH domain that

mediates homo- or heterodimerization of transcription fac-
tors (39,40). Our observation that Tcf21 binds and enhances
TCF/LEF promotor activity is in agreement with previous
reports suggesting its binding to TCF protein family (41).
In contrast, our observation that Tcf21 and p-catenin
appear to interact in the cytoplasm is surprising and sug-
gests that Tcf21 may be required to stabilize B-catenin and
for its translocation into the nucleus. Others have reported
enhancement of B-catenin nuclear translocation upon its
binding to transcription factors, making interaction between
Tcf21 and B-catenin plausible (42). However, our data do
not address the mechanism by which Tcf21 regulates
B-catenin.

In addition to the kidney, Tcf21 deficiency causes defec-
tive development of other organs (22,43), raising the possi-
bility that Tcf21/B-catenin interaction is universal in
embryogenesis. Together, our observations suggest a
model where Tcf21 facilitates B-catenin stabilization in the
cytoplasm and enhances pB-catenin-mediated TCF/LEF
transcriptional activation in the nucleus (Figure 7).

As to our observation of the noncell autonomous changes
in stromal Tcf21 mutants (Supplemental Figure 4), these
findings are in agreement with previous reports alluding to
signaling from interstitial cells to NPC (8,32-34). Specifi-
cally, others reported Six2+ cell expansion in kidneys
overexpressing B-catenin (Foxd1Cre;Catnb®™* *) (44). Our
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findings support these findings and suggest that the medul-
lary stroma provides signals to the adjacent nonstromal lin-
eages (32). Alternatively, the Foxd1+ progenitors may be
less lineage restricted than currently thought, as has been
suggested by others (24).

Lastly, while investigating the interaction between
stroma and NPC, we utilized the Six2-Cre strain. However,
we found that the kidneys of the Six2-Cre mouse are hypo-
dysplastic and had smaller Citedl+ domain compared
with the WT (Supplemental Figure 11). These findings
raised concerns about using the Six2-Cre line and limited
our ability to dissect Tcf21’s action on NPC.

In summary, the findings reported here implicate Tcf21
in the development of the medullary stroma. Our data sug-
gest that Tcf21 does so by regulating interstitial cell prolif-
eration and differentiation via promoting B-catenin/TCF/
LEF signaling. The disrupted nephron epithelial structures
adjacent to the medullary stroma in stromal Tcf21 KO high-
lights the importance of the stroma in normal nephron
patterning.
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