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Abstract

Rationale: Mammalian renal proximal tubules can partially regenerate after acute kidney injury (AKI).
However, cells participating in the renal proximal tubule regeneration remain to be elucidated. Wilms’
tumor | (WTI) expresses in a subtype of glomeruli parietal epithelial cells (PECs) in adult kidneys, it
remains unclear whether these WTI1+ PECs play a role in renal regeneration/repair after AKI.

Methods: Ischemia-reperfusion injury (IRI) mouse model was used to investigate the expression pattern
of WTTI in the kidney after severe AKI. Conditional deletion of WT1 gene mice were generated using
Pax8¢creERT2 and WT 1M mice to examine the function of WTI. Then, genetic cell lineage tracing and
single-cell RNA sequencing were performed to illustrate that WTI+ PECs develop into WTI+ proximal
tubular epithelial cells (PTECs). Furthermore, in vitro clonogenicity, direct differentiation analysis and in
vivo transplantation were used to reveal the stem cell-like properties of these WT1+ PECs.

Results: The expression of WTI protein in PECs and PTECs was increased after severe AKI.
Conditional deletion of WT1 gene in PTECs and PECs aggravated renal tubular injury after severe AKI.
WT 1+ PECs develop into WTI+PTECs via the transient scattered tubular cell stage, and these WT1+
PECs possess specific stem cell-like properties.

Conclusions: We discovered a group of WTI+ PECs that promote renal proximal tubule
regeneration/repair after severe AKI, and the expression of WTT1 in PECs and PTEC:s is essential for renal
proximal tubule regeneration after severe kidney injury.
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Introduction

Acute kidney injury, characterized by abrupt syndrome with multiple etiologies, variable
decrease in urine output and a rapid increase in  pathogenesis, and diverse outcomes [2]. The tubular
serum creatinine [1], is a heterogeneous clinical epithelium is known to have regenerative potential
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depending on the degree of injury [3]. An emerging
body of literature supports a role for endogenous
surviving epithelial cells to replenish proximal
tubular epithelial cells (PTECs) after injury [4-9].
Meanwhile, numerous studies have demonstrated
that renal progenitor cells exist in the adult kidney
and participate in the repair process of tubule injury
[10-15]. However, it is still debatable whether
specialized progenitors are involved in the
regeneration/repair of injured renal proximal tubules.

Parietal epithelial cells (PECs) are a monolayer of
heterogeneous cell populations lining Bowman's
capsule and continuous with neighboring podocytes
and PTECs [16]. Besides the classical flat PECs, the
neglected cuboidal PEC and intermediate PEC
subgroups were identified recently [17]. Because of
their diversity, the role of PECs in health and disease
conditions is not clearly understood. Studies using
cell lineage tracing techniques suggested that PECs
may serve as adult podocyte progenitors [18-22].
Several lines of evidence indicated that PECs induced
crescent formation in the development of
glomerulosclerosis and proliferative lesions [23-25]. In
glomerular diseases, the intermediate PECs near the
glomerular tuft became more numerous, proliferated
faster than classical flat PECs, and formed early
lesions preferentially [17]. Researchers using in vitro
clonal analysis and xenograft experiments also
claimed that PECs are committed toward tubular
lineage and have regenerative potential in the renal
proximal tubule repair process after injury [11, 14].
Nevertheless, there is no direct evidence to
demonstrate that PECs are involved in regenerating
renal proximal tubules in vivo.

Cells expressing CD24 and CD133, scattered
throughout the human renal proximal tubules, were
reported to increase resistance to AKI, and enable
rapid repopulation of the tubules [13]. These scattered
tubular cells (STCs) phenotypically contain less
cytoplasm, fewer mitochondria, and no brush borders
[26], and co-express vimentin, kiml, annexin A3,
CD44, and Akap12 in rodents and humans [5, 13, 26].
The STC phenotype was considered a transient
regenerative response pattern of renal proximal
tubule repair after injury [5, 26, 27]. The protein
expression patterns of STCs and PECs were shown to
have striking similarities [26, 28]. However, the
relationship between STCs and PECs and whether
they represent a fixed progenitor population in the
kidney needs further investigation.

The mammalian Wilms" tumor 1 (WT1) gene
encodes a zinc finger transcription factor required for
normal kidney development [29] and is highly
expressed in mature podocytes. It has been
demonstrated that WT1 plays a vital role in mature

podocyte survival and regeneration [30-32]. Results of
the emerging single-cel RNA  sequencing
(scRNA-seq) have revealed that WT1 was not entirely
podocyte specific, but also expressed in a subtype of
PECs in adult kidneys. Nevertheless, the functional
relevance and underlying mechanisms of WT1* PECs
in renal physiology and pathophysiology remain
elusive.

In this study, we used WT1 conditional knockout
mice to investigate the protective role of WT1 in AKI
progression. We illustrated that WT1* PECs
developed to PTECs using genetic cell lineage tracing
and scRNA-seq. Furthermore, we showed the stem
cell-like properties of WT1* PECs using in wvitro
clonogenicity, direct differentiation analysis and in
vivo transplantation. Based on our results, we propose
that WT1+* PECs serve as extra-tubular progenitor
cells, which are activated after severe AKI, proliferate
and subsequently migrate and differentiate to mature
PTECs.

Results

WTI expression in PECs and PTECs is
essential for renal proximal tubule repair after
severe AKI

WT1 was expressed exclusively in the glomeruli
in healthy adult kidneys. However, in a bilateral renal
ischemia-reperfusion injury (IRI) induced AKI mice
model, 30.07 + 1.87% WT1* cells were localized
outside of the glomeruli and co-stained with Lotus
tetragonolobus lectin (LTL) after severe AKI (Figure
1A-B). We also observed WT1 expression in PTECs in
unilateral ureteral obstruction or cisplatin-induced
AKI mice models (Figure S1A-B). WT1 expression in
renal proximal tubule after AKI was rarely reported
previously, and its function in PTECs after AKI was
not explored.

We investigated whether the expression of WT1
in PTECs plays a protective role in kidney repair after
injury, by knocking out the WT1 gene, specifically in
PECs and PTECs, using a tamoxifen-inducible
conditional knockout mice model. H11-Pax8-
CreERT2-polyA knock-in (Pax8CrERT2) mice were
established, as shown in Figure S2A. Pax8CreERT2;
Rosa26- tdTf/* labeling showed that Pax8 was
expressed exclusively in the kidney, and the reporter
activity was observed mainly in proximal tubule and
a sub-population of PECs in the Bowman’s capsule
(Figure S2B-D). The Pax8* cells in the Bowman’s
capsule also expressed WT1 (Figure S2E). There was
no evidence of “leaky” reporter activity in the kidney
(Figure S2F). These results showed that the Cre
activity of Pax8CrERT2 mijce was specific to PECs and
PTECs, ensuring the conditional cell specific deletion
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of WT1 in glomeruli PECs and renal PTECs.

Next, we generated Pax8CreERT2, WT1H/fl mice
(WT1 knockout) and WT1/fl mice (WT1 wild-type) by
breeding WT1/fl mice with Pax8CrERT2 mice. We
observed that the physiological functions of
podocytes and proximal tubules were not affected
within 30 days after tamoxifen administration (Figure
S3). Subsequently, we carried out IRI to induce severe

AKI. Immunofluorescence staining showed that WT1*
PTECs were located ectopically along the tubular-
glomerular junction at the 2nd-day post-IRI in
wild-type mice, consistent with Figure 1A-B; but no
WT1+ PTECs were found in the WT1 knockout group
(Figure 1C). Quantification analysis showed that the
percentage of WT1* cells in LTL* tubular cells was
increased in the wild-type IRI group compared to the
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Fig. 1. WT1 expression in PECs and PTEC:s is essential for repair after severe acute kidney injury. (A) Co-immunofluorescence staining for WTT1 (red), LTL (renal
proximal tubules, green), and nuclei (blue) shows increased WT1+ PTECs in severe injury mice compared with controls. The dotted line sketches glomeruli and arrows indicate
WTI+ PTECs. Scalebar = 50um. (B) Quantification of WTI+* cells (30.07 + 1.87%) localized outside of the glomeruli after severe bilateral renal IRI. (C) Representative
micrographs show WT1 expression in the kidney. The dotted line sketches glomeruli and arrows indicate WT 1+ PTECs. Scalebar = 50um. (D) Quantification of the WTI+ cells
in LTL* tubular cells. 0.09 + 0.03% for WT Sham group, 4.64 * 0.57% for WT IRl group, 0.21 + 0.11% for KO IRI group. (E) Serum creatinine levels. (F) Representative Western
blots showing renal expression and graphical representations of Kim| and NGAL in each group. (G) Representative immunostaining images and quantification of Kim| in kidney
cortices. Scalebar = 100um. (H) Representative images of H&E-stained kidney sections and quantitative scores of tubular injury 2 days post-sham or severe bilateral renal IRI.
Asterisks indicate cast formation and tubular dilatation. Arrows highlight necrotic cells and cellular debris in the tubular lumen. Scalebar = 100um. For staining quantification, 9-10
microscope fields were analyzed, and the mean data are presented as one point per mouse. * P < 0.05, ** P < 0.01, *** P < 0.001. n = 5 for each group of mice. PECs, parietal
epithelial cells; PTECs, proximal tubular epithelial cells; IRI, ischemia-reperfusion injury; WT Sham, wild type mice (WTI%1 mice) underwent sham surgery; WT IRI, wild type
mice underwent severe bilateral renal IRI surgery 2 days after Tamoxifen administration; KO IRI, WT1 gene conditional knockout mice (Pax8CreERT2; WT |/ mice) underwent
severe bilateral renal IRI surgery 2 days after Tamoxifen administration.
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wild-type sham group, while it decreased when WT1
was specifically knocked out in the same injury
condition (Figure 1D). The increased serum
creatinine level indicated that WT1 deletion in PTECs
and PECs exacerbated renal damage compared to the
wild-type groups under the same insults (Figure 1E).
The protein levels of tubular injury markers
(Kim1/NGAL) were increased in WT1 knockout mice
compared to wild-type mice (Figure 1F).
Immunostaining with Kiml antibody also showed
more Kim1* tubules in the WT1 knockout group than
in the wild-type group (Figure 1G). Hematoxylin and
eosin (H&E)-staining showed increased cell death in
renal proximal tubules in the WT1 knockout mice,
and a blinded histological scoring of tubular epithelial
injury revealed an enhanced injury in the WT1
knockout mice (Figure 1H). In summary, deletion of
the WT1 gene in PECs and PTECs resulted in much
severe kidney injury after AKI, indicating that the
expression of WT1 in PECs and PTECs is essential for
the repair of proximal tubules.

Cell lineage tracing shows the derivation of
WTI1+*PTECs from WTI1+*PECs

We performed genetic lineage tracing
experiments to identify the cell origin of WT1* PTECs
after severe AKI. Adult mice with a cDNA encoding a
Cre-modified estrogen receptor ligand-binding
domain fusion protein knocked in the WT1 locus were
crossed to a Cre-dependent tandem tomato (tdT)
fluorescent reporter strain (Rosa26-loxp-Stop-loxp-
tdT) to generate WTI1CreERT2; Rosa26-tdTf/* mice
(Figure 2A). After tamoxifen induction, the WT1*
reporter activity was observed in podocytes
(Podocin*) and PECs (Akapl2*) in the Bowman's
capsule (Figure 2B). Consistent with the results
displayed in Figure 1B, induction of genetic labeling
of WT1* cells during severe IRI and subsequent
recovery led to the presence of tdT-labeled cells in
some LTL* tubules connecting to glomeruli, and the
tdT* PTECs could be stained with WT1 antibody
(Figure 2C). We identified the source of the WT1*
PTECs following injury, by performing a multiday
tamoxifen injection to maximize pre-surgery labeling
of the pre-existing WT1* population, and carried out
two weeks of washout in WT1CreERT2: Rosa26-td T/ +
mice. Animals were then subjected to sham or IRI,
then sacrificed after 48 h to trace the fate of the
resident tdT-labeled cells. Under these conditions,
irreversibly labeled tdT* cells were also observed in
renal proximal tubules (Figure 2D). The frequency of
labeled PTECs was comparable with genetic labeling
induced during IRI (2.03 £ 0.23% vs. 2.08 £ 0.26%, P =
0.764), and the number of tdT* PTECs per cluster
between the two groups (7.93 £1.76 vs.7.82+2.10, P =

0.804) was very similar (Figure 2E). These results
suggested that these tdT* PTECs were derived from
the pre-existing resident WT1* cells before the injury.

Since podocytes are terminally differentiated
cells and lack of proliferation [33], we inferred that
WT1* PTECs might derive from the resident WT1*
PECs. We created a dual lineage tracing system, by
introducing podocin-GFP transgenic mice, in which
podocytes permanently expressed GFP, and WT1*
cells were labeled with tdT once treated with
tamoxifen (Figure S4A). This dual lineage tracing
system explicitly identified podocytes (tdT*GFP*) and
WT1* PECs (tdT*GFP") in the glomeruli (Figure S4B).
After severe IRI, we observed tdT*GFP- cells in
proximal tubules along the tubular-glomerular
junction (Figure S4C). However, no tdT* PTECs were
present under the mild injury condition (Figure
S4D-E). We also observed increased numbers of WT1+*
PECs after severe injury (Figure S5A-D). Notably, the
percentage of Pax8-WT1* PECs increased from 2.9% in
the normal condition to 9.4% after injury (Figure
S5A-B), indicating the diversity of WT1* PECs during
the injury and repair process. De novo expression of
CD44, a cell surface protein involved in cell
differentiation, migration, and cell-matrix interact-
ions, is an established marker for PEC activation [34,
35]. Double staining for CD44 indicated that cells
derived from WT1+ PECs were activated after injury
(Figure S5E). We also found that 42.28 + 2.91% tdT*
PTECs co-expressed Ki67 (a proliferation marker
expressed from late G1 to mitosis), and 79.91 + 1.83%
Ki67+ PTECs were tdT- (Figure S5F). In addition, the
5-ethynyl-2’-deoxyuridine (EdU) labeling showed
that 29.98 = 1.79% of the tdT-labeled PTECs on day 3
were EAU* (Figure S5G). These results suggested that
the activated WT1* PECs, as the extra-tubular
progenitors, could proliferate and differentiate into
PTEC:s after severe AKIL

WTI* PECs acquire transient STC phenotype
and develop to mature PTECs after severe
AKI

After demonstrating WT1* PECs could develop
into WT1+* PTECs following severe AKI, we
investigated whether STCs were involved in this
process. Immunostaining showed that tdT* PTECs
did not express STC markers 48 h after injury (Figure
56). We further examined the kidney of WT1CreERT2;
Rosa26-tdT/* mice sacrificed 24 h after severe IRL
Double staining for the brush border markers showed
that the tdT* PTECs lacked the expression of these
molecules (Figure 3A). At this time, the tdT* PTECs
co-expressed STC markers, such as Akapl2, Kiml,
Vimentin, and CD44 (Figure 3B-E). We also observed
that tdT+ PTECs harbored fewer mitochondria than
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the neighboring normal PTECs (Figure 3F). We did
not detect STC phenotype 48 h after injury, but we
observed it 24 h after injury, suggesting that the STC
phenotype WT1+ PECs acquired during the transition
into PTECs was transient.

Next, we recorded the detailed developmental
process of WT1* PECs to mature PTECs. As illustrated
in Figure 4A, kidneys were analyzed at different time
points after severe IRI. The kidney injury and its
resolution were confirmed by histologic changes and
renal function (Figure. S7A-C). Figure 4B shows that
few nephrons harbored tdT* PTECs in sham or 6 h
post-IRI groups. However, the percentage of
nephrons with tdT* PTECs increased 12 h after injury
(1.85 = 0.20%) and remained constant thereafter
(Figure 4B-C). The cell number of tdT* PTECs per
cluster increased to approximately 7.93 £ 0.28 at 48h,
and then held steady (Figures 4B and 4D). We also
observed that the tdT* cell clusters along the
tubular-glomerular junction lacked LTL signal for the
first few days after injury but gradually acquired
brush border markers 14 days after injury (Figures 4B
and S7D) and tended to mature 30 days post-IRI
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(Figures 4B and 4E). By this time, the tdT* PTECs
expressed ATP1A1, located on the basolateral aspect
of the tubular cells (Figure 4F). Furthermore, the
BSA-FITC uptake assay showed the accumulation of
fluorescent BSA in the tdT* PTECs (Figure 4G),
suggesting that the newly regenerated tdT* PTECs
matured enough to have the protein reabsorption
function.

In conclusion, we demonstrated that WT1* PECs
were activated and proliferated after severe kidney
insults, then migrated to the injured renal proximal
tubules and acquired transient STC phenotype,
ultimately developing to mature PTECs.

scRNA-seq illustrates transcriptional features
of WTI1* PECs

We performed scRNA-seq analysis using the BD
Rhapsody platform to illustrate the gene expression
features of WT1* PECs. As shown in Figure 5A, the
single-cell suspension was prepared from the kidney
cortex of WT1CreERT2; Rosa26-tdTfl/+ mice subjected to
sham or severe IRI. Briefly, tdT* cells were enriched
by a fluorescence-activated cell sorter (FACS) to
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Fig. 2. WTI1+PTECs are derived partially from intrinsic WTI+* cells. (A) Diagram of the generation of tamoxifen inducible WT1CreERT2; Rosa26-td T+ mice for genetic
lineage tracing. (B) Immunostaining of frozen kidney sections from adult WT1CreERT2; Rosa26-td T+ mice after tamoxifen administration. Podocin, podocyte marker; Akap12,
PECs marker. Arrows indicate tdT+ PECs. (C) “Label-injury” experimental setup. Representative micrographs show tdT* cells at renal proximal tubules co-express WT1 in
severe bilateral renal IRI at 48 h. (D) “Label-washout-injury” experimental setup. Representative micrographs show tdT+ cells at renal proximal tubules co-express WT1 in
severe bilateral renal IRl at 48 h. (E) Quantification of the percentage of nephrons with tdT+ PTECs (2.03 + 0.23% for non-washout; 2.08 + 0.26% for washout; P = 0.764. 3 kidney
slides from one mouse were analyzed and the mean data were presented as an independent point) and the number of tdT* PTECs per cluster (7.93 * 1.76 for non-washout; 7.82
+ 2.10 for washout; P = 0.804). ns, no significance. n = 5 biological replicates. The dotted line sketches glomeruli and arrows indicate tdT+ PTECs. Scalebar = 50um. PECs, parietal

epithelial cells; PTECs, proximal tubular epithelial cells; IRI, ischemia-reperfusion injury.
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capture enough WT1* PECs. TdT* cells were
manually mixed with tdT- cells in a 2:1 ratio to get
comprehensive information on the transcriptional
changes of all renal cell types, particularly the healthy
and damaged tubular cells. Table S1-2 shows cell
viability, cell doublet rate of single-cell suspension
and the parameters of cell capture. After quality
control and cell filtering, 26759 cells were informative
(Dataset S1) and divided into 10 clusters using the
Harmony algorithm to reduce batch effects (Figure
5B). Among them, 1676 PECs were obtained, and this
population displayed unique signature genes, such as
Cp, Akapl2 and Gstml (Figure 5C and Dataset S1).
We validated the expression of Cp in PECs by in situ
hybridization (Figure 5D), and the results suggested
that Cp could be a novel marker gene for PECs.

Next, we focused on the transcriptional features
of WT1* PECs. The gene expression profile of WT1*
PECs is shown in Dataset S2. The GO analysis
identified gene enrichment in the regulation of gene
transcription, protein translation, positive regulation
of cell migration, cell proliferation, and negative

A

Vimentin

regulation of cell apoptosis in WT1* PECs (Figure 5E).
Quantitative Set Analysis for Gene Expression
(QuSAGE) heatmap showed significant activation of
TGF- and the Notch signaling pathway, essential
during kidney development and repair [36, 37], in
WT1+ PECs (Figure 5F). The interaction heatmap
indicated close communication of WT1* PECs with
other cell clusters and probably strong self-regulation
in an autocrine manner (Figure 5G). These data
suggested that WT1* PECs might be involved in
kidney regeneration after AKI.

Furthermore, we extracted PECs and PTECs, and
subclustered them into 14 cell clusters (Figure 6A). All
marker genes are shown in Dataset S3. Our results
illustrated that cluster_6/9/4/7 cells expressed
PTECs (Aldob, Lrp2), and PECs (Akapl2, Cp)
markers (Figure 6B). As shown in Table S1-2, the cell
multiplet rates of each sample were 4.8%, 7.1%, 5.7%
respectively, and they were all excluded after cell
selection. We reasoned that these «cells of
cluster_6/9/4/7 could not be doublets and probably
represented a transitional state from PECs to PTECs.

B

IRI 24h

IRI'24h

Fig. 3. WTI+* PTECs acquire transient STC phenotype in severe bilateral renal IRI at 24 h. (A) Double staining for LTL and AQP1 shows that tdT* PTECs lack
expression of the brush border markers 24 h after severe IRI (arrows). (B-E) tdT* PTECs share the universally acknowledged markers of STCs at 24 h after severe IRI. Double
staining for Akapl2(B), Kim1(C), Vimentin (D), and CD44 (E) show that most tdT* PTECs co-express STCs markers (arrows). (F) Representative images of ATP5B
immunostaining in the kidney 24 h after sham or severe IRl show fewer mitochondria in tdT+ PTECs. The dotted line sketches glomeruli. Scalebar = 50um. PECs, parietal
epithelial cells; PTECs, proximal tubular epithelial cells; STCs, scattered tubular cells; IRI, ischemia-reperfusion injury.
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Most cells in cluster_6 came from the AKI samples
(Figure 6A), suggesting that they were a novel and
specific cell type after injury. Besides, cluster_6
expressed a lower level of mitochondrial genes
(Figure 6C) and a higher level of proliferating genes
than  PTECs  (Figure 6D). Among  the
clusters_6/9/4/7, the cluster_6 cells expressed the
highest level of the STC marker genes (Figure 6E).
Altogether, these results showed that cluster_6 shared
the STC characteristics.

The marker genes analysis showed that cluster_6
cells mainly expressed Krtl8 and S100a6 (Figure 6F
and Dataset S3) validated in the tdT+* PTECs of 24 h
post-IRI kidney by immunostaining (Figure 6G). GO
analysis showed that cluster_6 cells were active in

A i WY

translation, mitotic division, DNA repair and organ
regeneration (Figure 6H). Sox9 and Pax2 were the
previously reported markers of progenitor cells
involved in renal proximal tubule repair [15, 38]. The
percentage of WT1+* cells in STCs (cluster_6) and PECs
(cluster_2/3/8) were not significantly different
(81.31% vs 81.83%) (Figure 6l), while in WT1* PECs,
the percentage of cells co-expressing Sox9 or Pax2 was
much lower than in WT1* STCs (37.30% vs 72.05% for
Pax2, 22.21% vs 87.58% for Sox9, and 13.64% vs
67.08% for co-expressing Pax2/Sox9) (Figure 6I).
These data indicated that the WT1* PECs were a
different cell cluster from the Sox9* or Pax2* renal
progenitors, which seemed similar to the WT1* STCs
in our study.
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junction and acquire the brush border marker (LTL) 30 days after injury. (C, D) Quantification of the percentage of nephrons with tdT+ PTECs (0.13 % 0.06% for 6 h, 1.85 + 0.20%
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immunostaining in kidney sections at 30 days after severe IRI. (G) Representative images of BSA-FITC uptake show that the newly regenerated tdT+ PTECs at 30 days after the
severe injury can reabsorb BSA-FITC. The dotted line sketches glomeruli and arrows indicate tdT* PTECs. Scalebar = 20um. PECs, parietal epithelial cells; PTECs, proximal

tubular epithelial cells; IRI, ischemia-reperfusion injury.
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Fig. 5. Transcriptional features of WT1+PECs. (A) Outline of scRNA-seq experiments. Sham, single renal cell mixture from sham surgery; IRI24h-TDN, single renal cell
mixture of tdT* cells with tdT™ cells in a 2:1 ratio from mice that underwent severe bilateral renal IRI after 24 h; IRI124h-TD, single pure renal tdT+ cell mixture from mice that
underwent severe bilateral renal IRI after 24 h. R3: tdT+* live cells; R4: tdT~ live cells; R5: dead cells. n = 4 kidneys per group. (B) UMAP plots: datasets from 3 samples integrated
with Harmony. (C) Individual gene UMAP and Vlin plots show expression levels and distribution of the representative marker genes of PECs. (D) Representative micrographs of
in situ hybridization of Cp. Arrows indicate Cp* PECs. Scalebar = 50um. (E) Selected GO terms of upregulated genes in the WTI+ PEC population. 915 genes were selected
among all 22141 genes with P value < 5E-7. (F) Quantitative Set Analysis for Gene Expression (QuSAGE) heatmap of cell-type-enriched gene sets. (G) Interaction heatmap of all
cell clusters. X-axis represents clusters as receptors and Y-axis represents clusters as ligands. The numbers indicate the number of cell-cell communication molecules between
different clusters. PECs, parietal epithelial cells; PTECs, proximal tubular epithelial cells; IRI, ischemia-reperfusion injury.
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We  performed computational single-cell
pseudo-temporal trajectory analysis using Monocle 2
package and demonstrated a linear developmental
progression  from  cluster 2/8/3 (PECs) to
cluster_0/1/5/11 (PTECs) through the intermediate
cluster_6/9/4/7 (Figure 6]). Combined with the
genetic cell lineage tracing results in vivo, we propose
that activated WT1* PECs proliferated and developed
into PTECs after severe IRI via STCs as the
transitional stage. This process was most likely
regulated by TGF-p and Notch signaling pathways.

In vitro and in vivo differentiation of WT1*
PECs demonstrate their identity as a
candidate for renal progenitor cells.

Tissues from the kidneys of normal adult
WT1CreERT2: Rosa26-tdT/+ mice were dissected and
digested to single cell suspensions for cell culture. We
used the 3T3 feeder cell-based system to culture
clonogenic cells. In this system, maintenance of
parietal epithelial stem/progenitor-like cells in a
ground state was supported by a combination of
growth factors and regulators of TGF-B,
Wnt/p-catenin, and Notch pathways, as previously
reported [39]. In this culture system, cell colonies
usually emerged 3-5 days after seeding, grew as
homogenous and round-shaped clones, as shown in
Figure 7A. The proportion of tdT* clones (source WT1
* PECs) was approximately 10% in all clones. The tdT*
clones were then manually picked for long-term
culturing. They have been passaged for more than 10
generations and showed the capacity to propagate in
vitro readily.

We used 96-well ultra-low attachment plates
with a U-shaped bottom to support the 3D suspension
culture of tdT* cells to determine their differentiation
capacity in vitro and the formation of kidney
organoids. The cells were seeded at a density of
10¢/well. The tdT* cells spontaneously formed
aggregates 24 h after seeding that were further
examined to detect whether they could differentiate
into mature renal tubular epithelial cells or podocytes.
After 10 days of differentiation, immunostaining
showed the expression of tubular epithelium markers
in the human kidney organoids (Figure 7B), including
SLC22A6 (S2 segment of renal proximal tubules) and
SLC12A1 (thick ascending limb cells from the loop of
Helen's). Some tdT* clones expressed the podocyte
marker synaptopodin (SYNPO). In summary, WT1*
PECs could be expanded and cultured into kidney
organoids in vitro.

Next, we expanded tdT* cells to 4 x 10° and
transplanted the cells into the incision of the injured
kidneys. When transplanted kidneys were analyzed
one week after transplantation, large-scale

engraftment of fluorescent cells was observed (Figure
7C). Frozen sectioning and immunostaining
demonstrated the incorporation of tdT+ cells into the
incised part, which lined structures with lumens in
the mouse kidney. Most cells expressed PTEC marker
genes, such as AQP1 and SLC22A6, and the tubular
cell marker genes ATP1A1 and Pax8 (Figure 7D). This
biased differentiation fate proportion in vivo was
consistent with the 3D organoid differentiation data
presented above. In summary, our data implicated
that WT1* PECs could serve as renal progenitor cells
and differentiate into tubular cells during the kidney
regeneration/repair process after injury.

Discussion

AKI is a major complication in hospitalized
patients and is associated with high morbidity and
mortality, especially in critically ill patients [40]. There
is a lack of effective treatments for AKI in the clinic, so
innovative and effective therapies, such as
regenerative medicine, need to be urgently explored.
Our current study showed that activated WT1* PECs
could proliferate and differentiate into PTECs and
replenish the lost tubular cells in severe AKI. We
provided evidence that WT1* PECs can engraft and
differentiate into tubular cells confirming that they are
extra-tubular renal progenitors.

Previously, CD24*CD133* progenitors isolated
from adult human kidneys exhibited self-renewal
potential, committed toward tubular lineage, and
reduced the morphologic and functional kidney
damage in mice suffering from acute renal failure,
suggesting that these cells can participate in tubular
regeneration in adult human kidneys [11, 14, 41].
However, a mouse lineage tracing experiment to
validate that PECs do replace tubular cells in AKI was
long awaited and is still missing. Herein, we
demonstrated that WT1* PECs were activated and
proliferated in mice with acute renal failure and
ultimately developed into mature PTECs after severe
AKI. Although WT1* PECs could not be assigned to
any previously reported subgroup of PECs [17] based
on cell shape and marker genes, our data provided
evidence that this subtype of PECs served as
progenitors of renal proximal tubules.

Understanding the distinct regeneration modes
is significant in preventing organ injury and
promoting tissue regeneration. In some organs, such
as the liver [42, 43], lung [44-46], and vascular smooth
muscle [47], several regeneration modes may coexist.
Three different modes of renal proximal tubule
regeneration have been previously proposed [48].
However, whether specialized progenitors are
involved in repairing injured renal proximal tubules
is controversial [4-6].
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Fig. 6. WTI1+* PECs serve as progenitors of PTECs and develop to mature PTECs through STC transitional stage. (A) UMAP plots of PECs and PTECs
re-clustering (2970 cells). (B) Individual gene UMAP plots show that the cluster_6/9/4/7 expressed both specific marker genes of PTECs (Aldob, Lrp2) and PECs (Akap12, Cp).
(C) UMAP plots show a low percent mitochondrial gene expression in cluster_6/9/4/7. (D) UMAP plots show high expression levels of the proliferation markers (Ki67, Top2a)
in cluster_6. (E) Vlin plots show high expression levels of the STC-specific marker genes in cluster_6é. (F) UMAP plots of specific marker genes of cluster_é. (G) Representative
immunostaining images show the expression of marker genes of cluster_6 (S100a6 and Krt18) in severe bilateral renal IRl at 24 h. The dotted line sketches glomeruli and arrows
indicate tdT* cells co-express S100a6 and Krt18. Scalebar = 20um. (H) Selected GO terms of genes in cluster_6. 804 different genes were selected among all 22141 genes with
P value < 6.47E-6. (I) UMAP plots and quantification analysis show the distribution of WT]1, Pax2, and Sox9. The percentage of WTI+ cells in PECs (cluster_2/3/8) and STCs
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87.58% is Sox9+, and 67.08% is Pax2+Sox9*. (J) Potential development trajectory of PECs and PTECs produced by Monocle 2. Arrow shows the potential developmental direction.
Pseudo-time analysis in each cell cluster is shown in the middle panel. Pseudo-time (arbitrary units) is depicted from light to dark blue (right panel). PECs, parietal epithelial cells;
PTECs, proximal tubular epithelial cells; STCs, scattered tubular cells; IRI, ischemia-reperfusion injury.
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Fig. 7. WT 1+ PECs show high proliferative and direct differentiation potential in vitro and in vivo. (A) Representative images of tdT* cell colonies emerging 3-5 days
after seeding. Scalebar = 100pm. (B) Representative images of in vitro differentiation of tdT* cell colonies. Arrows indicate that cell organoids after 10 days of differentiation
express markers of proximal tubules (SLC22Aé), thick ascending limb of loop of the Helen's (SLC12A1), and podocytes (SYNPO). Scalebar = 100um. (C) Direct imaging of the
mouse kidney following WT1+ cells transplantation. (D) Immuno-analysis for renal tubule markers (ATP1Al, Pax8) and proximal tubule markers (AQP1, SLC22A6) (arrows).

Scalebar = 100um (Left), 50um (Right). PECs, parietal epithelial cells.

Lineage tracing is a powerful tool to track the
fate of cells in vivo and provides enhanced spatial,
temporal, and kinetic resolution of the mechanisms
that underlie tissue renewal and repair [49]. In the
kidney, the Six2-GC and SLC34a1-GFPCreERT2 reporter
systems can label epithelial cells, including some
PECs, not all PECs [4, 6]. Thus, the rare WT1* PECs
that serve as progenitors and differentiate to PTECs in
our study (approximately 2% by lineage tracing,
although it could be largely underestimated in 2D
visualization) are easy to be neglected in these
ubiquitous lineage tracing systems. In Berger et al.’s
study, both PECs and STCs were labeled and
PEC-rtTA-positive tubular cells proliferated after IRI,
but no significant increase of labeled cells was
observed in the “labeling-washout-injury” experi-
ment [5]. Several possibilities may explain the
discrepancy between their results and ours. First, due
to the diversity of PECs, different reporter mice likely
label different PEC subpopulations. Second, our study
focused on the subpopulation of WT1* PECs, and it
has been shown that only a small subset of PTECs
derived from WT1* PECs. Thus, the newly
regenerated PTECs we observed, if they existed in

Berger et al’s experiments, would probably be
overlooked by using PEC-rtTA mice and the low
resolution of enzymatic p-gal staining reporter
system. More importantly, the severity of the injury
must be taken into consideration. It has been reported
that the severity of the injury determines the
regenerative mechanisms and cell types involved in
other organs [50-52]. Also, it was proposed that
intratubular progenitors might only be recruited in
severe injury in the kidney [48]. Consistent with this
notion, in our study, WT1* PECs were not activated to
regenerate PTECs in the mild injury model (Figure
54D).

Rinkevich et al have described lineage-restricted
progenitor characteristics in mammalian kidney
development, maintenance, and regeneration [53].
The rare PTECs derived from WT1* PECs in this study
could be omitted in their ubiquitous lineage tracing
system. In our study, 79.91 + 1.83% Ki67+* PTECs were
tdT-(Figure S5F), indicating that survived renal
proximal tubular cells participate in the repair of
injured proximal tubules, as reported previously [5, 6,
53]. We also demonstrated that WT1+* PECs contribute
to renal tubule regeneration during severe renal
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injury. Our discovery of WT1* PECs as progenitors of
PTECs provides an additional regeneration route to
the existing mechanisms.

There are limitations to our study. While we
provided strong evidence that WT1* PECs could
differentiate into PTECs in severe AKI by cell lineage
tracing in vivo, the possibility of de novo WT1
expression in PTECs cannot be entirely excluded since
a small fraction of PTECs might not be labeled due to
the low labeling efficiency. Besides, it must be
conclusively shown that WT1* PEC-derived PTECs
are the major contributor to renal tubular repair. In
the future, employing a PEC-specific CreERT2, such
as Cp-CreERT2, to perform PEC-specific WT1
knockout might resolve this issue. Also, since PTECs
in AKI are vulnerable to enzyme dissociation, it
possible to miss some key transcriptomic information
due to inadequate capture of the damaged PTECs.
The outstanding key issues, including the nature of
the signals that activate WT1* PECs and whether
WT1* PECs play a similar role in human kidneys,
require more research in the future.

In conclusion, in this study, we demonstrated
that WT1* PECs, as a type of extra-tubular
progenitor-like cells, could be activated and
differentiate into PTECs after severe AKI. This newly
discovered mechanism of kidney repair might be a
supplemental mechanism to the pre-existing renal
proximal tubule regeneration modes. Elucidation of
these renal progenitors may provide a potential cell
origin for kidney organoids culturing and a novel
strategy for renal regenerative medicine.

Materials and Methods
Study Approval

All animal studies were performed adhering to
the Guide for the Care and Use of Laboratory Animals
and approved by the Experimental Animal
Committee at the Nanfang Hospital, Southern
Medical University.

Statistical Analyses

All data examined were expressed as mean * SD.
Statistical data analyses were carried out using SPSS
22.0 (SPSS Inc., Chicago, IL). Two-tailed independent
sample t-tests were performed when two groups of
samples were compared. Comparison between three
groups was made using one-way ANOVA followed
by Bonferroni test or Dunnett’s T3 procedure.

Detailed materials and methods are described in
Supplementary Methods.
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