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Abstract

The steps governing healing with or without fibrosis within the same microenvironment are
unclear. After acute kidney injury (AKI), injured proximal tubular epithelial cells activate SOX9
for self-restoration. Using a multimodal approach for a head-to-head comparison of injury-induced
SOX9-lineages, we identified a dynamic SOX9 switch in repairing epithelia. Lineages that
regenerated epithelia silenced SOX9 and healed without fibrosis (S0X9°"°ff). By contrast,
lineages with unrestored apicobasal polarity maintained SOX9 activity in sustained efforts to
regenerate, which were identified as a SOX9°"-0" Cadherin6Ps cell state. These reprogrammed
cells generated single-cell WNT activity to provoke a fibroproliferative response in adjacent
fibroblasts, driving AKI to chronic kidney disease. Transplanted human kidneys displayed similar
SOX9/CDH6/WNT2B responses. Thus, we have uncovered a sensor of epithelial repair status, the
activity of which determines regeneration with or without fibrosis.

Depending upon the nature and severity of the initial injury, the damaged tissue
microenvironment of adult mammalian organs can demonstrate progressive scarring,
whereas other foci exhibit scarless tissue recovery (1-3). This spatial heterogeneity in
interstitial fibrosis seen across diverse organs is also frequently observed during progression
of acute kidney injury (AKI) to chronic kidney disease (CKD) (4, 5). AKI, defined by
an abrupt decline in kidney function, is often caused by acute proximal tubular epithelial
cell injury (6, 7) with selective damage per se able to drive interstitial fibrosis (8). Failed
tubule recovery has been broadly linked with post-AKI fibrosis (9). However, the precise
mechanism that determines why one focus progressively scars, whereas other initially
injured foci that might only be a few cell distances away heal without fibrosis, have
remained elusive.

Our previous work, substantiated by other studies, identified Sox9 (a SRY-related high-
mobility-group box family of transcription factor) activation as a fundamental epithelial
injury—induced repair response (Sox9*) (10, 11), and proposed that Sox9 activity observed

4 weeks after AKI might represent regions of unresolved injury and repair processes.
However, the precise characterization of such processes, including their relationship to

the initial Sox9* cell, remained unexamined. To investigate this, we first tested our
hypothesis that the descendants of Sox9* cells would silence Sox9 upon regeneration,
whereas persistence of Sox9 activity was predicted for the Sox9 lineage with features of
unrestored epithelia. If true, then this would provide an opportunity to conduct head-to-head,
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spatiotemporal examination of the regenerated lineage compared with the progeny that could
not fully restore the epithelia right from the onset of a single-inciting insult within with same
microenvironment.

Identification of a dynamic SOX9/CDH6 switch within the repairing epithelia

First, injury-induced SOX9™ cells were fate-mapped, using previously validated Sox¢RES-
CreERT2/+: po6RAIT/* animals in a model of long-term survival-compatible bilateral ischemia
reperfusion injury (IRI) that induced AKI to progress to CKD (5, 10). In human AKI,
return of serum creatinine (a biochemical marker of kidney function) to normal baseline
level reflects recovery from acute tubular necrosis through regeneration of tubular epithelial
cells. In our model, serum creatinine returned to near normal levels by day 10. Therefore,
the day 10 damaged tissue microenvironment, which correlated with clinically meaningful
kidney function recovery, was investigated first (Fig. 1A and fig. S1, A and B). A

strong basolateral expression of sodium-potassium ATPase ion pumps (ATP1A1basolateral/
high) and a thick, apical lotus tetragonoglobus lectin—enriched brush border (LTLhick)
characterized uninjured proximal tubular epithelia (fig. S1C). Consistent with our previous
report (10), injured epithelial cells with disrupted basolateral polarity activated SOX9,

with tdT™ cells reporting such cells at 48 hours after IRI (Fig. 1A). On day 10 after

injury, the initially labeled tdT* cells had expanded (fig. S1D), and nearly the entire

Sox9 lineage, which regenerated the epithelia marked by restoration of apicobasolateral
polarity, had silenced SOX9 (tdT*Sox9"¢9; Fig. 1A and fig. S1,E and F). Conversely, the
Sox9 lineage that exhibited unrestored epithelia, marked by cytoplasmic flattening and
disrupted apicobasolateral polarity, maintained the SOX9™* state, thereby demonstrating
sustained Sox9 activity (IRl day 10: SOX9*tdT™; Fig. 1A, fig. S1, F to H; and tables S1
and S2). The unrestored lineages were mainly observed within the proximal tubules of the
outer medullary region, which undergo relatively extensive cell loss due to exaggerated
susceptibility to injury (7) (fig. S1H). A subset of such lineages displayed morphological
features typically associated with tubulogenesis, such as prominent cytoplasmic projections
with elongated nuclei suggestive of filopodia formation, likely reflecting an attempt to
repopulate the extensively denuded tubule, as well as luminal clusters with long cellular
axis oriented in all directions (12) (Fig. 1A and fig. S1, G and H). Similar to IRI-induced
AKI, we observed distinct Sox9 lineages with dynamic Sox9 activity tightly linked to

their restorative status in rhabdomyolysis-induced AKI (rhabdo-AKI), another distinct and
clinically relevant model of toxic AKI (fig. S2, A and B, and table S2). Therefore, hereafter,
the terms Sox9°", Sox9°Mff and Sox9°™°" will be used to describe the following cells:
Sox9°" for the initially injured proximal tubular epithelial cells (PTECs) that activated SOX9
at 48 hours after injury, Sox9°"°f for the Sox9°" lineage that regenerated the epithelia, and
Sox9°"-9" for the counterpart that weren’t able to restore the epithelia by day 10 after AKI.

To study the Sox9°" and Sox9°"-°" cells, we performed single-cell RNA sequencing
(scRNA-seq) 48 hours and 10 days after IRI (Fig. 1B and figs. S3 and S4). After

confirming cell-type-specific distinct clustering of single-cell datasets (Fig. 1B and figs.

S3 and S4), we focused on the proximal tubule (fig. S5A). Single-cell analysis showed
heterogeneous Sox9" cells at 48 hours, whereas the day 10 population demonstrated relative
homogeneity (Fig. 1C and fig. S5B). Gene ontology (GO) term analysis of the differentially
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expressed genes showed enrichment of terms related to the formation of proximal tubular
epithelia and function in Sox9" cells at 10 days versus 48 hours (Fig. 1D). For example,

in the category “cellular component,” the terms “lamellipodium,” “fascia adherens,” and
“catenin complex” were enriched, in addition to “microvillus,” the latter a characteristic

of PTECs. The cadherin-catenin-actin complex and lamellipodium are essential for the
formation and maturation of epithelia (13, 14) (Fig. 1D and fig. S6A). In addition to
Ctnnlaand Ctnnbl1, Cah6, which encodes cadherin 6 (k-cadherin), also contributed to the
enriched term “catenin complex” (Fig. 1, D to F). Cdh6 is essential for the formation of

a fully polarized nephron epithelium during nephrogenesis (15). Spatiotemporal mapping
confirmed that CDH6 expression was restricted to IRI day 10 SOX9* cells and to the

Sox9 lineage with Sox9°"°M activity, which exhibited disrupted or absent apicobasolateral
polarity (Fig. 1, G and H, and table S1). Consistent with the observed LT 'ow/absent

apical brush border of Sox9°™°" cells, our single-cell analysis also predicted low Lrp2
(encoding the apical brush border component megalin) status of Cahé* cells (fig. S6A).
The presence of CDH6*LRP2!oW cells was confirmed at day 10 after injury (fig. S6B).
Additionally, the genes associated with apicobasolateral polarity (FatZ, Myo9a), both linked
with proximal tubule formation and function (16), were enriched in Sox9°"°" versus
Sox9°" cells (fig. S6C). Complementing the GO category cellular component, the biological
processes terms linked with nephrogenesis (Bmp4, Ctnnbl1, and Pax8) were enriched within
Sox9°M-0N versus Sox9°" cells (Fig. 1E). Haploinsufficiency of SOX9, BMP4, CTNNBI, and
PAXS, respectively, led to murine and human kidney hypoplasia and/or malformations. We
validated Bmp4 enrichment within Sox9°"°" cells (fig. S6, D and E).

Next, we fate-mapped Sox9°"°" cells by injecting tamoxifen at day 10 after IRI (fig.

S7). Consistent with the results of a co-immunoanalysis study (Fig. 1G), ~90% of the
initially labeled cells were CDH6™. Two weeks later, at least a subset of Sox9°™°" cells
regenerated the epithelia, consistent with the “ongoing attempt to regenerate” prediction

of the scRNAseq analysis (fig. S7, A to D, and table S2). Although the proportion of
regenerated tubules in the damaged outer medullary region was smaller compared with the
outer and inner cortices, the regenerated lineage silenced SOX9/CDH6 activity. Therefore,
this finding supports a continuous, dynamic SOX9/CDH6 axis despite the interstitium
becoming progressively fibrotic and inflamed. A similar dynamic activity was also observed
in rhabdo-AKI (fig. S8). Further, on similar lines, in vitro replicating subconfluent cells
lacking cell-cell contact activated SOX9 and CDH®6, which returned to baseline upon
quiescent, confluent, monolayer formation, the latter characterized by acquisition of ZO-1, a
tight junction protein (Sox9°™°ff cell state; Fig. 11).

We also leveraged published databases that used single-nuclear sequencing to cross-validate
the Sox9/Cdh6 switch (fig. S9A) (17, 18). Consistent with our sScRNAseq analysis, single-
nuclear trajectory analysis of Sox9" nuclei demonstrated distinct Sox9 lineages. One Sox9
lineage restored the transcriptome back to normal PTECs and switched off Sox9. By
contrast, another lineage, which was marked by sustained Sox9 activity, acquired a distinct
transcriptome characterized by Cah6" nuclei (fig. S9, B to E). Thus, SnRNA-seq analysis
further substantiated our findings. We have therefore identified a dynamic Sox9/Cdh6 switch
tightly linked with the restorative status of the proximal tubule epithelia, with Sox9°"-on

Science. Author manuscript; available in PMC 2024 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aggarwal et al. Page 5

cell state (SOX9POSCDHGP%S) most probably highlighting ongoing attempts to regenerate the
epithelia.

SOX9rosCDH6Pos cells form a central hub of myofibroblast generation and
maintenance

In IRI- and rhabdo-induced AKI to CKD models, head-to-head comparison between the
two lineages showed that most of the a SMA™* myofibroblasts were conspicuously located
adjacent to Sox9°"0" cells (Fig. 2A; fig. S10, A to D; and tables S1 and S2). A similar
robust, intimate association was observed with the CDH6P®® lineage (Fig. 2B). The outer
medullary region exhibited most of the a SMA response paralleling Sox9°"-°" activity

(fig. S10, A to D). Substantial juxtaposition at single-cell spatial distance was confirmed
by SoxgRES-CreERT2I+: pogpidT/+ - Acta2-GFP [Acta2 encoding aSMA, green fluorescent
protein (GFP)] animals (Fig. 2B, fig. S10C, and tables S1 and S2). To ascertain whether

a distinct Acta2"e9ative profibrotic celltype, for example, ACTA2"®9 COL1A1* cells, might
encase the CDH6"Y cells, we searched our sScRNAseq datasets. Consistent with known
responses in fibrotic kidneys, Actaz-, Collal-, and Col3al-expressing cells were observed
within the Pagfrb* interstitial cluster, the latter signature predominantly contributed by

the day 10 Pdgfrbtcells (fig. S11A). Unlike the lung, no distinct ActaZ2"®d Colial* or
Col3a1* demarcated cell clusters were observed (fig. S11A). These findings were cross-
validated by searching published snRNA-seq datasets of post-AKI kidneys (fig. S11B).
Co-immunoanalysis confirmed that interstitial cells co-expressed ACTA2 and COL1A1,
with a marked paucity of COL1A1* cells around the regenerated lineage (fig. S11C). Up
to 88% of Pdgfrb* cells that activated a SMA were the resident Pdgfrb™ fibroblasts located
within single-cell distance of Sox9°"°" cells (fig. S11, D and E, and table S2). The above
findings highlight that Sox9°"°ff |ineages heal without fibrosis and implicate the CDH6P°S
lineage (SOX9POSCDH6P®) as a possible cell state that generates myofibroblasts through a
short-range secretory ligand.

To identify the secretory ligand(s), we next performed RNA-seg-based profiling of IRI day
14 tdT™ versus 48 hour tdT* cells, with S/c34a1*tdT™ cells serving as normal, uninjured
control PTECs (Fig. 2C and fig. S12, A and B). Sox9transcripts were enriched within

both tdT* populations versus normal control PTECs (~3-fold and ~13-fold), respectively
(Fig. 2C and fig. S12C). Quantitative polymerase chain reaction (QPCR) validated Sox9
enrichment and confirmed Cahé activation specifically within IRI day 14 tdT* cells versus
48 hour tdT* cells (Fig. 2D), demonstrating the fidelity of the Sox9 reporter animals for
Sox9 activity. Genes such as Ctnnbl1, Ctnndl, Pou3f3, and Smad7, which contributed to the
topmost enriched GO terms in single day 10 Sox9*cells (Fig. 1E), were also enriched within
IRI day 14 tdT* versus 48 hour tdT* cells (fig. S12, D and E). The GO analysis enriched
term “kidney development” showed SoxZ1 enrichment within IRI day 14 tdT* versus 48
hour tdT* cells (fig. S12E). The renal role of Sox11 is relatively unknown, except for its role
in human and murine nephrogenesis (19). sScRNA-seq analysis revealed that SoxZ1* cells
constituted a subset of the Cah6°°S population (Fig. 2E; see also Fig. 1, C and F). Thus,

the above validatory studies confirmed that our bulk Sox9 cell-type-specific RNA-seq study
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could be used reliably to identify possible secretory ligands that might engage the adjacent
fibroblast.

The Wnt signaling pathway, consisting of Wnt ligands, was among the top enriched GO
terms within IRI day 14 tdT* cells versus 48 hour tdT* cells, although it was conspicuously
devoid of the canonical Wnt-f catenin pathway activity reporter Axin2 (Fig. 2F and fig.
S12E). Mammalian Wnt proteins are a family of lipid-modified glycoproteins that signal
within a typical range of just one or two cells in a juxtracrine or autocrine manner (20,
21). Integration with sSCRNA-seq datasets identified single cells with de novo activation of
Whit4, and Wnit7b specifically within CahéP°s cells, including a Cah6" Sox11* subset that
also expressed Wnt4 (Fig. 2, G and H). gPCR and RNA-scope studies confirmed Wiit4*
induction within CDH6POS cells, thus validating RNA-seq findings (Fig. 21 and fig. S12F).
Using a previously validated and published WNT4 antibody (22, 23), co-immunostainings
substantiated the RNA scope studies. A strong WNT4 expression was strictly restricted to
Sox9°1-0n cells, with such cells displaying a single-cell spatial and tight association with
GFPP% myofibroblasts, indicating that Sox9°"-9" cells maintain biologically active Wnt
niches during the progression of post-AKI fibrosis (fig. S13, A and B, and table S2). Thus,
the SOX9POSCDHGEPS cell state might be the secretory cells that generate and maintain
Whnt-enriched niches after AKI.

Next, we used Axin2CreERTZ/* :p26RMTIMG animals, in which Axin2 activity reports cells
with ongoing canonical Wnt signaling (20), to ascertain the identity of Wnt-responsive cells
(WRCs). In a healthy adult kidney, a subset of interstitial c SMA™9 PDGFRB™ cells residing
within the inner medulla region expressed membrane GFP (mGFP), demarcating resident
WRCs (fig. S14, A to C). Contrary to the previous report (24); no resident WRCs were
detected within the nephron epithelia of the cortices and outer medulla (fig. S14, A to

C). After AKI, the animals treated with only corn oil (the vehicle for tamoxifen) did not
demonstrate mGFP* cells, confirming tamoxifen dependence and ruling out injury-induced
spontaneous Cre activation (fig. S14, D and E). The kidneys of the tamoxifen-treated
animals showed that subsets of aSMA™ myofibroblasts mounted Axi/n2 activity, as shown
by mGFP. By contrast, the resident Ax/in2* cells remained a SMA™S (fig. S14, F to I).
Thus, myofibroblasts represent de novo WRCs after injury. To determine the spatiotemporal
relationship between the earliest WRCs, CDH6P%S cells and myofibroblasts, we scrutinized
AXin2CTeERTZ/* -po6RIAT/* - Acta2-GFP mice. Examination uncovered subsets of CDH6POS
cells forming a biologically active Wnt niche at the single-cell level (Fig. 2J and table S1).

Genetic lineage studies showed that the descendants of AxinZ"cells formed the bulk of the
scar tissue by4 weeks after IRI (fig. S15A). Nearly half of the replicating myofibroblasts
were Axin2* (fig. S15B). Further, comparative blinded analysis of the B-catenin—deficient
lineage of the earliest aSMA* myofibroblasts (Ctnnb1-cKO) versus the lineage with intact
B-catenin activity (CtnnbI-wt, controls) showed that Ctnnb1-cKO displayed significantly
less expansion (P< 0.01) and lacked the intense a SMA response at day 28 after IRI (fig.
S15C). Moreover, the characteristic strong a SMA response adjacent to Sox9°"°" cells was
conspicuously deficient in most of the Ctrinb1-cKO cells (8.3 £ 2.4% versus 79.2 + 2.6%,
Cinnb1-cKO versus Ctnnb1-wt, P< 0.01; fig. S15C and table S2). Thus, canonical B-catenin
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signaling is essential for the maintenance of a SMA* activity within the myofibroblasts after
AKI.

To determine whether SOX9°"9"CDH6POS cells secrete Wnt and drive fibrosis, we
performed a head-to-head comparison between tdT-demarcated Sox9*cells lacking Wis
versus and the intact Wis secretory apparatus (Fig. 3A). Wisencodes Whntless, a highly
conserved, transmembrane protein essential for Wnt secretion and function (25). Successful
recombination of the floxed Wisallele was confirmed by two different approaches (fig. S16,
A to D). Blinded analysis revealed a substantial reduction in aSMA response around the
tdT+*SOX9: WIs-cKO versus controls (tdT*SOX9: Wls-Het; Fig. 3A and table S1). Both
groups had a similar proportion of SOX9°"°" cells (Fig. 3B). Further scrutiny of Sox9: Wls-
cKO animals showed that a proportion of SOX9* cells underwent successful recombination,
as shown by tdT expression, thus generating a microenvironment mosaic for WIs activity:
SOX9*tdTPOS (WIls-cKO) and SOX9*tdT"®9 (WIs-WT) cells, respectively. Leveraging the
observed mosaicism, a direct-blinded comparison for aSMA activity around SOX9*tdTPoS
and SOX9*tdT"®d tubules revealed a significant (P < 0.01) reduction in myofibroblasts
around the SOX9*td TP tubules compared with their SOX9*tdT"®9 counterparts (Fig. 3C,
fig. S16E, and table S1). Macrophages could be a collateral source of Wnts. We did not
detect Wht7b, Wnt9b, Wntl11, or Wht4 induction in fluorescence-activated cell sorting
(FACS)—purified LyzM Cre-derived tdT*F4/80*cells compared with uninjured resident
tdT*F4/80*cells despite an ~5-fold increase in F4/80*cells (fig. S17, A to B). Consistent
with this finding, blinded analysis for aSMA* myofibroblasts or overall fibrotic responses
showed no effect of W/sremoval within the LyzM Cre-derived immune cells (fig. S17, C to
F). Although kidney stromal cells express Whts, removal of Wnt4 within these cells had no
effect on overall fibrosis (26), thus ruling out stromal Wnt4 as the main driver of post-AKI
fibrosis. The above findings reveal the SOX9POSCDHG6PS cell state as the central source of
continuous, biologically active Wnt signal driving fibrosis after AKI.

Next, we sought to determine whether Sox9°™9" activity per se is the critical component
of such profibrotic niches in vivo. Our previous work highlighted the essential role of Sox9
activation in PTEC regeneration. Proximal tubule—specific removal of Sox9 before injury led
to impaired tubular repair and renal function recovery compared with animals with intact
Sox9 activity (10). Based on the findings of our scRNA-seq and Sox9* cell-type-specific
bulk RNA-seq studies, we hypothesized that SOX9PPSCDHGEPS cells with Sox9°"0" likely
recruited essential downstream proregenerative programs by day 10 after AKI. Therefore,
it might be feasible to remove Sox9°"-°" activity during the progression of AKI to CKD.
The precise molecular signature of early WRCs after AKI remains unknown. Therefore, to
determine whether removal of Sox9°"9" activity leads to the abrogation of fibrosis and the
obliteration of Wnt niches, we established a molecular signature of WRCs.

To this end, we used Axin2CeERTZ/* -R26RIAT/ - Acta2-GFP animals (Fig. 3D). Comparison
of the transcriptome between the earliest WRCs (tdTP% GFP GFPP) versus other
myofibroblasts (tdT"€9 GFPPS) cells confirmed the Wnt signaling pathway activation as
one of the top-most enriched GO terms within the tdTP°S cells; AxinZ2, Lefl, Nkdl,

and Lgr6were enriched, whereas Fzd7, encoding Frizzled 7, a Wnt receptor, was down-
regulated (Fig. 3, E to G, and table S3), suggesting that Fzd7 might be the Wnt-sensing
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receptor activating Pdgfrb* cells. Other top enriched GO terms included “response to
fibroblast growth factor” and “regulation of mitotic cell cycle,” suggesting that the

early AxinZ" myofibroblast subset may have greater proliferative properties compared

with other myofibroblast populations, consistent with lineage-tracing and Ki67-based co-
immunoanalysis studies (Fig. 3F and fig. S15, A and B). gPCR validated AxinZ2 enrichment
within tdTPOSGFPPOS versus tdT"9GFPPOS cells (Fig. 3H). Our scRNA-seq study analysis not
only further endorsed induction of Axin2 activity within the same cluster containing ActaZ*
Collal*Col3a1* Pdgfrb* cells at day 10 after IRI, but consistent with the above findings,
also showed induction of NkdI* cells specifically restricted to the above day 10 postIRI
cluster (Fig. 3l). Nkd2, reported as a marker of terminal myofibroblasts in a previous study
(27) and in our molecular profiling study of AKI to CKD (5), was also enriched in early
ActaZt Collal® Pdgfrbcluster (Fig. 31). Thus, these findings not only validated the Axin2
reporter but also established a molecular signature of early WRCs.

To remove Sox9°"" activity during the transition from AKI to CKD, doxycycline
injections to Sox9 knock-out (Sox9-cKO) and control wild-type (Sox9-WT, Ctrl) animals
were administered 1 week after AKI. The tdT* cells highlighted cells with successful
recombination. First, doxycycline dependence of the system was confirmed (fig. S18A).
Further, in the absence of doxycycline, Sox9-cKO animals displayed an injury-induced,
early SOX9 activation response, with nearly half of SOX9* cells expressing Ki67 akin to
animals with intact Sox9 activity, thus ruling out spontaneous injury-induced Cre activation
and preservation of early Sox9 repair responses (fig. S18B). Doxycycline led to obliteration
of Sox9°Mo" activity in the Sox9-cKO (tdT*Sox9KO) animals; by contrast, Sox9-WT
animals displayed intact Sox9°"-o" activity (tdT*Sox9™) (fig. S18C).

To ensure rigorous comparison between similar damaged tissue microenvironments, a
blinded, head-to-head comparison between HaverI® (also called kidney injury molecule-1,
Kim1) regions of Sox9-cKO and Sox9-WT animals was performed. The kidneys lacking
Sox9°M-0N activity displayed a significantly reduced fibrotic signature, including a SMA*
myofibroblasts (Kim1*Sox9WT versus Kim1+Sox9K©, 69.0 + 3.6% versus 28.2 + 5.8%,
respectively, P< 0.01; Fig. 3, J to O, and table S1). Before the removal of Sox9°"°" activity,
the proportions of SOX9 and aSMA cells were similar in Sox9-WT and Sox9-cKO animals
(fig. S18D). Using previously validated shRNA to knock down Sox9 (28), we found a
marked reduction in Whi4 in primary nephron tubular epithelial cells in Sox9 knock down
cells versus controls (Fig. 3, P and Q). Next, we confirmed Sox9-Wnt4 link in vivo (Fig.

3, Rto T). The outer medulla region, the predominant site of Sox9°"-°" activity and the
main site of de novo injury-induced Whi4 response, displayed maximal blunting of the Wnt4
response upon removal of Sox9°"°" activity (Fig. 3R). These findings provided further
evidence for Sox9°"-9" activity in generating biologically active Wnt4 niches. The resident
Whit4 expression within the papilla and inner medulla region (a region with no Sox9°n-on
cells) remained intact and thus served as a robust, internal positive control (Fig. 3, R and S).
Further, in addition to the panel of profibrotic genes, the herein identified early molecular
signature of injury-induced WRCs (AxinZ2, Nkd1, and Nkd2) showed reductions in Sox9-
cKO versus Sox9-WT animals (Fig. 3T). Genetic fate mapping of the Sox9°"°"-deficient
cells revealed that a significantly (P < 0.01) larger proportion of Sox9°"-°"-deficient cells
had restored polarity compared with their counterparts with intact activity (fig. S19). This
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finding suggests that the reduced fibrosis secondary to the removal of Sox9°"-0" activity
might serve as a relatively favorable milieu for the epithelium to restore itself. Thus, Sox9°™
N activity transforms the SOX9POSCDHGEPS cell state into Wnt-secreting cells, a central hub
for myofibroblast formation and maintenance.

The SOX90on-onCDH6Poscell state highlights sustained efforts to regenerate

the epithelium by attaining a progenitor-like cell state

Having identified the biological relevance of Sox9°"0" activity, we next aimed to better
define and understand the epigenetic features of the Sox9°"-o" cell state. To this end,

we generated single-nuclei assay for transposase-accessible chromatin sequencing (SnATAC-
seq) profiles of day 10 Sox9 descendants after injury. To ensure sufficient availability of
single Sox9™°" nuclei for meaningful analysis, we dissected the inner cortices and outer
medulla region, the site of predominant Sox9°"-°" cells, and the single-nuclei isolated
from freshly enriched lineage-traced tdTPS cells were subjected to SNnATAC-seq (Fig.
4A). Integration of SnATAC-seq with the sScCRNA-seq profile demonstrated that the nuclei
subclustered in a nephron cell-type-specific manner based on differentially open or closed
chromatin accessibility state (Fig. 4B and fig. S20, A and B). The differential chromatin
accessibility of Sox9 led to the clustering of lineage-traced tdTPS nuclei into “ Soxg°"-on”
and “Sox" o nuclei (Fig. 4C).

The Sox9°™°f nyclei exhibited a relatively open chromatin accessibility state of Hnf4a (Fig.
4C) and its downstream gene, Lrp2 (fig. S20B), the markers of mature functional PTECs,
thus providing strong evidence that the Sox9 lineage regenerates functional PTECs. By
contrast, the Sox9"°" nuclei demonstrated a relatively open chromatin accessibility state
of Cdhé, Wnt4, and Whnt7b, in addition to Sox11 (Fig. 4, C and D, and fig. S20B), further
showing the Sox9°M-°"Cdh6PS cell state to be Whnt enriched (Fig. 4D). Consistent with
scRNAseq analysis (Fig. 1B), SnATACseq analysis also provided evidence for UMOD*
thick ascending limb of Loop of Henle and AQP2* collecting duct epithelial cells to
activate SOX9 after injury (fig. S20, C and D). To uncover the transcriptional regulators
that characterize the distinct outcomes of Sox9-descendants, the on-on and on-off nuclei
were subjected to trajectory analysis (Fig. 4, E and F). Transcriptional regulators with an
essential role in nephrogenesis, such as Sox11, Nfat5, Maz, and Pax8, displayed dynamic
transcriptional changes along the pseudotime in the Sox9°M"°" cell state (29-31) (Fig.

4G). The dynamic reparative process was associated with cell proliferation, with ~22% of
Sox9°"-9" descendants in the S-phase of the cell cycle (Fig. 4H). Moreover, consistent with
the prediction of sSnATAC-seq pseudotemporal analysis, the expression of both SMARCC1
and RUNX1 was restricted to the Sox9°™9" lineage compared with its on-off counterpart
(Fig. 4, 1 and J). Smarccl, an ATP-dependent chromatin-remodeling complex, maintains
proliferation, pluripotency, and self-renewal of embryonic stem cells (32), whereas Runx1
drives muscle regeneration and hematopoietic stem and progenitor cell specification (33).
Thus, these findings not only validated snATAC-seq pseudotemporal analysis, but also
identified them as potential candidates upstream of Sox9°"0" activity.
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SNATAC-seq analysis of the inner cortices and outer medulla region (Fig. 4A) revealed a
sufficient population of Sox9°"-°" nuclei. Therefore, Sox9 CUT&RUN genomic occupancy
assay in the day 10 lineage versus its parent Sox9°" cells (48 hours after injury) provided

an opportunity to examine the direct effects of sustained Sox9 activity within its lineage in
vivo. We conducted a time-resolved, lineage-specific SOX9 CUT&RUN genomic occupancy
assay (fig. S21A). An H3K4me3 genomic occupancy assay was used as a control. Because
of the technical challenges involved in isolating high-quality, >90% viable fragile tdTPOS-
enriched cells under low-flow FACS conditions and the limited labeling possible by a

single tamoxifen injection, a pellet of ~30,000 to 100,000 cells was subjected to a genomic
occupancy assay/antibody/time point. The cell pellet was expected to contain Sox9°n-off
cells, therefore, to reduce these cells, the lineage cells were enriched from the IC/OM region.

Despite these limitations, (i) validation of appropriate insert size for a transcription factor
(fig. S21B), (ii) distinct time- and antibody-specific clustering of biological samples

using Pearson correlation approaches and UMAP (uniform manifold approximation and
projection) approaches (fig. S21, C and D), (iii) signal of SOX9 peak relative to the
transcription start site (fig. S21E), and (iv) significant optimal Sox9 motif enrichment with
Sox9 antibody versus input (P < 1E-300 at day 10, £< 0.02 at 48 hours; fig. S21F) or
versus H3K4me3 antibody (P < 1E-300 at day 10) suggested that the data could be reliably
mined for meaningful biological conclusions with respect to SOX9-specific target binding.
Consistent with the previous studies of genome-wide chromatin binding by SOX9, 10 to
15% of SOX9-bound regions occurred within transcriptional start or promoter sites (34,
35). Indeed, the enriched GO terms across both time points showed that the significantly
bound region and the corresponding significantly called peaks and genes compared with
their respective inputs [false discovery rate (FDR)-adjusted Pvalue < 0.01; fig. S21G),
were linked with the biological processes involved in epithelial regeneration in Sox9 48
hour and day 10 cells (fig. S21, H and I), consistent with the genetic-lineage tracing
studies and scRNA-seq analysis of such cells (Fig. 1D). Calmodulin binding was one of
the top GO enriched “molecular function” terms (fig. S21, H and I). SOX factors are
known to contain a calmodulin-binding domain, and this calcium ion—enabled interaction
imports SOX9 to the nucleus, with subsequent target gene activation (36, 37). Most Sox9
target genes were specific either to 48 hours (91.2%) or day 10 (85.11%) after injury,
indicative of distinct time-dependent genomic occupancy (fig. S21J). The top enriched GO
terms at both time points showed links with epithelial development processes consistent
with its role in epithelial restoration. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis revealed the top terms linked with the RhoGTPase, calcium, and epidermal
growth factor receptor (EGFR) pathways, whereas by day 10, metabolic pathways were
uncovered as the top pathway. Indeed, Sox9 is a critical mediator of metabolic processes in
chondrogenic cells (38) and regulates components of the EGFR pathway in malignant cells
(39). The maintenance of the pluripotent stem cell state, along with chromatin organization,
appeared in day 10 SOX9* cells as shown by both KEGG pathway and GO analysis, thus
directly implicating sustained Sox9 activity in endogenous reprogramming to a progenitor-
like state in at least a subset of Sox9°M-°" cells.

Two well-known SOX9 target genes (40, 41) showed distinct time-specific binding. At 48
hours but not at day 10, Sox9bound Col1al; by contrast, Col2al was bound at day 10
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but not at 48 hours (fig. S21K). Fgf/Fgfr/Sox9 forms a feed-forward loop to maintain cell
identity and growth (42). Conversely, our data showed that FgfrZ was targeted at both time
points, and a higher engagement was observed by day 10. In day 10-specific target gene
analysis, the Wnt signaling pathway, consisting of genes such as Wnt2, Wntba, Whnit5b,
7cf7, and Tcf7/2, and others, featured among the top pathways. 7cf7and Tcf7/2are known
to cooperate with B-catenin in committed nephron progenitor cells (43). To confirm whether
Whi2 represents a direct transcriptional target of SOX9, we examined the effect of removal
of Sox9°"-9N activity on Wnt2 mRNA expression. Wnt2 mRNA was markedly reduced

in So0x9°™M0" cKO versus intact Sox9°M9N activity (fig. S21L). These findings validate

the CUT&RUN SOX9 genomic occupancy assay and uncover a direct Sox9/ Wnt2 link,
which might contribute to maintaining fibroproliferative response after AKI. Thus,we have
provided further evidence for the direct role of Sox9°"°" activity in the generation and
maintenance of Whnt-enriched niches.

Integration of HOMER analysis of consensus sequence motifs associated with sites targeted
by SOX9 CUT&RUN assay and transcription regulators uncovered by pseudotime trajectory
analysis in our SnATAC-seq datasets revealed top cofactors operating specifically in the
Sox9°M0n cel| state (fig. S21M). These include binding motifs for Yy, Nfats, Sp1,
Arnt::Hifla and 7cf4. Yyl, a structural regulator of enhancer-promotor loops and gene
expression, is essential for embryonic stem cell viability (44), and Nfat5 is essential for
nephrogenesis and protects against stress (29). Tcf4, which is essential for skin epithelia
repair and homeostasis (45), was noted to be co-enriched with Wnt4 in nephron progenitors,
and Hifla-Sox9 axis is involved in chondrogenesis (46). Thus, our findings indicate

that Sox9°™9" activity might cooperate with these factors to regulate downstream gene
expression.

CDH6PosWNT2BPos cells marks fibrotic foci in human kidneys

To determine the clinical relevance of our findings, we studied transplanted human

kidneys. Immediately after kidney transplantation, ischemia reperfusion injury—induced AKI
frequently leads to delayed graft function, which is an independent predictor of subsequent
renal allograft loss and dysfunction (47). Renal allograft biopsies from such patients (n

= 3, day 7 after kidney transplantation) and pre-implantation biopsies obtained from the
same allograft (controls) demonstrated a marked increase in SOX9™" cells within the AQP1*
PTECs (Fig. 5A). This was also confirmed at the transcriptional level in protocol biopsies
obtained after reperfusion (48) (Fig. 5B).

Further, a stratification of kidney allograft protocol biopsies performed 1 year after
transplantation showing SOX9 levels demonstrated that patients with persistent SOX9
expression displayed increased interstitial fibrosis and reduced renal function compared with
the cohort that displayed return of Sox9 activity to baseline levels (Fig. 5, C to E). SOX9
and CDHB6 levels correlated with the transition from AKI to CKD in transplant biopsies
according to a previously reported model (49) (Fig. 5F). In the same kidney transplant
cohort, protocol biopsies obtained 3 and 12 months after transplantation revealed CDH6

as the topmost gene correlated with SOX9activity (Fig. 5G). Such strong correlation

was also noted with fibrosis-associated genes such as COL1A1and ACTAZ. Although
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strong correlation was noted with WA/T4, the correlation was more pronounced with

other members of the WNT family in humans, particularly with WNTZ2B. Patients with

a low immunological risk profile were uniformly managed in a single center using a
protocol comprising tacrolimus-, mycophenolate mofetil-, and prednisone-based immuno-
suppression. Rejection episodes were rare.

To obtain single-cell-level resolution of the above observed responses, we leveraged SCRNA-
seq datasets involving 16 kidney transplant biopsies (50) (Fig. 5H and fig. S22, A and B).
SscRNA-seq showed that SOX9/CDH6/WNT2B—-expressing cells predominantly resided in
the same cluster (cluster 8), which also contained HAVCRI* cells (Fig. 5, | and J, and fig.
S22,C to E). This cluster demonstrated significant correlation with fibrosis (£ < 0.05) (Fig.
5K), and time-resolved PTECs showed de novo emergence of cluster 8 after transplantation
(Fig. 5L). Unlike Whnt2 (fig. S21L), Wnt2bdid not exhibit a significant reduction upon
removal of Sox9°"O" activity (fig. S22F). Cluster 8 displayed dynamic activity and greater
latent time compared with other PTEC clusters (fig. S23, A to E). Further, in another
unbiased analysis to identify the driver gene that confers cluster-specific dynamic behavior,
CDH6 was found to be the gene with the second-highest likelihood of underlying dynamic
activity in HAVCRI* cluster 8 (Fig. 5M). Akin to our findings in mice, CDH6POS LTLlow
PTECs (Fig. 5N) and persistent SOX9 activity (fig. S24) displayed intimate association with
aSMA* myofibroblasts. Thus, these findings validated the identified dynamic axis in human
kidneys at the single-cell level and revealed WNTZB as the likely WNT that may drive
human fibrosis.

Akin to mouse PTECs, subconfluent primary human PTECs mounted SOX9 activity,
which subsided upon tight monolayer formation, further emphasizing the tight link of
SOX9 activity with cell-cell contact status (Fig. 50). Our transcriptomic profiling and
spatiotemporal mapping studies involving both murine and human kidneys uncovered a
robust link between dynamic Sox9°™9" activity and Cdh6 response. Because cell-cell
contact and/or adhesion disruption leads to Sox9 activation, with silencing of Sox9 upon
cell-cell contact restoration, it would make biological sense that in the setting of prolonged
cell-cell contact disruption, the persistent Sox9 transcriptional activity would induce a
cadherin in its attempt to restore cell-cell adhesion. Therefore, we verified that Cdh6

not only demarcates Sox9°"-9" cells but might also be regulated by Sox9. We detected
significant reduction of CDH6PS cells and Cah6 mRNA (P < 0.01) in Sox9-cKO kidneys
compared with the WT (Fig. 5, P and Q). Thus, SOX9P?SCDH6PS cells demarcate cells with
SOX90M-0n activity—driven WNT signaling niches and fibrosis after human AKI.

Discussion

In this study, by establishing a model system that facilitated head-to-head comparison
between the two initially committed lineages to regenerate the injured proximal tubular
nephron epithelia but with divergent outcomes (one that expeditiously regenerated tissue
versus the other that was unable to do so), we identified the unifying mechanism
underpinning scarless versus fibrotic tissue repair at the single-cell level within the same
microenvironment. We also identified how precisely Wnt-enriched niches are formed and
maintained after injury. Until now, despite the prominent link between Wnt and tissue
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fibrosis after injury, this question has remained unanswered (51, 52). For example, in the
setting of lung injury, the Wnt-inducing factor was highlighted as the “unknown factor”
(52). Our study highlights the potential for abrogating fibrotic responses through a cell-state-
specific intervention, even when introduced 1 week after injury, during the progression

of AKI to CKD. This was illustrated by precise cell-state-specific genetic perturbation of
Sox90M-0N activity or removal of Whtfess within the Sox9°™0" cells.

Our data suggest that the Sox°"°" CDH6P® cell state signifies an ongoing regenerating
phase during the transition from AKI to CKD. This was supported by (i) enrichment of
biological and cellular processes linked with PTEC formation at the single-cell level; (ii)
integrated analysis of SCRNA-seq and Sox9 lineage-specific SnATAC-seq datasets, unveiling
a cascade of transcriptional regulators linked to nephrogenesis in the Sox9°"°" nuclei; and
(iii) distinct, time-specific SOX9 genomic occupancy within its lineage, indicating direct
involvement in activating programs for nephron epithelia formation. Indeed, it would make
biological sense for Sox9 in its sustained attempt to regenerate the unrestored epithelia to
recruit Wnts, specifically Wnt4. Unexpectedly, WntZ, which is essential for murine lung
development but understudied in nephrogenesis, emerged as direct target gene of sustained
SOX9 activity. Wnt2was substantially decreased upon Sox9 activity removal, highlighting
the direct role of Sox9°"°" in provoking fibrosis during a sustained effort to regenerate

the epithelia. WNT2B demonstrated stronger correlation with sustained SOX9 activity

in transplanted human kidneys then did than WNT2. These findings hint at differential
deployment of paralogous Wnt2genes in the progression from AKI to CKD between
humans and mice. Therefore, we have uncovered a link that explains how the tissue
regeneration process culminates in fibrosis.

The SOX9POSCDH6POS cell state contrasts with other known maladaptive cell types
implicated in postinjury organ fibrosis, including senescent, partial epithelial to
mesenchymal, or cell-cycle-arrested cells (2, 53, 54). However, it remains a possibility that
with time these cell states might be subsequently attained due to the secondary effects of
severely fibrotic adverse milieu. Sox9-expressing myofibroblasts have been linked with renal
fibrosis (55). Our study, which used varied orthogonal approaches, did not reveal such cells
in post-AKI fibrotic kidneys, although this does not completely rule out the possibility that
this population exists.

Across phyla, damage-induced repair response represents a fundamental tissue survival
mechanism. How does an injured tubular epithelial cell temporally sense its reparative state
in vivo in damaged-tissue microenvironment that lacks resident stem or progenitor cell
population? Is there a unifying, central “on-off” molecular switch? For example, in yeast, a
single transcriptional control mechanism enables cells to respond to fluctuating nutrient
concentrations (56). Herein, we identified SOX9 as a dynamic, fundamental, intrinsic
transcriptional link between loss of epithelial integrity and regenerative response in vivo.
Recently, Yamanaka and colleagues linked apicobasolateral polarity, maintained by the tight
junction protein ZO-1, with receptivity to signaling proteins and multicellular patterning

in an in vitro human gastrulation platform (57). Genetic removal of ZO-1 led to sustained
BMP4 signaling pathway (BMP4/pSMAD1/5) activation and the ensuing distinct cell-state
specification. We found that the Sox9°™0" cell state is Bmp4/Smads enriched (Fig. 1E
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and figs. S6D and S20B) and isa subset attaininga nephron progenitor-like cell state with
time. It is tempting to speculate that a similar enhanced receptivity to the as-yet elusive
signaling proteins in such disrupted epithelial cells drives Sox9 activity and resultsg in a
distinct cell state. However, how precisely such disruption might regulate Sox9 remains
to be established, which is a limitation of the current study. Further, a pharmacological
approach to perturb the identified pathway remains unidentified, but our findings lay the
ground for drug discovery and precise cell-state-specific genetic perturbation strategies to
retard fibrosis.

In the present study, we have shown that the duration of the regeneration response is a
key determinant of healing with or without fibrosis, with the SOX9P°SCDHG6PS cell state
interconnecting the transition from AKI to CKD.

Methods summary

All animal procedures were approved by the Cedars-Sinai Medical Center Institutional
Animal Care and Use Committee, and institutional review board—approved human kidney
biopsies were used. All animals used in the study are described in table S4. To induce

the IRI-induced transition from AKI to CKD, 9- to 12-week-old weight-matched (25 to

30 g) mice were subjected to long-term survival compatible bilateral renal IRI surgery.

To induce the transition from rhabdo-AKI to CKD, adult anesthetized mice (9 to 12

weeks old) were administered an intramuscular injection of 50% hypertonic glycerol
solution in each quadriceps muscle (total dose, 8 mg/kg). For induction of CreERT?2
protein, mice were injected with tamoxifen dissolved in corn oil through an intraperitoneal
injection. For induction of doxycycline-inducible Cre protein, mice were injected with
doxycycline dissolved in 0.9% normal saline intraperitoneally. Enzymatic digestion, which
was conducted on ice to isolate cells from the kidney for RNA or nuclei extraction studies,
used B. Licheniformis Cold Active Protease, DNasel, and Liberase TL. Cell-type-specific
bulk RNAseq libraries were constructed using the Universal plus mRNA-seq with NuQuant
kit from NUGEN. Sample libraries were sequenced on the NovaSeq platform (Illumina)
using 150-base pair paired-end sequencing. Single-cell RNA libraries were obtained using
the Chromium platform. Sox9-lineage—specific single nuclei for SnATAC-Seq studies were
isolated according to the 10xGe-nomics protocol using the low-input version and with

a 1:5 diluted lysis buffer in nuclease-free water. Isolated cell samples were immediately
processed with a Chromium Next GEM Single Cell ATAC Kit v2 (10xGenomics). Cell
pellets of ~100,000 FACS-enriched Sox9 lineage cells were subjected to Sox9 genomic
occupancy assay, and the libraries generated from the immune-enriched DNA samples
using the Illumina kit were analyzed using Partek Flow software v10. RNAscope based in
situ hydridization assay was performed on 12-um-cut, optimal cutting temperature (OCT)-
embedded cryosections according to the manufacturer’s protocol. The qPCR primers and
primary and secondary antibodies used in this study are detailed in tables S5 to S7. Most of
the imaging was performed on the Zeiss 780 confocal system. Unpaired, two-sided Student’s
ttest was used to compare two independent groups.
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Fig. 1. scRNA-seq reveals a dynamic SOX9/CDH6 switch within the repairing nephron
epithelium.
(A) Identification of a dynamic Sox9 switch. Shown are the schema of lineage-tracing of

injury-induced Sox9P% cells and co-immunoanalysis for SOX9 and the basolateral polarity
marker ATP1A1, showing that cells with disrupted basolateral polarity activated SOX9.
Note the co-localization of tdT with SOX9POS cells at 48 hours after IRI (IRI 48 hours:
Sox9°" cells, yellow arrows). By day 10 after IRI, the lineage of Sox9°" cells that restored
basolateral polarity had silenced SOX9 (Sox9°™°ff cell state, regenerated epithelia), whereas
the lineage with unrestored ATP1A1 maintained SOX9 activity (Sox9°"9" cells, yellow
arrows). (B) Schema of isolating single cells to compare IRI 48 hours Sox9° (n = 2) versus
day 10 Sox9%s cells, with dot plot showing average gene expression values and percentage
of cells expressing cell-type- specific markers of differentiation, injury (Haverl and Lcn2),
and repair (Sox9) response. (C) Time-resolved UMAP projection of Sox9°S cells within the
proximal tubule cluster. Arrows show distinct clusters at day 10 after IRI containing Sox9%s

Science. Author manuscript; available in PMC 2024 August 26.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aggarwal et al.

Page 20

cells compared with 48 hours after IRI. (D) Topmost enriched GO cellular components

and biological processes in IRI day 10 Sox9P°S cells versus 48 hour Sox9s cells. (E)
Heatmap of genes driving the GO terms. Shown is the enrichment of epithelial cell-cell
adhesion machinery, including Cah6, within day 10 Sox°S cells. (F) Time-resolved UMAP
projection of Cah6Pos cells (arrows) within the PT cluster. (G and H) Co-immunostaining
for CDH6 and SOX9 (G) and ATP1A1 (H) showing CDH6 expression restricted to day

10 SOX9POS cells (G) and to the Sox9 lineage with unrestored ATP1A1-based basolateral
polarity versus the lineage that restored polarity (H), indicating that CDH6 demarcates
Sox901-0N cells (SOX9POSCDHGEPOS cell state). (1) Co-immunostaining for SOX9 and the
epithelial tight junction marker ZO-1 and immunoblot for SOX9 and CDH6 showing that
cells that lacked cell-cell contact (subconfluent state) activated SOX9 and CDH6, which
waned upon restoration of tight junctions (confluent monolayer). Box inset highlights the
region depicted at high magnification. All 7= 3 animals per time point unless otherwise
stated. Data are shown as mean + SEM. Scale bars, 100 um. For total cells counted, see table
S1.
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Fig. 2. CDHB6 status is tightly linked to repair with or without a SMAP®S myofibroblast response
through single-cell Wnt activity.
(A) Schema of lineage-tracing of IRI-induced Sox9P°S cells and co-immunostaining showing

aSMAPY myofibroblasts adjacent to SOX9POStdTPOS cells (Sox9°™0N cells, arrows) but no
detectable a SMA activity around the Sox9°™°ff cells (arrow). Left and right magnified
panels correspond to the foci highlighted by corresponding left and right box insets.

(B) Co-immunoanalysis showing a SMAP® myofibroblasts encasing the CDH6P%S Sox9
lineages at single-cell spatial distance; by contrast, the paucity of such response around the
CDH6"9 Sox&lineage can be observed (arrow). Circle and box highlight such foci, with
the magnified panel corresponding to the foci highlighted by the box inset. (C) Schemas
for purifying S/c34a1P° normal PTECs (control tdTPS cells) and Sox9PS cells 48 hours
and day 14 after IRI and principal components analysis (PCA) plot showing distinct
transcriptomic profiles of purified tdTPS cells. Sox9transcripts were enriched in purified
tdTPOS cells. (D) gPCR of purified tdTP cells confirming Sox9and Cah6 enrichment.
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(E) UMAP projections for Sox11 at 48 hours and day 10 after IRI. Arrows highlight the
distinct day 10 cluster composed of these cells. Single Sox9° and Cah6P°s cells also
contributed to this cluster (Fig. 1, B and E). (F) Volcano plot demonstrating enrichment of
Whnt ligands within day 14 versus 48 hour tdTP°S cells. (G) UMAP projections for Wht4
and Wnt7b at 48 hours and day 10 after IRI. Arrows highlight the distinct day 10 cluster,
which contained such single Wnt4P%S and Wnt76P%S cells. Note that the same distinct cluster
was composed of day 10 Sox%S, Cah6 s, and Sox11POS cells [see also Fig. 1, B and E,

and this figure (E)]. (H) Upset plot analysis of scRNAseq datasets showing subset of single
Cadh6é®s cells enriched with Wnt4, including Cah6P°S Sox11P° subsets. (1) gPCR of purified
tdTPOS cells confirming Whnt4 enrichment in day 14 post-1RI tdTPS cells versus their 48-hour
counterparts. (J) Schema for labeling early Axin2P° cells after IRl and immunoanalysis for
CDH6 showing co-localization of tdTP° and GFPPOS cells with tdTPOSGFPPOS cells located
adjacent to CDH6PS subsets. Circles and box highlight single-cell, biologically active Wnt-
enriched niches robustly linked with subsets of CDH6PS cells. Magnified panels correspond
to the foci highlighted by box inset. All 7= 3 animals per time point unless otherwise stated.
Data are shown as mean + SEM. Scale bars, 100 um. For total cells counted, see table S1.
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Fig. 3. Sox9°" 0" cell state is the main driver of myofibroblast formation and maintenance.
(A to C) Schema of Wi/sremoval from Sox9°"-o" cells, outer medullary region representative

image, and blinded co-immunoanalysis for SOX9 and aSMA (=5 animals/group).

No difference can be seen in Sox9°"-°" cells between the two groups (B). The mosaic
tissue—damaged microenvironment displayed significantly (P < 0.01) reduced a SMAP%S
myofibroblasts adjacent to tdTP% demarcated W/s-KO tubules (arrows) versus tdT"€9
tubules with intact W/s[(C), arrowheads]. (D) Schema of isolating early Axin2P° cells
after IRI with FACS plot showing that nearly all tdTP°S cells co-expressed GFP. (E)

PCA plot of purified tdTPOSGFPP%S and td T"®IGFPPOS cells. (F) GO analysis showing Wnt
pathway among the top 10 terms, confirming that Ax/in2 % cells demarcated early WRCs.
(G and H) Volcano plot showing the molecular signature of early WRCs, with gPCR
confirming Ax/nZ2 enrichment within tdTPOSGFPPOS cells, thus validating reporter animals.
(1) UMAP projection of Axin2, Nkd1, and NkdZ cells. Such cells were within the same
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PdgfrtPOs ColaPos Col3a1P®s cluster (see also fig. S9). (J) Experimental outline of removal
of Sox9°™0N activity during the AKI to CKD transition. (K and L) Trichrome staining (K)
and quantitative scores of interstitial fibrosis (L) (blinded analysis, 7=5 Sox9-Ctr/and

6 Sox9-cKO animals). (M and N) Co-immunostaining for SOX9, KIM1, and aSMA (M)
and blinded co-immunoanalysis showing head-head comparison between KIM1™* regions for
aSMA activity (N) in Sox9-cKO versus Sox9-Ctrlanimals. (O) gPCR analysis of genes
associated with fibrosis in the kidneys from Sox9-cKO versus Sox9-Ctr/animals. (P and

Q) Western blot confirming SOX9 knock-down in subconfluent primary TECs (P), with
gPCR showing Sox9and Whi4 down-regulation (Q). (R and S) RNAscope image (R) and
analysis (S) showing significant (P< 0.01) Wnt4 reduction. (T) gPCR analysis of Wnts
under scrutiny and Axin2, Nkd1, and Nka?2in the kidneys from Sox9-cKO versus Sox9-Ctrl.
All images are representative images. Data are shown as mean + SEM. *P< 0.05, **P<
0.01 unpaired two-sided Student’s ftest; ***P < 0.01, paired Student’s ¢test. Scale bars in
whole scanned images [(K) and (R)], 1000 um; all others, 100 pm. For total cells counted,
see table S1.

Science. Author manuscript; available in PMC 2024 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aggarwal et al.

Page 25

A B Single-nuctei of enriched, lineage-raced Sox9 H soxgrescrerre.posrin w0
SOXQRESCHERTZ R DGR Singlo ta7Po® ] epithelial cells (tdTP°%) in inner cortex and outer medulla IRI:day0 EDU o
IRtday0 nuclei isolation: sNATACseq ]
. oPTs23 TAM d10 trace 2
1 @de novo PT cell state L5
M d1okge; |i X0 A8 R_0_0.0000 @Descending thin imb 88
| @Ascending thick limb. =g 10
A Injured distal tubule
3 o Al @Distal convoluted tubule
] : ' : @Connecting ubuie
Principal cells
Intercalated cells
c Sox9 Hnf4a

_—Soxgeren

N \
o3 Soxgoror
Y
UMAP Dimensin

Log2 Log2
(NormCounts+1) (NormCounts +1)

F

Havert Soxgeron Soxgor-off
T2 ;

UMAP Dimension 2
UMAP Dimension 2

- Log2
<" (NormCounts+1)
]

— Amt
e Hifta

$an

" (NomCounts+1)

Cdh6

e — Hnf1b
‘,&_ GenelntegrationMatrix

IS e

é (Vg B, I -15 15
N ay 4 B

. Pseudotime

" Log2
(NormCounts +1)

Fig. 4. Epigenetic reprogramming of single Sox9°"°" nuclei to a nephron progenitor-like state
contrasts with the Sox9°"°ff counterpart, which reverts to normal PTEC.

(A) Schema of the workflow to obtain single nuclei of the FACS-enriched tdTP®S Sox9-
descendants at day 10 after injury. Rectangle (inset) highlights the dissected region showing
the inner cortices and outer medulla, the site of relatively extensive PTEC loss. (B)
Integration of scRNA-seq and snATAC-seq showing the cellular identity of single-tdTP°S
nuclei (7= 2 animals). (C) Identification of Sox%°"°" and Sox9°"°ff single nuclei:
Chromatin accessibility revealing clustering of tdTP% descendants based on relatively
open and closed chromatin accessibility state of Sox9. Sox"°ff nuclei exhibited open
chromatin accessibility for Hnf4a, a known marker of healthy, mature PTECs, suggesting
that the Sox9-lineage that regenerated normal PTECs closed chromatin accessibility for
Sox9. (D) UMARP representation of chromatin accessibility analysis showing the relatively
open chromatin state of Haverl, Wnt7b, Wnt4, and Cdhé versus their accessibility state

in SoxP°ff nuclei. (E and F) Sox9 trajectory analysis with ScRNAseg-imputed gene
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expression (E) and pseudotime (F) scale showing the Sox9°M0" — Sox9°N-off transition.
(G) Heatmaps of cross-platform linked genes involved in the transcriptional cascade during
Sox9°M-on — Sox90N-off transition. Note that the highlighted genes in Sox9°"°" nuclei are
linked with tissue development and/or nephrogenesis, and the Sox$°"-°ff nuclei displayed
open chromatin accessibility for Hnf4p, another known marker of healthy, mature PTECs in
addition to Hnf4a. (H) Schema of EDU regime and co-immunostaining for SOX9 and EDU
showing SOX9POStdTPOSEDUPOS cells. Two representative images are shown, with the lower
panel demonstrating a cluster of such cells. 7= 3 animals. (I and J) Co-immunostaining for
SMARCC1 and CDH6 showing SMARCCL1 expression confined to day 10 CDH6P%S Sox9
lineage cells (1), and RUNX1 and SOX9 co-immunostaining showing RUNX1 restricted

to Sox9°Mo" versus Sox9°"-°ff |ineage (J) as predicted by (G), thus validating Sox9 lineage-
specific SNATAC-seq datasets. 7= 2 animals. Scale bars, 100 pm.
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Fig. 5. Human renal allografts display dynamic SOX9/CDH6/WNT2B activity, with CDH6P%S
cells demarcating SOX9°"-0M activity and fibrotic foci.

(A) Co-immunostaining for SOX9 and LTL in biopsies obtained before implantation
(uninjured) and IRI-induced AKI after transplantation (same allograft) showing early
SOXQ9 activation. (B) Box plot showing SOX9 levels at different time points within
kidney transplant protocol biopsies (7= 163). (C and D) Dot plots (C) and box plots
(D) showing categorization of patients and kidney function according to SOX9 levels

at 1 year (comparison by Mann-Whitney U'test; n= 35). (E) Histograms showing the
number of patients with different degrees of kidney fibrosis, as estimated by ci-score
according to Banff classification (comparison by chi-square test; 7= 39). (F) Box plot
showing SOX9and CDHE6 levels categorized according to a previously reported model
discriminating the transcriptome of kidney transplant biopsies in successful repair (1),
transition to chronic injury (2), or CKD (3). LD, biopsies obtained from living donors at
the time of transplantation (49). (G) Heatmap showing expression correlation of genes of
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interest at 3 and 12 months after transplantation (Spearman rcorrelation coefficient; 7=
72). Arrows highlight the identified molecular signatures of SOX9%/CDH6/WNT, including
AXINZand NKD1 in human kidneys. Note that CDH6 is the topmost correlated gene.

(H) UMAP showing distinct PTEC clustering (29,180 genes x 24,070 cells). (1) Dot plot
showing average gene expression values and percentage of cells expressing markers of
differentiation and injury, SOX9and CDH6, by each identified cluster of PTECs. Cluster

8 consisted of SOX9-, CDH6-, and WINTZ2B-expressing cells (see also figs. S22, C to E,
and S23). (J) Feature plot displaying the normalized transcript expression for the respective
genes. Magic mRNAassay of renal cells is depicted. (K) Analysis comparing the percentage
of cluster 8 and the interstitial fibrosis and tubular atrophy (IFTA) grade for each patient.
Percentage of cluster 8 is calculated with respect to the PTEC number in each patient. P<
0.05 based on the Kruskal-Wallis test and Pearson correlation analysis. (L) UMAP showing
time-resolved PTECs clustering after transplantation (shown as days after transplantation).
Note the emergence of cluster 8 with time after transplantation. (M) Cluster-type-specific
genes analysis revealed CDH6 as being among the top two driver genes that underlie the
dynamic activity in cluster 8. (N) Co-immunostaining showing that CDH6P%S cells displayed
a tight intimate association with ACTA2P%S myofibroblasts within human kidney allograft,
with CDH6"®9 foci showing no ACTA2P myofibroblasts. (O) Immunoblot showing that
subconfluent human primary PTECs activated SOX9, which waned upon confluency. (P
and Q) Co-immunoanalysis (P) and gPCR (Q) showing reduction in CDH6PS cells and
Cdh6 mRNA, respectively, upon removal of Sox9°™0" activity (blinded analysis, unpaired
two-sided Student’s ftest; data are shown as mean + SEM). Scale bars in whole scanned
image (P), 1000 um; all others, 100 um.
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