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Abstract

Acute kidney injury (AKI) is a common condition that lacks effective treatments. In part, this
shortcoming is due to an incomplete understanding of the genetic mechanisms that control
pathogenesis and recovery. Identifying the molecular and genetic regulators unique to nephron
segments that dictate vulnerability to injury and regenerative potential could lead to new
therapeutic targets to treat ischemic kidney injury. Pax2 and Pax8 are homologous transcription
factors with overlapping functions that are critical for kidney development and are re-activated in
AKI. Here, we examined the role of Pax2 and Pax8 in recovery from ischemic AKI and found
them upregulated after severe AKI and correlated with chronic injury. Surprisingly, proximal-
tubule-selective deletion of Pax2 and Pax8 resulted in a less severe chronic injury phenotype. This
effect was mediated by protection against the acute insult, similar to pre-conditioning. Prior to
injury, Pax2 and Pax8 mutant mice develop a unique subpopulation of proximal tubule cells in the
S3 segment that displayed features usually seen only in acute or chronic injury. The expression
signature of these cells was strongly enriched with genes associated with other mechanisms

of protection against ischemic AKI including caloric restriction, hypoxic pre-conditioning, and
female sex. Thus, our results identified a novel role for Pax2 and Pax8 in mature proximal tubules
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that regulates critical genes and pathways involved in both the injury response and protection from
ischemic AKI.
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INTRODUCTION

Ischemic acute kidney injury (AKI) is a common condition associated with significant
morbidity, mortality, and cost}2. Remarkably, proximal tubular epithelial cells can
regenerate after injury, restoring some or all kidney function34. However, regeneration
is rarely complete. Some tubular epithelial cells remain in a non-physiological state

and may drive a transition from AKI to chronic kidney disease (CKD) and fibrosis for
many patients>~8. Thus, defining the molecular and genetic mechanisms that determine
the response to injury and the success of regeneration is critical for developing effective
treatments for AKI and its sequelae, which have been elusive in the clinical setting.

Successful regeneration after AKI requires de-differentiation and proliferation of surviving
epithelial cells followed by re-differentiation back to mature kidney epithelium. Elements of
this process resemble kidney development®19, suggesting that regenerating cells may co-opt
developmental programs. Pax2 and Pax8 are two homologous proteins that are critical for
kidney development and that are upregulated in proximal tubule cells during AKI and
recoveryl1.12, pax2 may facilitate proliferation after injury and both Pax2 and Pax8 remain
upregulated in chronically injured proximal tubules®13-15,

Pax2 and Pax8, along with Pax5 which is not expressed in the kidney, are a family of

highly homologous proteins with identical DNA binding domains and significant homology
in their carboxy-terminal octapeptide, homeodomain, and activation domain sequences!®. At
the molecular level, Pax2 and Pax8 proteins interact with PTIP to recruita KMT2C/D
histone methyl-transferase complex and maintain chromatin accessibility by depositing
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histone H3 lysine 4 methylation marks’. However, Pax2/8 can also silence gene expression
by interacting with the Grg/TLe family of co-repressors to recruit a Polycomb repressor

2 complex18. In development, Pax2 is essential for the earliest phase of kidney induction
within the intermediate mesoderm and continues to be expressed in the nephron progenitor
cells as they proliferate. However, mature nephrons down-regulate Pax2 but continue to
express Pax8 into adulthood.19:20, In the adult, Pax2 and Pax8 are most strongly expressed
in the collecting tubules and medulla where they regulate transporters essential for normal
water and solute homeostasis in a redundant fashion?1. Despite evidence they play a key role
in nephron development and are reactivated upon injury, the function of Pax2 and Pax8 in
AKI has not been clearly defined.

In this report, we examined the role of Pax2 and Pax8 in the response to ischemic kidney
injury. Because of their redundant functions in development and physiology, we generated
mice with conditional deletions of both Pax2 and Pax8 in proximal tubules of the post-
natal kidney. These mice were subjected to ischemia-reperfusion injury (IRI) to model
ischemic acute tubular injury, the most common form of severe AKI seen clinically22:23,
Surprisingly, these Pax2 and Pax8 double mutant mice showed enhanced regeneration after
IRI and decreased progression to chronic injury. These effects were mediated by pre-injury
gene expression changes localized to the S3 proximal tubule that matched the protective
transcription signature of female sex, caloric restriction, and hypoxic preconditioning,
producing striking global protection of renal function. These findings highlight critical
conserved pathways of protection against ischemic AKI and suggest a novel role for Pax2
and Pax8 in ischemic stress.

METHODS:

Animals

All studies involving mice were approved by the Institutional Animal Care & Use
Committee (IACUC) at the University of Michigan and performed in accordance with

the NIH Guide for the Care and Use of Laboratory Animals. Strains were derived

from phosphoenolpyruvate carboxykinase (PEPCK) Cre mice2425 GFP Cre reporter mice
(Gt(Rosa)26Sorm4(ACTB-tdTomato,-EGFP)Iuo jackson Labs, Stock No. 007676), and mice with
floxed Pax2 and Pax8 alleles?!. Breeding details and strain genetics are outlined in the
Supplementary Methods and Supplementary Figure 1.

Ischemia-reperfusion injury (IRI)

Two surgical models were used. Severe unilateral IRl was induced by clamping the left renal
pedicle for 30 min with a constant animal body temperature of 38 °C without contralateral
nephrectomy. For moderate unilateral ischemia, a right nephrectomy was performed prior to
clamping the left renal pedicle for 25 min with a constant animal body temperature of 37 °C.
Detailed surgical procedures are provided in the Supplementary Methods.

Sample preparation

After euthanasia with carbon dioxide, blood was collected for serum and explanted
kidney samples were divided in symmetric pieces then either flash frozen or fixed in 4%
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paraformaldehyde and paraffin embedded. Nuclei, protein, and RNA were extracted from
frozen kidney pieces. Detailed procedures are outlined in the Supplementary Methods.

Single nucleus preparation and RNA seq

Statistics

RESULTS

Nuclei were isolated from flash frozen whole kidney samples from uninjured mice then
fixed and cDNA libraries generated using an “Evercode™ WT Mega v2” plate (Parse
Biosciences) per manufacturer protocol. Count matrices were generated from sequencing
data using the Parse Biosciences data analysis pipeline and read into the Seurat R package?8
(v4.3.0) to cluster, visualize, and analyze the dataset. Detailed analysis procedures are
provided in the Supplementary Methods.

Data are presented as mean and error bars represent standard deviation unless otherwise
specified. Statistical analysis was performed using the test indicated.

Additional details for all methods are provided in the Supplementary Methods.

Pax2 and Pax8 protein increases in proximal tubules after severe AKI and is associated
with incomplete repair.

We examined Pax2 and Pax8 expression in proximal tubules after injury using transgenic
mice with the phosphoenolpyruvate carboxy kinase (PEPCK) Cre driver to activate a GFP
reporter allele. These animals, with wildtype Pax2 and Pax8 loci, PEPCK-Cre, and a GFP
reporter, are denoted WT in this report. This approach, after embedding samples in paraffin
to extinguish native GFP and tdTomato fluorescence, allowed us to costain GFP-marked
Cre activity and targets of interest. WT animals expressed GFP in the proximal tubules
with high specificity and with substantial but heterogeneous labeling of the S1 and S2
segments and near-complete labeling of the S3 segment at the corticomedullary junction
(Figure 1a). We next subjected these animals to severe unilateral IRI, with preservation

of the contralateral kidney, to model the AKI-to-CKD transition (Figure 1b). We used
deep-learning-assisted image segmentation?” to classify nuclei of GFP+ proximal tubule
cells according to co-staining for Vcam1, KIM-1, Pax2, or Pax8 across the entire cortex
and outer stripe of the outer medulla (OSOM) 14 d after injury using immunostaining
(example analysis is shown in Supplementary Figure S2). This time corresponds to a peak
population of cells with a persistent injury phenotype marked by VVcam1 and KIM-18. We
observed the expected increase in Vcaml+ and KIM-1+ in GFP+ proximal tubule cells in
the injured Kidneys relative to the uninjured contralateral kidneys (Figure 1c). We also noted
a significant increase in the number of Pax2+ and Pax8+ nuclei (Figure 1d) that was strongly
correlated, between animals, with VVcam1 (Figure 1e). Pax8 was correlated with KIM-1 as
well (Supplementary Figure S3). These results indicate that Pax2 and Pax8 are upregulated
in proximal tubules in chronic injury states after AKI.
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Mutant Pax2 and Pax8 proximal tubule cells are more likely to undergo successful repair

after IRI.

Because both Pax2 and Pax8 expression were correlated with chronic injury, we reasoned
that Pax2 and Pax8 may contribute to incomplete repair. To test this hypothesis, we replaced
both wildtype Pax2 and Pax8 with conditional floxed alleles and deleted both with the
PEPCK-Cre driver in the proximal tubule (detailed genetics in Supplementary Figure S1,
hereafter referred to as mutants). Mutant mice showed significant depletion of both Pax2
and Pax8 in proximal tubules, marked by GFP (Figure 2, Supplementary Figure S4). Pax2
and Pax8 depletion was strongly localized to S3, where most GFP+ cells contained no
detectable Pax2 or Pax8 protein. (Supplementary Figure S5). Both WT and mutant strains
had a similar baseline histology, BUN, and creatinine (Supplementary Figure S6). We then
performed severe unilateral ischemia reperfusion injury on WT control and mutant mice
and assessed recovery after 14 d. Mutant mice showed less chronic injury histologically
(Figure 3a). Collagen | a1, Vcaml, and KIM-1 protein were less abundant in mutant
compared with WT kidneys (Figure 3b). Likewise, we found less Vcam1+ and KIM-1+
tubules in the cortex + OSOM of mutants, whereas mature proximal tubules, marked by
villin, were more abundant in the mutants (Figure 3c—d). We next asked whether Pax2 and
Pax8 depleted mutant cells were less likely to show evidence of incomplete repair. Within
this population, marked by Vcam1 or KIM-1, we measured significantly fewer GFP+ cells
in the mutant animals (Figure 4, Supplementary Figure S7). To confirm these changes were
associated with depletion of Pax2 and Pax8, we measured Pax2 and Pax8 staining in GFP+
cells, subdivided by KIM-1 co-staining. We found that GFP+, KIM-1-negative cells were
disproportionately depleted of Pax2 and Pax8 (Supplementary Figure S7), supporting the
conclusion that loss of Pax2 and Pax8 prevents development of a chronic injury phenotype.

To control for the possibility of segregation of unrelated protective traits, we also generated
colonies of animals with alternative genetics where Pax mutation was controlled by the
presence or absence of a PEPCK-Cre driver and all mice were homozygous for floxed Pax2
and Pax8 alleles (Supplementary Figure S8). After injury, these alternative mutant animals
likewise showed fewer Vcam1+ and KIM-1+ tubules and expressed less Collagen | a1
protein (Supplementary Figure S8). Together these findings indicate that depletion of Pax2
and Pax8 in the proximal tubule results in less chronic injury after severe IRI because mutant
cells are less likely to develop an incomplete repair phenotype.

Proximal tubule Pax2 and Pax8 loss protects against ischemic injury and promotes early

repair.

Incomplete repair can result either from defective repair processes or from more severe
injury. To evaluate the latter possibility, we measured responses in the acute phase, 2

d after IRI. We changed to a moderate injury model with contralateral nephrectomy to
facilitate assessment of kidney function. We observed that mutant mice developed less
severe AKI as measured by BUN (Figure 5a) and acute histological injury scores (Figure
5b). We also detected lower expression of acute injury markers KIM-1 and Krt20 in

bulk RNA from mutant kidneys (Figure 5¢). Mutant mice also showed a more robust

and consistent proliferative response marked by Ki67 (Figure 5d). Furthermore, the cell
population expressing the early repair transcription factor Sox9 was strongly enriched with
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GFP+ cells in the mutants compared with WT animals (Figure 5e, Supplementary Figure
S9). Sox9+ cells were more likely to co-express phospho-histone H3 in the mutant animals,
indicating a higher fraction of repairing cells successfully progressing through the cell cycle
(Figure 5f, Supplementary Figure S9). These results indicate that loss of Pax2 and Pax8
protects against AKI early after injury, suggesting mutant proximal tubule cells acquire
resistance to ischemia. Indeed, when we repeated these experiments in the very early stages
of injury, 6 h after clamping, kidney function was better preserved in mutant mice (Figure
5g). This early protection also translated to a reduction in chronic injury. Both BUN and
the expression of KIM-1 and VVcam1 were lower in the mutant mice 28 d after injury
(Figure 5g and Supplementary Figure S10). These combined data suggest that improved
chronic outcomes after IRI are mediated by inherent resistance to ischemic injury in the
proximal-tubule-selective Pax2/8 double mutant mice.

Pax2 and Pax8 mutant mice develop S3 proximal tubule cells with hallmarks of repair prior

to injury.

We next performed single nucleus RNA sequencing (sSnRNA seq) on uninjured WT and
mutant kidneys to identify potential mechanisms and pathways underpinning the resistance
to IRI conferred by Pax2 and Pax8 deletion (Supplementary Data S1). Contributions to
each cluster were well-balanced between WT and mutant animals except for a new cluster
that partially overlapped with S3 proximal tubule and was almost exclusively derived from
mutant animals (arrow, Figure 6a, Supplementary Figure S11, Supplementary Figure S12).
Furthermore, the number of differentially expressed genes between mutant and WT animals
within each cluster was largest in the proximal tubule clusters, specifically the S3 segment
(Supplementary Figure S12). There were few differentially expressed genes between WT
and mutant mice in the endothelial, fibroblast, and immune clusters, suggesting that key
differences explaining resistance to IRI were most likely cell autonomous in the proximal
tubule. To explore this finding in detail, we extracted the subset of proximal tubule cells,
including the mutant S3, and reclustered them into 5 distinct clusters (Figure 6b). We again
obtained a new cluster near-exclusively derived from the mutant animals (Supplementary
Figure S13).

We hypothesized that genes involved in IRI repair may be differentially expressed in our
mutant mice, explaining IRI resistance. Surprisingly, we found that the mutant-exclusive
cluster strongly enriched in genes associated with chronic injury from multiple similar post-
IRI datasets813.28 (Figure 6c and Supplementary Figure S13). These enriched signatures
included a strong overlap with the population of epithelial cells found after AKI termed
“failed repair” by Kirita et al®. However, in this context the “failed repair” signature did

not appear to compromise renal function and thus may be more related to a preconditioned
phenotype. To corroborate these findings, we performed bulk RNA sequencing of uninjured
proximal tubules purified by magnetic activated cell sorting (MACS) with lotus lectin
(Supplementary Figure S14, Supplementary Data S2). Likewise, mutant proximal tubules
isolated with this technique were enriched with the “failed repair” signature and depleted
of healthy S2 and S3 proximal tubule genes (Supplementary Figure S14). Notably, Vcam1,
widely used to mark “failed repair” cells®13, was not upregulated in the mutant proximal
tubule in either analysis.
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To further characterize this cell population, we used PROGENy?2?-31 to infer the activity of
well-characterized signaling pathways. This approach revealed increased activity of NFKB,
TNFa, JAK-STAT, EGFR, and p53 signaling in the mutant S3 population and decreased
activity of androgen signaling (Supplementary Figure S15). Likewise, we found increased
activity of the transcription factors Smadl, KIf6, and Relb in mutant S3 and decreased
activity of Rxra using signatures defined by DoRothEA32 (Supplementary Figure S16).
These pathways are associated with injury and recovery after ischemic AK16:33:34_ However,
pseudotime trajectory analysis using Slingshot3® did not reveal a direct path from normal S3
to the mutant S3 population (Supplementary Figure S17). This finding suggested that Pax2
and Pax8 loss induced cell-autonomous reprograming rather than a response to injury where
a continuum of cell states has been observed®13. Furthermore, inflammatory markers that
are upregulated after injury, such as Ccl2, Cxcl1, and Cxcl26:13, were not upregulated in the
mutant S3 cells.

Based on these findings, we focused our subsequent analysis on key differences between
normal S3 and mutant S3 cells specifically. Among 269 differentially expressed genes
(Figure 6d), we selected Cp (ceruloplasmin), Gc (vitamin D binding protein), Cdh6
(Cadherin 6), and Aldhlal (aldehyde dehydrogenase 1-Al) as candidate marker genes,

due to their relative specificity for the mutant S3 cluster (Supplementary Figure S18)

and concomitant upregulation in our MACS-purified proximal tubule RNA-seq dataset
(Supplementary Figure S14). In uninjured mutant animals, but not WT controls, we
specifically identified a population of cells only in the S3 segment with cadherin 6
expression, membrane bound ceruloplasmin, and universal expression of GFP (Figure 6e—
f). Similarly, cells strongly expressing Aldhlal and Gc were identified in S3 proximal
tubule of mutant mice, though we found Aldhlal protein was also expressed in other
proximal tubule segments exclusively in mutants (Supplementary Figure S19). These results
indicate that the S3-Mut population identified by snRNA seq localizes to S3 proximal tubule
and is derived from GFP+ Pax2 and Pax8 mutant cells. Interestingly, we also observed

that the repair markers Ki67 and Sox9 were markedly increased in the GFP+ proximal
tubule populations of uninjured mutant animals, predominantly in the S3 segment (Figure
7). Many of these features are shared with immature proximal tubules in development,

such as Cdh6 expression3:36, suggesting that Pax2 and Pax8 depletion may induce an
immature progenitor-like state that could explain resistance to injury. However, we found no
significant positive enrichment of early developing proximal tubule gene signatures!3:37.38
in the mutant S3 population (Supplementary Figure S20). Together these data show that
mutant mice develop a unique population of S3 proximal tubule cells that express genes
associated with ischemic injury and activate repair-associated processes even before injury.
These findings seem to suggest an adaptive role for many genes associated with the “failed
repair” phenotype and is reminiscent of other states where pre-injury stress responses protect
against ischemic AKI.

Pax2 and Pax8 mutant S3 proximal tubule cells activate conserved mechanisms of
resistance to ischemic injury.

To define potential mechanisms underpinning resistance to IRI, we compared the expression
profile of mutant S3 cells with pre-injury expression data from hypoxic preconditioning
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and caloric restriction3?, which also confer protection against IRI. We noted a profound
enrichment in genes associated with both interventions in the mutant S3 cells (Figure 8a-b).
Female sex also confers resistance to IRI in mice®. We found similar strong enrichment

in genes expressed in female proximal tubules*! in our mutant S3 (Figure 8c—d). Between
these diverse data sets, we identified 12 genes upregulated and 24 downregulated in mutant
S3 cells and at least two of the other data sets. We noted an increase in genes associated
with oxidative stress among the differentially upregulated genes (e.g. Gsta2, Gsta3, Cp,
Kynu; Supplementary Figure S21). These results indicate that the loss of Pax2 and Pax8

in proximal tubule cells induces conserved mechanisms of resistance to IRI and suggests
that confining these changes to the S3 segment of the proximal tubule may be sufficient to
mitigate ischemic AKI.

DISCUSSION

In this report we examined the role of Pax2 and Pax8 in repair after ischemic AKI.
Surprisingly, proximal tubule conditional Pax2/8 double mutant mice showed enhanced
regeneration and recovery after IR, mediated by a resistance to injury. Prior to injury,

we found mutant mice develop a unique population of S3 proximal tubule cells with
transcriptional signatures that overlap with injury response and with multiple mechanisms
of protection against ischemic AKI. These findings provide new perspectives on the roles of
Pax proteins in regeneration and their functions in cells that display evidence of incomplete
repair, two areas of central importance to the development of therapies for ischemic AKI.

Pax proteins, most commonly Pax2, have long been used as markers associated with
regeneration in the kidney411:42.43_Until recently, Pax8 was not thought to be involved

in AKI recovery344, though recent studies with newer techniques now suggest Pax8

is dynamically regulated during repair®12:13.28.33 |n addition, human°46 and rodent#2
proximal tubules contains scattered cells marked by higher levels of Pax2 and/or Pax8

that may have progenitor-like properties and may contribute disproportionately to repair.
Work in the early 2000’s suggested that Pax2 was involved in maintaining proliferation and
preventing apoptosis of injured cells*34748_ The transient upregulation of Pax2 and Pax8
in normal repairl143 and the developmental role of Pax2 and Pax8 mediating mesenchymal-
to-epithelial transitions*® are consistent with this role in AKI recovery. Furthermore, we
recently showed that Paxip1, which encodes the Pax transactivation-domain interacting
protein (PTIP), is required for successful repair after AKI122 with critical implications

for treatment of ischemic AKI. Recently, Sako et al reported impaired recovery of

Pax2 conditional knockout mice driven by kidney androgen-regulated protein (Kap) Cre,
attributed to decreased proliferation and increased apoptosis of mutant cells®. These
results implicated Pax2 and Pax8 as critical survival factors after injury®® Based on these
observations, we initially anticipated that Pax2/8 double mutants would show severely
impaired AKI recovery.

However, in this report we showed that Pax2 and Pax8 expression was associated with
incomplete repair phenotypes and that Pax2/8 loss protects against chronic injury after
IRI. Our initial explanation for this finding was that severely injured Pax mutant cells

die or fail to proliferate, whereas severely injured cells that retain Pax function survive

Kidney Int. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beamish et al.

Page 9

albeit in a chronically injured state. However, in early injury we found increased evidence
of proliferation and repair in mutant cells, and we noted differences in function even 6

h after IRI, suggesting the dominant effect is a resistance to injury. Even before injury,
Pax2/8 deletions lead to extensive cell autonomous reprogramming specifically in the S3
proximal tubule, increased turnover, and features of repair. These findings highlight a new
unappreciated role for Pax proteins in the uninjured proximal tubule and suggest that, while
Pax2 and Pax8 may mark progenitor-like cells in the nephron, they are dispensable for
normal repair.

Our findings contrast with those of Sako et al®. This discrepancy could be attributable to
dual deletion of Pax2 and Pax8 or use of the PEPCK Cre driver in our studies. We noted that
Kap, used to drive Cre in their report, was among the small subset of genes downregulated in
our Pax2 and Pax8 mutant S3 cells that also overlapped with expression changes in caloric
restriction and female proximal tubule. Thus, it is a possible target of Pax protein regulation
in mediating sensitivity to AKI. This coincidental and likely unappreciated feature makes
Kap-Cre poorly suited for studying Pax protein function in ischemic AKI. In contrast,

Pck1 which encodes PEPCK was not differentially expressed between mutant and WT S3
proximal tubules.

Genes associated with damage and incomplete repair are correlated with fibrosis, suggesting
that this signature may be deleterious. Surprisingly, we found these signatures were
upregulated in Pax2/8 mutant S3 proximal tubule cells prior to injury and, in this context,
protect against ischemic injury and fibrosis. Further characterization of the transcriptional
signature of these cells revealed strong overlapping features with signatures derived from
mouse models of caloric restriction or hypoxia before the induction of AKI. Female mice,
which are more resistant to AKI, also exhibit similar signatures3?. These findings suggest
common features of AKI resistance that may be attenuated, at least in part, by Pax2 and
Pax8. While many of these altered genes have an obvious connection to ischemic stress

(e.g. Gsta2 and Gsta3), many do not. In fact, one such gene, Kynu, was recently identified
via an alternative approach studying hypoxic preconditioning and mediates its effect by
preserving NAD+5L, Our overlapping gene sets also include the transporters Slc7a12 and
SIc6A6 which are transiently upregulated during recovery from ischemic injury, implying an
adaptive function33. However, it is notable that neither our mutant S3 nor other resistance
gene sets showed increased expression of VVcam1, which has been strongly associated with
maladaptive repairl3-14, suggesting injured cells can activate both adaptive and maladaptive
transcriptional programs and that Pax2/8 may regulate the balance.

In this study, we wanted to limit Pax deletions to the proximal tubule, a key site of
regeneration after AKI. Thus, we utilized the PEPCK-Cre driver strain because it activates
late in nephrogenesis in proximal tubule segments, so that Pax2/8 double mutants do not
exhibit the significant renal pathology or loss of function observed in global mutants?L.
Since the PEPCK-Cre driver is constitutive, several caveats must be considered. Pax2/8
mutant cells may be more sensitive to cell death. The increased baseline proliferation in
uninjured double mutants could be due to replacement of mutant cells by cells that have not
deleted Pax2/8 because they do not yet express PEPCK. As cells then replace mutants, they
activate PEPCK and delete the Pax genes. Thus, this low-level stress and replacement may
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underlie the increased resistance to AKI. This also could explain the residual level of Pax
protein expression we see in focal areas.

In summary, the data presented are contrary to what we might have predicted based on the
need for Pax proteins in developing nephrons and the enhanced expression of Pax proteins
during regeneration, which is thought to mimic aspects of development. Rather, deletion of
Pax2 and Pax8 in mature S3 proximal tubule cells did not significantly impact renal function
but did alter their transcriptional signature to mimic a stress-induced phenotype, similar to
that seen after global ischemic preconditioning or caloric restriction. This stress-induced
signature increased resistance to primary ischemic damage and reduced the number of

cells going on to develop the failed repair phenotype that characterizes the AKI-to-CKD
transition. Better understanding of this stress induced signature and ways of inducing it
selectively could improve strategies for mitigating acute and chronic renal injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL STATEMENT

Identifying the molecular and genetic regulators unique to the nephron that dictate
vulnerability to injury and regenerative potential could lead to new therapeutic targets

to treat ischemic Kidney injury. Pax2 and Pax8 are two homologous nephron-specific
transcription factors that are critical for kidney development and physiology. Here we
report that proximal-tubule-selective depletion of Pax2 and Pax8 protects against both
acute and chronic injury and induces an expression profile in the S3 proximal tubule with
common features shared among diverse conditions that protect against ischemia. These
findings highlight a new role for Pax proteins as potential therapeutic targets to treat AKI.
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Figure 1. Pax2 and Pax8 protein increases in proximal tubules after severe AKI and correlates
with incomplete recovery.

(a) Immunofluorescence staining of an uninjured kidney from a transgenic mouse with
stable GFP expression (green) induced by phosphoenolpyruvate carboxykinase (PEPCK)
Cre and used to identify proximal tubules. Villin (red) also marks mature proximal

tubules. Scale bars: 1 mm, 100 um (inset). (b) Animals were subjected to severe ischemia
reperfusion injury (IRI) using a 30 min clamp time at a constant body temperature of 38
°C. The contralateral kidney was preserved. (c) The fraction of GFP+ proximal tubule cells
co-expressing Vcaml and KIM-1, measured using deep-learning assisted tissue cytometry
(Supplementary Figure S2). Each point represents analysis of all nuclei in the cortex + outer
stripe of the outer medulla (OSOM) from a single section from each animal (*: £< 0.0001,
paired t-test, /= 11-15 animals). (d) The fraction of GFP+ proximal tubule cells with
strong staining for Pax2 (Pax2"9") or Pax8 (Pax8Mi9") measured as in (c). () Correlation of
Pax2 or Pax8 with Vcam1 expression in GFP+ proximal tubule cells. Each point represents
measurements from the same animal but from separate sections.

Kidney Int. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beamish et al.

Page 16

(o2

£ 1.0

S 0.8

€ 0.6-

. ® ®

S F o«

E .

N 0.2- .

&

o 0.0 . .

WT MUT

£ 1.0

— &

=081 By %

| 2061 ° .

S 0.4 "

o

2 0.2-

o 0.0 . ;

WT MUT
C d | Villin+ proximal tubule cells only |
£ 10 51'0' s %1'0_ o & o &
— i 9O i ® GFP+ O | ) +
%0'8 ) go.s §0.8 %? "
Fosi o # Z06ms £ 0.6- %3
S 041 s am & 04 @ *k & 04
2021 ° " 502 ° € 502 :
a. 0.2 = 0. £ Jo.
© 0.0 . . 0.0— . 0.0-— .
WT MUT WT MUT WT MUT

Figure 2. Pax2 and Pax8 proximal tubule mutants show significant depletion of Pax2 and Pax8
protein, marked by GFP.

(a) Representative images showing Pax2 (top, cyan) and Pax8 (bottom, cyan) co-stained for
the proximal tubule marker villin (red). Yellow box in inset shows image location in the
larger section, white outline shows the cortex + OSOM used for analysis. Corresponding
images showing Pax2 and Pax8 with GFP are provided in Supplementary Figure S4 and
Supplementary Figure S5. Scale bars: 1 mm (full section), 50 um (region of interest).

(b) Deep-learning-assisted quantification of the fraction of cells expressing Pax2 and Pax8
among villin+ proximal tubule cells (*: £< 0.0001, t-test, V= 6-18 animals). (c) Deep-
learning-assisted quantification of the fraction of GFP+ cells in the population of villin+
proximal tubule cells (#: £=0.01, t-test, V= 15-18 animals). (d) Quantification of

the Pax2+ and Pax8+ expression in subpopulations of villin+ proximal tubule cells with
and without GFP expression (*: A< 0.0001 compared with all other groups, two-way
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ANOVA with Sidak’s post-hoc test, /= 6-18 animals). Strain abbreviations-WT: Pax2W/wt,
Pax8WUWt PEPCK Cre*Y, mT/mG**; MUT: Pax2f/fl paxsfl/fl. PEPCK Cre*”Y, mT/mG*/*.
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Figure 3. Proximal tubule Pax2 and Pax8 depletion protects against chronic injury.
(a) Chronic injury score of hematoxylin and eosin stained sections from injured (IR114)

and contralateral uninjured (CL14) kidneys 14 d after IRI (median + interquartile range, *:
P=0.002, Mann-Whitney test, /= 14-16 animals). Scale bar: 100 um. (b) Western blot

of whole kidney protein lysates from IR114 samples and associated densitometry analyses
normalized to B-actin (*: £=0.01, 0.002, 0.02 for Collagen | a1, Vcaml, and KIM-1
respectively, t-test, V= 6-7 animals). (c) Representative examples of segmentation of
Vcaml, KIM-1, and villin. Analysis was performed over the entire cortex + OSOM for each
animal (green outline, top), the raw grayscale image is shown for each stain accompanied by
representative segmentations (color overlay). Scale bars: 1 mm (full section), 50 um (inset).
(d) Quantification of segmentation area in the cortex + OSOM for Vcam1, KIM-1, and villin
(*: p=0.0002, 0.0004, 0.04, respectively, two-way ANOVA with Sidak’s post-hoc test, V=
14-15 animals). Strain abbreviations-WT: Pax2WV/Wt, paxgWiWt pEPCK Cre*¥, mT/mG*/*;
MUT: Pax2f/l, paxgf/fl PEPCK Cre*!¥, mT/mG*/*.
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Figure 4. Pax2 and Pax8 mutant cells are less likely to contribute to incomplete repair.
(a) Representative images showing U-Net deep-learning-assisted cytometry of sections from

animals 14 d after IRI (IR114). Grayscale images (left) were segmented and used to classify
positive cells (defined by their nuclei, marked in color). Positive co-stained cells were
determined by the intersection of the two sets (yellow, right). Gray outlines represent nuclei
negative for both markers. Scale bars: 1 mm (full section), 50 um (region of interest).

(b) Quantification of the overall GFP+ fraction, which marks wild type or Pax2 and Pax8
depleted proximal tubule cells in WT and MUT strains respectively (NS: P=0.61, t-test,

N =12 animals). (c) Quantification of the fraction of GFP+ cells in the subpopulation of
VVcaml+ cells which marks incomplete repair. Measurements were made across the cortex
+ OSOM for each section (*: £<0.0001, t-test, V=12 animals). Strain abbreviations-WT:
Pax2WWt paxgWWt pPEPCK Cre*y, mT/mG**; MUT: Pax2f/f, paxgf/fl, PEPCK Cre*,
mT/mG**.
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Figure 5. Pax2 and Pax8 mutant animals are protected from acute IRI.
(a) BUN measured from terminal blood collection 2 d after unilateral IR with contralateral

nephrectomy (IR12; *: £< 0.0001, Brown-Forsythe and Welch ANOVA for unequal
variances with Dunnett’s post hoc test, /= 11-18 animals). (b) Acute injury score 2 d

after IRI (IR12) compared with uninjured kidneys collected at the time of surgery (CLO; *:
P=0.0005, Mann-Whitney test, IR12 only, N-16-18, median + interquartile range shown).
Representative hematoxylin and eosin images are shown. Scale bar = 100 um. (c) Relative
expression of KIM-1 and Krt20 in whole kidney measured by real-time RT-PCR normalized
to B-actin at 2 d after IRl (*: £=0.01 and 0.03, respectively, t-test, N=12). (d) Ki67+

cells measured using U-Net assisted cytometry over the cortex + OSOM 2 d after IRI (*: P
=0.02, t-test, /= 16-18). Representative images are shown in grayscale with corresponding
cytometry results indicated in red (gray outlines represent negative nuclei). Scale bars: 1
mm (full section), 50 pm (inset). (e) Quantification of GFP+ cells in the subpopulation of
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Sox9+ cells analyzed over the cortex + OSOM (*: £< 0.0001, t-test, V= 16-18 animals).
Representative Images are shown in Supplementary Figure S9. (f) Quantification of pH3+
cells in the Sox9+ subpopulation measured using the same methodology as in (e) (*: P<
0.0001, t-test, V= 16-18 animals). (g) BUN measured at various times after injury. Note
time axis is not to scale (*: £=0.0002, < 0.0001, and = 0.027 MUT vs WT for 6 h, 2

d, and 28 d respectively, Brown-Forsythe and Welch ANOVA for unequal variances with
Dunnett’s post hoc test, /= 6-18). Strain abbreviations-WT: Pax2"/Wt paxgWiiwt pEPCK
Cre*’y, mT/mG**; MUT: Pax2/fl, pax8f/fl PEPCK Cre™, mT/mG*/*.
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Figure 6. Single nucleus RNA sequencing identifies Pax2 and Pax8 mutant S3 proximal tubules
with features of injury and repair in uninjured kidneys.

(a) Uniform manifold approximation and projection (UMAP) plots of 57,670 high quality
single nucleus transcriptomes from 4 WT and 4 mutant uninjured mice split by genotype.
Cluster annotations derived as shown in Supplementary Figure S11. Arrow highlights the
new populations of S3-like cells derived from the mutant mice. (b) Subclustering of only
proximal tubule cells including the new mutant S3 cluster. Arrow highlights the cluster
derived near-exclusively from mutant animals. (c) Gene set enrichment analysis (GSEA)
of differentially expressed genes from clusters shown in (b) compared with the top 50
differentially expressed genes from each proximal tubule cluster in Kirita et al®. Data

is presented as a heatmap of normalized enrichment scores (NES) for each comparison.
Only enrichments with adjusted 2 < 0.05 are colored. Comparisons without significant
enrichment are shown in gray. (d) Volcano plot of differentially expressed genes between
mutant S3 (S3-Mut) and normal S3 (S3) clusters. (e) Wide field and (f) region of interest
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(ROI) show expression of cadherin 6 (Cdhe6) at cell-cell junctions and membrane associated
ceruloplasmin (Cp) in GFP+ cells, two genes that were differentially upregulated in S3-Mut
cells and were localized to S3 proximal tubules. Location of the ROI shown is marked as

a yellow box in (e). Yellow arrow heads indicate Cdh6+, Cp+, GFP+ cells. These cells
were only observed in mutant animals. White arrow indicates cadherin 6 staining along

the basement membrane, which was seen as the S3 transitions into the descending loop

of Henle in both WT and MUT animals. Scale bars: 1 mm (wide field); 50 um (ROI).
Strain abbreviations-WT: Pax2W/Wt paxg@VWt PEPCK Cre*”yY, mT/mG**; MUT: Pax2f/fl,
Paxgf/fl. PEPCK Cre™, mT/mG**.
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Figure 7. Mutant Pax2 and Pax8 proximal tubules show increased turnover and repair in
uninjured kidneys.
(a) Representative co-stained images for Ki67 and GFP in uninjured Kidneys and a

representative region of interest (ROI) near the S3 segment showing GFP staining and Ki67
nuclei as determined by deep-learning-assisted tissue cytometry (Cyto, in red). Note one
pole of the kidney was intentionally removed for other analyses. (b) Quantification of the
fraction of GFP+ cells that co-stained with Ki67 over the cortex + OSOM (*: £< 0.0001,
t-test, V= 16-22 animals). (c) Representative staining for Sox9 as in (a). Note nonspecific,
non-nuclear staining for Sox9 in the outer cortex was ignored by deep-learning-assisted
cytometry. (d) Quantification of the fraction of GFP+ cells that co-stained for nuclear Sox9
detected over the cortex + OSOM (*: £< 0.0001, t-test, V= 16-22 animals). Scale bars:

1 mm (wide field); 50 um (ROI). Strain abbreviations-WT: Pax2W/Wt paxgWtiwt pEpPCK
CretY, mT/ImG**; MUT: Pax2ffl. paxg8fi/fl PEPCK Cre*”¥, mT/mG*'*.
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Figure 8. Mutant S3 proximal tubule cells activate conserved programs of resistance to ischemic
AKI.

(a) Bar plots of normalized enrichment scores for the top 100 differentially up- or down-
regulated genes induced by caloric restriction (CR), hypoxic preconditioning (HP), or both
(overlap) obtained from whole kidney RNA seq3? in the genes differentially expressed in
uninjured mutant S3 proximal tubule relative to healthy S3 in our studies (shown in Figure
6d). GSEA enrichment plots are shown right. (b) Activity of the indicated gene set (as
determined by the average expression z-score of set genes) for individual cells mapped to the
UMAP shown in Figure 6. (c) Normalized enrichment scores and GSEA enrichment plots as
in (@) comparing the top 100 up- or down-regulated genes in female proximal tubule cells
compared with males#! with the differentially expressed genes in mutant S3 proximal tubule
in our studies. (d) Cell-wise gene set activity as in (b) for female sex gene sets.
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