
Zinc finger protein 24-dependent transcription factor SOX9 up-
regulation protects tubular epithelial cells during acute kidney 
injury

Ji Young Kim1,*, Josie A. Silvaroli1, Gabriela Vasquez Martinez2, Bijay Bisunke3, Alanys V. 
Luna Ramirez1, Laura A. Jayne1, Mei Ji He Ho Feng1, Bhavya Girotra1, Shirely M. Acosta 
Martinez1, Corynne R. Vermillion1, Isaac Z. Karel1, Nicholas Ferrell4, Noah Weisleder5, 
Sangwoon Chung6, John W. Christman6, Craig R. Brooks7, Sethu M. Madhavan4, Kari 
R. Hoyt1, Rachel E Cianciolo8, Anjali A Satoskar9, Diana Zepeda-Orozco2, Jennifer C. 
Sullivan10, Alan J. Davidson11, Amandeep Bajwa12, Navjot Singh Pabla1,*

1Division of Pharmaceutics and Pharmacology, College of Pharmacy & Comprehensive Cancer 
Center, The Ohio State University, Columbus, OH, USA;

2Kidney and Urinary Tract Center and Division of Nephrology and Hypertension, Abigail Wexner 
Research Institute, Nationwide Children’s Hospital, Columbus, OH, USA;

3Department of Genetics, Genomics, and Informatics, College of Medicine, The University of 
Tennessee Health Science Center, Memphis, Tennessee, USA;

*Corresponding authors: Ji Young Kim and Navjot Pabla, Pharmaceutics and Pharmacology, Comprehensive Cancer Center 
and College of Pharmacy, The Ohio State University, 496 W 12th Ave, Columbus, OH 43210, USA; kim.6494@osu.edu and 
pabla.2@osu.edu.
Author Contributions
JYK, JAS, GVB, LAJ, MJHHF, BG, SMA, AVLR, CRV, IK, SC, SMM, DZ, AB, and NSP performed experiments, analyzed data, 
and or assisted with manuscript writing and editing. SA, NF, NW, JWC, JCS, CRB, AJD, KRH, REC, and AAS provided reagents, 
performed data analysis, and or assisted with manuscript writing and editing. NSP conceived the study and approved the final version 
of the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Supplementary materials
Supplementary Figure S1: Development of a promoter assay to examine Sox9 transcriptional regulation.
Supplementary Figure S2: Zfp24 gene expression during acute kidney injury.
Supplementary Figure S3: Zfp24 dephosphorylation is an early event during IRI-associated AKI.
Supplementary Figure S4: Effect of Zfp24 gene knockout on kidney function.
Supplementary Figure S5: Zfp24 gene deletion results in increased cell death during AKI.
Supplementary Figure S6: Zfp24 gene deletion in tubular epithelial cells reduces overall survival from rhabdomyolysis.
Supplementary Figure S7: Zfp24 gene deletion sensitizes primary tubular epithelial cells to cisplatin-induced cell death.
Supplementary Figure S8: Time-course analysis of Sox9 gene induction during rhabdomyolysis-associated AKI.
Supplementary Figure S9: Gene expression analysis of Sox9 target genes.
Supplementary Figure S10: Functional effect of Zfp24 binding site mutations on Sox9 promoter activation.
Supplementary Figure S11: Examination of Zfp24 binding to Sox9 promoter by electrophoresis mobility shift assay (EMSA).
Supplementary Figure S12: Effect of Sox9 promoter mutation on baseline kidney function.
Supplementary Figure S13: Prommut mice have increased tubular cell death during AKI.
Supplementary Figure S14: Egr1 expression is not altered in Zfp24 conditional knockout mice.
Supplementary Figure S15: Uncropped images of immunoblot data.
Supplementary methods.
Supplementary Table S1: Primer and probe sequences used in the current study.
Supplementary references.

HHS Public Access
Author manuscript
Kidney Int. Author manuscript; available in PMC 2024 June 01.

Published in final edited form as:
Kidney Int. 2023 June ; 103(6): 1093–1104. doi:10.1016/j.kint.2023.02.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4Division of Nephrology, Department of Medicine, The Ohio State University, Columbus, Ohio, 
USA;

5Dorothy M. Davis Heart and Lung Research Institute and Department of Physiology and Cell 
Biology, The Ohio State University, Columbus, Ohio, USA;

6Pulmonary, Sleep and Critical Care Medicine, Wexner Medical Center, Davis Heart and Lung 
Research Institute, Columbus, Ohio, USA;

7Division of Nephrology and Hypertension, Department of Medicine, Vanderbilt University Medical 
Center;

8Niche Diagnostics, Columbus, Ohio, USA;

9Division of Renal and Transplant Pathology, Department of Pathology, The Ohio State University 
Wexner Medical Center, Columbus, Ohio, USA;

10Department of Physiology, Medical College of Georgia, Augusta University, Augusta, Georgia, 
USA;

11Department of Molecular Medicine and Pathology, University of Auckland, Auckland, New 
Zealand;

12Department of Genetics, Genomics, and Informatics, Department of Microbiology, Immunology, 
and Biochemistry, and Transplant Research Institute, James D. Eason Transplant Institute, 
Department of Surgery, College of Medicine, The University of Tennessee Health Science Center, 
Memphis, TN, USA.

Abstract

Transcriptional profiling studies have identified several protective genes upregulated in tubular 

epithelial cells during acute kidney injury (AKI). Identifying upstream transcriptional regulators 

could lead to the development of therapeutic strategies augmenting the repair processes. SOX9 

is a transcription factor controlling cell-fate during embryonic development and adult tissue 

homeostasis in multiple organs including the kidneys. SOX9 expression is low in adult kidneys, 

however, stress conditions can trigger its transcriptional upregulation in tubular epithelial cells. 

SOX9 plays a protective role during the early phase of AKI and facilitates repair during the 

recovery phase. To identify the upstream transcriptional regulators that drive SOX9 upregulation in 

tubular epithelial cells, we used an unbiased transcription factor screening approach. Preliminary 

screening and validation studies show that zinc finger protein 24 (ZFP24) governs SOX9 

upregulation in tubular epithelial cells. ZFP24, a Cys2-His2 (C2H2) zinc finger protein is 

essential for oligodendrocyte maturation and myelination, however, its role in the kidneys or 

in SOX9 regulation remains unknown. Here, we found that tubular epithelial ZFP24 gene 

ablation exacerbated ischemia, rhabdomyolysis, and cisplatin-associated AKI. Importantly, ZFP24 

gene deletion resulted in suppression of SOX9 upregulation in injured tubular epithelial cells. 

Chromatin immunoprecipitation and promoter luciferase assays confirmed that ZFP24 bound to 

a specific site in both murine and human SOX9 promoters. Importantly, CRISPR/Cas9 mediated 

mutation in the ZFP24 binding site in the SOX9 promoter in vivo led to suppression of SOX9 

upregulation during AKI. Thus, our findings identify ZFP24 as a critical stress-responsive 

transcription factor protecting tubular epithelial cells through SOX9 upregulation.
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Graphical Abstract

Translational Statement

The transcription factor SOX9 is upregulated in injured tubular epithelial cells and plays a 

protective role during AKI. Identifying the upstream factors could lead to the development of 

therapeutic strategies that increase the expression of protective genes such as SOX9, reduce injury, 

and augment the repair processes. To this end, the present study describes the identification of zinc 

factor protein ZFP24 as the transcriptional regulator that controls the upregulation of a protective 

SOX9-mediated transcriptional program in tubular epithelial cells during AKI.

Keywords

Acute kidney injury (AKI); renal tubular epithelial cells (RTECs); Sox9 (sex-determining region Y 
(SRY) box 9); Zinc finger protein (ZFP24); ischemia; cisplatin

Introduction

Sox (Sex-determining region-Y related HMG-box) proteins are a conserved family 

of transcription factors and cell fate regulators with widespread roles in embryonic 

development and adult tissue homeostasis1. The SOX family, which encompasses about 

20 members with highly divergent functions, is defined by the presence of a conserved 

high-mobility group (HMG) domain that mediates DNA binding2. SOX9 is a key member 

of the SOX family and was initially identified as the gene underlying the haploinsufficiency 

disorder campomelic dysplasia (CD), a human syndrome characterized by defective 

chondrogenesis and sex reversal3–5. Notwithstanding its critical role in skeletal development 

and male sex determination, studies with Sox9-deficient mice have revealed the importance 

of this transcription factor in cell fate determination in multiple organs such as the pancreas, 

intestine, kidney, heart, and brain5.

Sox9 is widely expressed during embryonic development, including in the kidneys. 

However, in most adult tissues its expression is low, except in certain cell types such as 

astrocytes6 in the brain and adult stem cells in tissues with high turnovers, such as in the 
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intestine7 and hair follicles8. In hair follicles, which undergo cyclical periods of growth, 

Sox9 is highly expressed and is functionally critical for stem cells that reside at the base of 

the resting follicle8. Sox9 also drives postnatal injury repair9 as well as fibrosis10 in multiple 

organs. Thus, in adult tissues, Sox9 seems to be part of a tightly regulated transcriptional 

program that ensures proper tissue architecture during normal cell turnover and post injury 

repair.

Within the adult kidneys, Sox9 expression is low in the renal tubular epithelial cells 

(RTECs). However, under conditions of cellular stress and injury, Sox9 is transcriptionally 

upregulated11. Functionally, Sox9 plays a cytoprotective role during the early phase 

of ischemia reperfusion injury (IRI)12, cisplatin nephrotoxicity12, and rhabdomyolysis-

associated AKI13 and facilitates repair during the recovery phase11, 14. We have recently 

identified posttranslational regulatory mechanisms that suppress Sox9 protein function 

during AKI12. However, the mechanisms that control Sox9 mRNA upregulation in RTECs 

during AKI remains unknown.

In the current study, we have utilized an unbiased RNAi mediated functional screening 

approach to identify transcription factors that regulate stress induced Sox9 upregulation in 

RTECs. Our studies have identified Zinc finger protein Zfp2415, also known as Zfp191 and 

Znf24, as a crucial upstream regulator of Sox9 in RTECs. Zfp24 is a Cys2-His2 (C2H2) 

zinc finger protein that contains four putative DNA-binding zinc finger domains15, 16. Zfp24 

plays crucial roles in oligodendrocyte maturation and CNS myelination15, 17, however its 

role in Sox9 regulation or in the pathogenesis of AKI has not been previously explored. Our 

results show that Zfp24 drives Sox9 upregulation in RTECs during AKI.

Methods

Primary RNAi screen to identify SOX9 transcriptional regulators.

Boston University mouse proximal tubule cells (BUMPT, generated by Drs. Wilfred 

Lieberthal and John Schwartz18 and obtained from Dr. Zheng Dong, Augusta University, 

Augusta, GA) were grown at 37 °C in Dulbecco’s modified Eagle’s medium with 

10% fetal bovine serum. We used a promoter-reporter lentiviral firefly luciferase vector 

(Applied Biological Materials, Catalog numbers: LV653 and LV655) to generate two stable 

BUMPT cell lines expressing empty vector (promoter-less) and murine Sox9 promoter 

(−2500 bp from the TSS) driven firefly luciferase. BUMPT stable cells were then reverse 

transfected with control siRNA or siRNAs targeting transcriptional regulators using methods 

described in our previous work12, 19. Briefly, the Dharmacon mouse siRNA library targeting 

transcriptional regulators (1887 genes) containing four pooled siRNAs for each gene was 

utilized in the primary screen. Stable BUMPT cells were plated in 96-well plates and 

reverse-transfected with 25 nM siRNA using Lipofectamine RNAiMAX reagent (Life 

Technologies). At 48 h post transfection, cells were treated with 15 μM cisplatin in fresh 

media. Subsequently, 8 h post treatment, firefly luciferase assay (Thermo Fischer, Catalog 

number 16176) was performed. The siRNAs that reduced luciferase activity in stable cells 

that expressed the Sox9 promoter driven luciferase were selected for secondary screening. 

The primary screen was carried out in triplicate samples, and data analysis was performed 
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according to established and previously reported methods12, 19. The details of the secondary 

screening are provided in the supplementary methods section.

Mice breeding.

All animals were housed, handled, and animal studies were conducted in accordance with 

approved Institutional Animal Care and Use Committee procedures. Mice were housed in 

a temperature-controlled environment with a 12-h light cycle and given a standard diet and 

water ad libitum. Conditional gene knockout in RTECs was achieved through breeding of 

Zfp24-floxed mice (Jackson Laboratory, stock no. 029023) and Sox9-floxed mice (Jackson 

Laboratory, stock no. 013106) with Ggt1-Cre mice (Jackson Laboratory, stock no. 012841). 

For all mouse colonies, the pups were ear-tagged and genotyped at 3 weeks of age as 

described in our previous studies. Methods used for generating mice where CRISPR-Cas9 

mediated knock-in mutation was introduced in the SOX9 promoter (Prommut mice) is 

described in detail in the supplementary methods section. The Zfp24 floxed and Prommut 

strains were obtained and maintained on C57BL/6J background. The Ggt1-Cre mice have a 

mix of BALB/cJ and C57BL/6 background.

Animal models of acute kidney injury.

Since AKI is associated with distinct disease conditions, multiple mouse models have been 

developed20. Ischemia, cisplatin, and rhabdomyolysis associated AKI was triggered in male 

mice at 8–12 weeks of age using methods described in our recent studies12, 13, 21, 22. 

Littermate controls were used in all studies. Experiments were carried out in a blinded 

fashion where the researchers evaluating, quantifying, or analyzing experimental outcomes 

were blinded to the genotype of the mice. Briefly, to cause ischemia-reperfusion injury, 

mice were anesthetized by isoflurane and placed on a surgical platform where the body 

temperature was monitored during the procedure. The skin was disinfected, kidneys were 

exposed, and bilateral renal pedicles were clamped for 30 minutes, followed by clamp 

removal, and suturing to close the muscle and skin around the incision. To compensate for 

the fluid loss, 0.5 ml of warm sterile saline was administered via intraperitoneal injection. 

The sham (mock) groups underwent similar procedure except without bilateral clamping. 

Nephrotoxicity was trigged by a single cisplatin (30 mg/kg) intraperitoneal injection as 

described previously21. The sham (vehicle) groups were injected with equal volumes of 

normal saline. To induce rhabdomyolysis, mice were injected with 7.5 ml/kg 50% glycerol 

intramuscularly to the two hind-legs or injected with saline as a control. Following injury, 

blood was collected at 24 h (IRI and rhabdomyolysis) or 72 h (cisplatin) via cardiac 

puncture after carbon dioxide asphyxiation. Renal tissues were collected and processed 

for immunoblot, qPCR, and histological analysis as described previously23, 24 and in 

supplementary methods.

Cell culture, promoter mutagenesis, protein and gene expression analysis.

Details regarding the generation of CRISPR/Cas9 mediated knockout cells is provided in the 

supplementary methods sections. Site directed mutagenesis was carried out using methods 

described in our previous studies23, 25, 26 and as described in the supplementary methods. 

Methods used to analyze protein and gene expression in cell culture and renal tissues have 

been described previously27–29 and in the supplementary methods.
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Statistical analysis.

Data in all the graphs are presented as mean with S.D. Statistical analysis were carried 

out using GraphPad Prism. p < 0.05 was considered statistically significant. To calculate 

statistical significance between two groups, two-tailed unpaired Student’s t test was 

performed. For comparisons among three or more groups one-way analysis of variance 

(ANOVA) followed by Tukey’s or Dunnett’s multiple-comparison test was used. No outliers 

were excluded, and all experiments were repeated at least three times.

Results

RNAi screen to identify upstream transcriptional regulators of Sox9 in RTECs.

To identify the transcriptional factors that mediate Sox9 upregulation in RTECs under 

stress conditions associated with kidney injury, we used a modified version of a previously 

developed RNAi based screening method12. To this end, we used BUMPT cells18 because 

high transient transfection efficiency (~95%) of this murine RTEC cell line makes it 

a suitable model for high-throughput (siRNA) screening assays12. We generated stable 

BUMPT cells in which a luciferase-based reporter plasmid encoding the Sox9 promoter 

was introduced. Treatment of these cells with cisplatin results in a robust induction of Sox9 

promoter activity (Supplementary Figure S1 and Figure 1a). We then transiently transfected 

these cells with control siRNAs (non-specific) or transcription factor specific siRNAs (set 

of four pooled per target, 1837 targets), followed by cisplatin treatment, and assessment 

of Sox9 promoter activity using luciferase reporter assay (Figure 1b). The primary screen 

was carried out in triplicate, and subsequent data analysis identified three hit candidates, 

namely Interferon regulatory factor 1 (Irf1), SMAD family member 4 (Smad4), and Zinc 

finger protein 24 (Zfp24) (Figure 1c–d). Our secondary screening in a human RTEC cell 

line, HK-2 cells, transfected with a plasmid encoding human SOX9 promoter luciferase 

plasmid, showed that among these candidates, knockdown of ZFP24 had the highest effect 

in suppressing stress-induced SOX9 promoter activity (Figure 1e). For final validation, we 

generated HK-2 cells in which ZFP24 gene was knocked out using CRISPR/Cas9 lentiviral 

construct. We then performed add-back experiments where empty or wild-type human 

ZFP24 expression vectors were introduced in the knockout cells (Figure 1f). Subsequent, 

functional assays showed that ZFP24 knockout suppresses stress induced SOX9 promoter 

activity, which is reversed by re-introduction of ZFP24 (Figure 1g).

Renal Zfp24 expression during acute kidney injury.

Since the role of Zfp24 in kidneys remains unknown, we initially examined its expression 

under normal and disease conditions. Moreover, Sox9 expression is undetectable in the 

RTECs of the adult murine kidneys; however, under conditions of stress such as ischemia-

reperfusion injury (IRI), cisplatin nephrotoxicity, and rhabdomyolysis associated AKI, there 

is a profound increase in the mRNA11, 30 and protein12, 13, 23 levels of Sox9. So, we 

first sought to examine the expression of Zfp24 under normal and AKI conditions. To 

induce AKI, C57BL/6J mice underwent bilateral ischemic surgery or were injected with 

a single 30 mg/kg intraperitoneal dose of cisplatin or rhabdomyolysis was induced by 

glycerol injection (7.5 ml/kg 50% glycerol) in the hind-leg muscles. The extent of renal 

damage was determined by measurement of blood urea nitrogen and serum creatinine 
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(Figure 2a–b). In case of ischemia-reperfusion and rhabdomyolysis, renal impairment 

occurs 24 h post-surgery, whereas in the cisplatin-associated kidney injury models, renal 

impairment is observed 72 h post-injection. Gene and protein analysis of kidney tissues at 

these time-points showed that Zfp24 expression does not appreciably change during AKI 

(Supplementary Figure S2 and Figure 2c–d).

Zfp24 contains a SCAN domain and four DNA-binding C2H2 zinc finger domains that 

are interspersed by linkers that contain phosphorylation sites15. Linker phosphorylation is a 

mechanism that can result in the deactivation of the C2H2 proteins because phosphorylation 

introduces a negative charge to the DNA-binding domain of the protein and hence reduces 

its affinity to DNA. To examine the phosphorylation status of Zfp24, we performed 

immunoprecipitation studies in normal and injured kidneys. Our results (Figure 2e–f) show 

that Zfp24 is present in the phosphorylated state in normal renal tubular epithelial cells. 

However, Zfp24 is de-phosphorylated and activated early during the development of AKI. 

Time-course experiments in the IRI model showed that Zfp24 dephosphorylation occurs 

within 1-hour post-reperfusion and precedes Sox9 upregulation (Supplementary Figure S3).

RTEC-specific Zfp24 gene deletion aggravates the severity of kidney injury.

We next sought to examine the consequence of RTEC-specific Zfp24 gene deletion on 

normal renal function and the severity of AKI. To this end, we generated Zfp24 conditional 

knockout mice (Zfp24PT−/−) by crossing the Zfp24-floxed15 mice with the Ggt1-Cre31 

mice. The Ggt1-driven Cre is expressed in RTECs 7–10 days after birth, post completion 

of renal development31. Initial studies showed that normal renal function (Supplementary 

Figure S4) is not affected by Zfp24 deficiency. Remarkably, Zfp24 gene ablation in RTECs 

(Figure 3a) markedly increased kidney damage during IRI, cisplatin, and rhabdomyolysis 

associated AKI (Figure 3b–f). Zfp24 deficiency also resulted in increased cell death 

activation as measured by Caspase-3 activation (Supplementary Figure S5). To determine 

the effect of RTEC-specific Zfp24 gene ablation on overall survival post-injury, we used the 

rhabdomyolysis model for long-term studies. As shown in the Supplementary Figure S6, 

rhabdomyolysis-associated AKI was not severely fatal in the control mice and 90% mice 

survived until the end of the observation period of 4 weeks. However, all the Zfp24PT−/− 

mice and 50% of the Sox9PT−/− mice died within the first week. These results indicate 

that Zfp24 and Sox9 are critical survival factors in RTECs during AKI. Next, we cultured 

primary RTECs from the control and Zfp24PT−/− mice. These cells were then treated 

with cisplatin, and subsequent viability and caspase assays showed that Zfp24 knockout 

sensitizes RTECs to cisplatin-mediated cell death (Supplementary Figure S7). Collectively, 

these studies suggested that Zfp24 plays a protective role in RTECs during AKI.

RTEC-specific Zfp24 gene deletion suppresses stress-induced Sox9 upregulation.

To determine the role of Zfp24 in stress induced Sox9 upregulation, we carried out gene 

expression analysis of renal cortical tissues under normal and AKI conditions. Strikingly, 

our studies showed that AKI-dependent upregulation of Sox9 is suppressed in the Zfp24 

conditional knockout mice (Figure 4a and Supplementary Figure S8). More than 90% 

reduction in Sox9 mRNA upregulation was observed in the Zfp24 conditional knockout 

mice. Immunoblot analysis (Figure 4b–c) also corroborated the results obtained with the 
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gene expression analysis. Our previous studies12, 23 have identified several downstream 

target genes of Sox9 in RTECs. So, we examined the expression of these Sox9 target 

genes and found that Zfp24 gene deletion suppresses the injury-induced upregulation of 

Sox9 target genes in RTECs (Supplementary Figure S9). These results provide compelling 

evidence that Zfp24 drives Sox9 upregulation in RTECs during AKI.

Stress-induced recruitment of Zfp24 to the Sox9 promoter.

To test if Zfp24 binds to the Sox9 promoter under normal and AKI conditions, we performed 

chromatin immunoprecipitation studies in normal and injured renal cortical tissues. We 

then used Sox9 promoter specific primers and qPCR analysis to examine Zfp24 binding 

to Sox9 promoter. Our results showed that under normal conditions, Zfp24 binding to 

the Sox9 promoter is very limited. However, during AKI, Zfp24 is recruited to the Sox9 

promoter (Figure 5a). Bioinformatics analysis of murine and human SOX9 promoter 

identified a putative binding site for ZFP24 (Figure 5b). In promoter luciferase assays, 

site-directed mutagenesis of this putative ZFP24 binding site in the murine (Figure 5c–d and 

Supplementary Figure S10) and human (Figure 5c and 5e) SOX9 promoter, significantly 

abrogated stress-induced promoter activation. Electrophoresis mobility shift assay (EMSA) 

further confirmed the direct binding of murine Zfp24 to the TCAT site in the Sox9 promoter 

(Supplementary Figure S11). Collectively, these results suggest that Zfp24 binds to the Sox9 

promoter under stress conditions and drives Sox9 upregulation during AKI.

Mutation in the Zfp24 binding site in the SOX9 promoter exacerbates AKI.

To functionally test our hypothesis that Zfp24 binding to the putative site in the promoter 

region drives Sox9 upregulation during AKI, we used a CRISPR-Cas9 driven method to 

generate a germline mutant mouse in which the Zfp24 binding site was mutated from 

TCAT to TAAT (Figure 6 a). When the heterozygous mice were used for breeding, WT 

and homozygous mutant mice (Prommut) were born at expected mendelian ratios. The 

adult homozygous mutant mice appeared normal and had no functional renal abnormalities 

(Supplementary Figure S12). We next investigated how this mutation in the Zfp24 binding 

site influences the severity of AKI in IRI, cisplatin, and rhabdomyolysis-associated mouse 

models of AKI. Our results showed that when challenged with injury, the Prommut mice 

had significantly higher renal impairment as compared to the WT littermates (Figure 6 b–f). 

Prommut mice also had elevated cell death activation as measured by caspase-3 activation 

(Supplementary Figure S13).

Mutation in the Zfp24 binding site leads to suppression of AKI-induced SOX9 upregulation.

We next carried out gene expression analysis of renal cortical tissues from wild type 

and Prommut littermate mice under normal and AKI conditions. Remarkably, our studies 

showed that Sox9 mRNA upregulation is impaired in the Prommut mice during IRI, cisplatin 

nephrotoxicity, and rhabdomyolysis associated AKI (Figure 7a). Furthermore, immunoblot 

and densitometric analysis (Figure 7b–c) confirmed the results obtained in the gene 

expression analysis and showed a significant impairment in the induction of Sox9 proteins 

levels in the injured kidneys of the Prommut mice. These results provide strong evidence that 

Zfp24 binds to the Sox9 promoter during AKI and drives stress induced upregulation of an 

essential and protective transcriptional program.
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Discussion

Acute kidney injury is associated with a precipitous decline in renal function due to 

inflammatory, hypoxic, and nephrotoxic insults to tubular epithelial cells32–36. The initial 

injury phase is characterized by RTEC cell death37, 38, inflammation39–42, endothelial 

dysfunction43–45, and decline in glomerular filtration rate. The subsequent phase involves 

tissue repair and recovery46. Finally, depending on the extent of injury and ensuing repair, 

AKI can be fatal, result in complete recovery or transition into chronic kidney disease46–50. 

Sox9 is one of the highly upregulated genes in the RTECs11, 51, 52 and plays protective roles 

during the injury12 and repair phases11, 14. Due to its consistent expression in RTECs within 

tubules with incomplete repair53, it has also been speculated that Sox9 might drive fibrosis 

in the later phases. Pro-fibrotic role of Sox9 has also been demonstrated in other cell types 

such as myofibroblasts54. Due to the clear importance of Sox9 in renal response to injury, 

further studies are required to decipher its spatial and temporal regulation in various cell 

types. In the current study, we have focused on understanding the mechanisms that drive 

Sox9 upregulation in RTECs during the early phase of AKI.

Zinc finger proteins are among the largest families in the eukaryotic genomes55. The 

human genome contains ~700 C2H2-containing zinc finger proteins; however, the biological 

functions of the vast majority of these proteins remain obscure55. The Cys2His2 zinc finger 

domain is involved in DNA binding and many of these proteins are transcription factors. 

Among these, the biological functions of Zfp24 which has four DNA-binding zinc finger 

domains has remained relatively underexplored15, 16. Zfp24 belongs to a subset of the zinc 

finger protein family whose members also contain SCAN domain56, which is a leucine-rich 

domain involved in protein–protein interactions. Initial studies showed that Zfp24 is widely 

expressed during development and in adult tissues17, including the kidneys. Two germline 

Zfp24 knockout mice have been generated, one showed an embryonic lethal phenotype57, 

while the other showed postnatal lethality17. While the reasons for these discrepancies are 

not known, these severe phenotypes highlight the critical non-redundant biological role 

of Zfp24, especially during development. The most well characterized function of Zfp24 

has been its demonstrated role in oligodendrocyte maturation and developmental CNS 

myelination15, 17.

The role of Zfp24 in the kidneys has remained unexplored. Previous gene expression studies 

showed high expression of Zfp24 in the developing and adult murine kidneys17. In the 

current study, we have generated a RTEC-specific Zfp24 knockout mice, which shows that 

Zfp24 is not required for normal renal function in adult mice. However, under conditions 

of stress, Zfp24 plays a protective role and gene deletion under these conditions results 

in aggravation of renal injury. Notably, here we have used a Ggt1-driven Cre mice where 

gene deletion occurs 7–10 days post birth31, at a time when renal development is already 

completed. Hence, the lack of adverse phenotype under baseline conditions does not rule out 

the role of Zfp24 in renal development. However, our studies clearly establish Zfp24 as a 

stress-protective gene in adult RTECs.

Only a single previous study has explored the transcriptional targets of Zfp2415. Given 

the role of Zfp24 in oligodendrocyte maturation, chromatin immunoprecipitation (ChIP) 
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sequencing (ChIP-seq) analysis of murine oligodendrocyte progenitor cells and mature 

oligodendrocytes showed that Zfp24 binds to the regulatory regions of genes important 

for CNS myelination15. Interestingly, these target genes included Myrf (Myelin Regulatory 

Factor) and Sox10. In the current study, multiple lines of evidence support the notion 

that Sox9 is a downstream target of Zfp24 in RTECs. Firstly, gene ablation studies show 

that AKI-associated Sox9 upregulation is Zfp24-dependent. Secondly, mutagenesis of the 

putative Zfp24 binding site in the murine and human promoter suppress stress induced Sox9 

promoter activity in vivo and in vitro. Thirdly, ChIP experiments demonstrate stress induced 

binding of Zfp24 to the Sox9 promoter. Our studies combined with the recent work15 raise 

an intriguing possibility that Zfp24 might be a previously unrecognized regulator of Sox 

family of transcription factors. Given the severe developmental phenotypes of the Zfp24 

germline knockout mice and the role of Sox proteins in development, it would be interesting 

to examine the expression of Sox family genes in the Zfp24 knockout mice. Also, it would 

be important to determine if additional Zfp24 binding sites are present within the Sox9 

promoter.

Upstream regulators that drive Sox9 transcription during AKI have not been systematically 

studied. However, a recent study58 has proposed that the transcription factor, early growth 

response-1 (Egr1), contributes to Sox9 upregulation during IRI associated AKI. Intriguingly, 

the authors examined gene and protein expression of Sox9 in the WT mice under normal 

and IRI conditions, but not in mice with Egr1 gene knockout or overexpression. Hence, 

the relative contribution of Egr1 in Sox9 upregulation in vivo is difficult to decipher from 

this study. Our examination of Egr1 levels in the WT and Zfp24 conditional knockout mice 

showed that Egr1 induction during AKI is not influenced by Zfp24 deletion (Supplementary 

Figure S14). Since, Zfp24 gene deletion reduces Sox9 upregulation by more than 90%, our 

studies suggest that Zfp24 is the predominant regulator of stress induced Sox9 upregulation 

during AKI.

Our study provides the first evidence for the functional role of Zfp24 in AKI and Sox9 

transcriptional regulation and raises several questions that warrant future investigations. 

Notably, Zfp24 protein expression seems to not be altered during AKI. However, ChIP 

experiments show that Zfp24 binds to the Sox9 promoter only under stress conditions. 

Several possible mechanisms could underlie Zfp24 binding to Sox9 promoter during AKI. 

One possibility is that Zfp24 binding to Sox9 promoter might be dependent on a hitherto 

unknown stress-regulated binding partner protein(s). It is also possible that stress-induced 

post-translational regulation of Zfp24 might drive promoter binding and Sox9 upregulation. 

Interestingly, studies15 have shown that a phosphorylated form of Zfp24 which does not bind 

to the DNA is the predominant form in oligodendrocyte progenitor cells. During maturation 

into oligodendrocytes, the non-phosphorylated, DNA-binding form accumulates and binds 

to promoter regions of target genes. Our studies show that a similar mechanism might be 

involved in kidneys since Zfp24 is dephosphorylated early during the development of AKI. 

Future studies are required to test if functional modulation of Zfp24 phosphorylation status 

influences Sox9 upregulation during AKI and to identify linked kinases and or phosphatases. 

Given that survival studies show that Zfp24 gene deletion cause higher injury than Sox9 

gene deletion (Supplementary Figure S6), systemic analysis of Zfp24 target genes in RTECs 

is also required to identify other Sox9-independent genes. Furthermore, studies in inducible 
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knockout mice strains could delineate the role of Zfp24 in the injury, repair, and AKI-to-

CKD transition phases. Finally, Zfp24 is a widely expressed gene during development and 

in adult tissues and hence it would be interesting to examine if the Zfp24-Sox9 axis is also 

relevant in non-renal tissues.

Collectively, our studies have identified Zfp24 as a critical regulator of Sox9 upregulation 

during AKI. We propose that Zfp24-Sox9 axis might play a critical role in kidney 

tissue remodeling in response to stress and injury. Future studies into understanding how 

protective factors such as Zfp24 and Sox9 drive tissue repair and regeneration could lead 

to identification of therapeutic strategies to augment recovery and mitigate short- and long-

term adverse sequelae of kidney injury.
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Figure 1. RNAi screen identifies Zfp24 as a Sox9 transcriptional regulator in tubular epithelial 
cells.
(a) Stable BUMPT cells expressing either promoter-less luciferase (empty) or Sox9-

promoter driven luciferase were treated with vehicle or 25 μM cisplatin for 8 h followed 

by measurement of luciferase activity. Cisplatin treatment induced a robust induction of 

luciferase activity that was dependent on the Sox9 promoter. (b) Schematic representation 

of the primary screen. Stable BUMPT cells were reverse transfected with control or 

transcription factor siRNAs (1837 genes) followed by treatment with cisplatin and 

measurement of luciferase activity. The luciferase activity in the cisplatin treated control 

siRNA group was set as 100% and any transcription factor siRNAs that reduced luciferase 

activity to 25% or lower, were considered as hits. (c) Graphical representation of the data 

obtained in the primary screen. (d) Secondary screens were performed in BUMPT cells 

for the top three hits, using distinct siRNAs. (e) Stable HK-2 cells that express either 

promoter-less luciferase (empty) or human SOX9 promoter driven luciferase. These cells 

were transfected with siRNA for the top three hits, followed by treatment with vehicle or 

50 μM cisplatin for 8 h and measurement of luciferase activity. (f) CRISPR/Cas9 mediated 

ZFP24 gene knockout was carried out in HK-2 cells. Control (WT) or ZFP24 knockout 

cells were then transiently transfected with empty vector or ZFP24 expression plasmid. 
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Representative immunoblot confirming both gene knockout and successful addback. (g) 

Control, ZFP24 knockout, and add-back cells were transfected with SOX9-promoter driven 

luciferase construct, followed by treatment with cisplatin, and measurement of luciferase 

activity. The results showed that ZFP24 knockout suppresses cisplatin-mediated activation of 

the SOX9-promoter driven luciferase activation and this phenotype was reversed by ZFP24 

add-back. In all the bar graphs (n = 8 biologically independent samples), experimental 

values are presented as mean ± S.D. The height of error bar = 1 S.D., and p < 0.05 

was indicated as statistically significant. Student’s t test was carried out and statistical 

significance is indicated by *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 100 μm.
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Figure 2. Renal Zfp24 expression during acute kidney injury.
Ischemia reperfusion (IRI), cisplatin nephrotoxicity, and rhabdomyolysis-associated acute 

kidney injury was induced in 8–12-week-old male C57BL/6J mice. Bilateral renal ischemia 

was induced for 30 min, cisplatin nephrotoxicity was induced by a single intraperitoneal 

cisplatin injection (30 mg/kg), and rhabdomyolysis was induced by glycerol injection (7.5 

ml/kg 50% glycerol) in the hind-leg muscles. Sham groups represent either mock surgery 

or vehicle injections. At 24 h (IRI and rhabdomyolysis) and 72 h (cisplatin), serum and 

kidneys were collected for further analysis. Blood urea nitrogen (a) and serum creatinine (b) 

measurements were carried out to examine kidney function and damage. (c-d) Western blot 

analysis showed that Zfp24 expression remains unaltered during AKI. Representative blots 

show Zfp24 expression in the renal tissues, while the graph depict densitometric analysis 

(Zfp24 expression normalized to β-actin). (e-f) Renal cortical tissues were used for Zfp24 

immunoprecipitation followed by immunoblot analysis of total and phosphorylated Zfp24 

using a phospho-linker antibody. Zfp24 was predominantly present in the dephosphorylated 

state in the injured kidneys. Representative blots show Zfp24 phosphorylation in the 

renal tissues, while the graph depict densitometric analysis (Phospho-Zfp24 expression 

normalized to total Zfp24 levels). In all the bar graphs (n = 7 biologically independent 

samples from three independent experiments), experimental values are presented as mean ± 

S.D. The height of error bar = 1 S.D., and p < 0.05 was indicated as statistically significant. 

Student’s t test was carried out and statistical significance is indicated by *P < 0.05, **P < 

0.01, ***P < 0.001. Scale bar: 100 μm.
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Figure 3. Zfp24 gene ablation in tubular epithelial cells exacerbates the severity of AKI.
Ggt1-Cre mice were crossed with Zfp24-floxed mice to generate tubular epithelial 

conditional knockout mice (Zfp24PT−/−). (a) Immunoblot analysis of Zfp24 protein in 

renal cortical tissues showed successful gene knockout. Blots are representative of three 

independent experiments. Littermate control and Zfp24 conditional knockout mice were 

then challenged with bilateral renal ischemia (30 min), cisplatin (30 mg/kg, single 

intraperitoneal injection) nephrotoxicity, or glycerol-induced rhabdomyolysis (7.5 ml/kg 

50% glycerol in the hind-leg muscles) followed by examination of the severity of AKI 

using biochemical and histological analysis. (b-f) Blood urea nitrogen, serum creatinine, 

renal Ngal gene expression (qPCR), and histological analysis (H&E) showed that tubular 

Zfp24 deficiency results in significantly worsened renal impairment in the IRI, cisplatin, and 

rhabdomyolysis-associated mouse models of AKI. The asterisk in the histological images 

depicts damaged tubules. Histopathologic analysis and tubular damage were scored by 
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calculation of the percentage of tubules that showed dilation, epithelium flattening, cast 

formation, loss of brush border and nuclei, and denudation of the basement membrane. 

In all the bar graphs (n = 8 biologically independent samples from three independent 

experiments), experimental values are presented as mean ± S.D. The height of error bar = 1 

S.D., and p < 0.05 was indicated as statistically significant. One-way ANOVA followed by 

Tukey’s multiple-comparison test was carried out, and statistical significance is indicated by 

*P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 100 μm.
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Figure 4. Essential role of Zfp24 in AKI-induced Sox9 upregulation.
Littermate control and Zfp24 conditional knockout mice were challenged with bilateral renal 

ischemia (30 min), cisplatin (30 mg/kg, single intraperitoneal injection) nephrotoxicity, or 

glycerol-induced rhabdomyolysis (7.5 ml/kg 50% glycerol in the hind-leg muscles) followed 

by examination of Sox9 protein and gene expression in renal tissues. (a) qPCR-based 

gene expression analysis was carried out in the renal tissues from littermate control and 

knockout mice 24–72 h after induction of kidney injury. The AKI-induced Sox9 mRNA 

up-regulation was suppressed in the Zfp24 conditional knockout mice. (b-c) Western blot 

analysis showed that AKI-induced Sox9 protein induction is dependent on Zfp24. Blots are 

representative of four independent experiments. Densitometric analysis was performed for 

Zfp24 protein expression using Image J and normalization was carried out using β-actin 

as loading control. In all the bar graphs (n = 8 biologically independent samples from 3–4 

independent experiments), experimental values are presented as mean ± S.D. The height of 

error bar = 1 S.D., and p < 0.05 was indicated as statistically significant. One-way ANOVA 

followed by Tukey’s multiple-comparison test was carried out, and statistical significance is 

indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. ZFP24 binds to human and murine SOX9 promoter under stress conditions.
(a) Zfp24 chromatin immunoprecipitation (ChIP) was carried out using renal tissues from 

sham and ischemia-, cisplatin nephrotoxicity-, and rhabdomyolysis treated mice. Subsequent 

qPCR analysis using primers specific for the murine Sox9 promoter region showed that 

Zfp24 can bind to Sox9 promoter in vivo. Renal tissues from Zfp24PT−/− mice were 

used as negative control. (b) Bioinformatic analysis was carried out to identify potential 

ZFP24 binding sites within the human and murine SOX9 promoter. Figure shows schematic 

representation of SOX9 promoter, highlighting the putative ZFP24 binding site in humans 

and mice. TSS indicates the transcription start site. (c) The SOX9 promoter sequences 

(−2500bp from transcription start site (TSS)) was cloned in a luciferase reporter construct. 

A single point mutation was introduced in the putative ZFP24 binding site (TCAT to 

TAAT) in both human and murine SOX9 promoter sequences. (d) BUMPT cells were 

transfected with WT or mutant murine Sox9 promoter driven Renilla luciferase reporter 

construct, followed by cisplatin treatment, and luciferase activity measurement. These cells 

were also co-transfected with a plasmid encoding a constitutively expressed Cypridina 

luciferase, which was used as the normalizing control. (e) HK-2 cells were transfected 

with WT or mutant human SOX9 promoter driven Renilla luciferase reporter construct, 

followed by cisplatin treatment, and luciferase activity measurement. These cells were also 

co-transfected with a plasmid encoding a constitutively expressed Cypridina luciferase, 

which was used as the normalizing control. Results indicate that cisplatin associated 

increased in SOX9 promoter activity is suppressed by mutations in the ZFP24 binding site. 
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In all the bar graphs (n = 6–10 biologically independent samples), experimental values are 

presented as mean ± S.D. The height of error bar = 1 S.D., and p < 0.05 was indicated 

as statistically significant. One-way ANOVA followed by Tukey’s multiple-comparison test 

was carried out, and statistical significance is indicated by *P < 0.05, **P < 0.01, ***P < 

0.001.
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Figure 6. CRISPR/Cas9 mediated point mutation in the Zfp24 binding site in the Sox9 promoter 
abrogates AKI-induced Sox9 upregulation.
A transgenic knock-in mouse was generated using CRISPR/Cas9 and a point mutation 

was introduced in the Zfp24 binding site within the murine Sox9 promoter. (a) Schematic 

representation of the single point mutation in the Zfp24 binding site within the murine 

Sox9 promoter. Heterozygous mutant mice were crossed to generate littermate control (WT) 

and promoter mutant (Prommut) mice. Representative DNA sequencing data confirming the 

mutation is shown here. These mice were then challenged with bilateral renal ischemia 

(30 min), cisplatin (30 mg/kg, single intraperitoneal injection) nephrotoxicity, or glycerol-

induced rhabdomyolysis (7.5 ml/kg 50% glycerol in the hind-leg muscles) followed by 

examination of the severity of AKI using biochemical and histological analysis. (b-f) 
Blood urea nitrogen, serum creatinine, renal Ngal gene expression (qPCR), and histological 

analysis (H&E) showed that mutations in the Zfp24 binding site within the Sox9 promoter 

results in significantly worsened renal impairment in the IRI, cisplatin, and rhabdomyolysis-
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associated mouse models of AKI. The asterisk in the histological images depicts damaged 

tubules. Histopathologic analysis and tubular damage were scored by calculation of the 

percentage of tubules that showed dilation, epithelium flattening, cast formation, loss of 

brush border and nuclei, and denudation of the basement membrane. In all the bar graphs 

(n = 8 biologically independent samples from3–4 independent experiments), experimental 

values are presented as mean ± S.D. The height of error bar = 1 S.D., and p < 0.05 

was indicated as statistically significant. One-way ANOVA followed by Tukey’s multiple-

comparison test was carried out, and statistical significance is indicated by *P < 0.05, **P < 

0.01, ***P < 0.001. Scale bar: 100 μm.
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Figure 7. Zfp24-binding site in the Sox9 promoter is essential for AKI induced Sox9 
upregulation.
Littermate WT and promoter mutant (Prommut) mice were challenged with bilateral renal 

ischemia (30 min), cisplatin (30 mg/kg, single intraperitoneal injection) nephrotoxicity, or 

glycerol-induced rhabdomyolysis (7.5 ml/kg 50% glycerol in the hind-leg muscles) followed 

by examination of Sox9 protein and gene expression in renal tissues. (a) qPCR-based gene 

expression analysis was carried out in the renal tissues from WT and Prommut mice 24–

72 h after induction of kidney injury. The AKI-induced Sox9 mRNA up-regulation was 

suppressed in the Prommut mice. (b-c) Western blot analysis showed that AKI-induced 

Sox9 protein induction is suppressed in the Prommut mice. Blots are representative of four 

independent experiments. Densitometric analysis was performed for Sox9 protein expression 

using Image J and normalization was carried out using β-actin as loading control. In all 

the bar graphs (n = 8 biologically independent samples from 3–4 independent experiments), 

experimental values are presented as mean ± S.D. The height of error bar = 1 S.D., and 

p < 0.05 was indicated as statistically significant. One-way ANOVA followed by Tukey’s 

multiple-comparison test was carried out, and statistical significance is indicated by *P < 

0.05, **P < 0.01, ***P < 0.001.
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