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Objective: Activation of β-catenin causes podocyte injury and proteinuria, but how β-catenin signalling is regulated during podocyte injury remains elusive. Nuclear receptor interacting protein 2 (NRIP2) modulates the Wnt pathway in colorectal cancer-initiating cells, but the role of NRIP2 in podocyte injury has not yet been investigated. We aimed to examine the interaction between NRIP2 and β-catenin signalling.
Materials and Methods: Knockdown or overexpression of NRIP2 and β-catenin and chemical treatments were performed in cultured human podocytes. Immunoprecipitation, immunoblotting and immunofluorescence assays were used to assess protein interactions and expression. Data from the GEO dataset and kidney tissues from patients with focal segmental glomerulosclerosis (FSGS) and surgical nephrectomy were examined. An adriamycin (ADR) nephropathy model was established in NRIP2 knockout mice.
Results: NRIP2 knockdown accelerated β-catenin degradation, which was reversed by MG132; specifically, NRIP2 bound β-catenin and stabilized it to prevent its degradation through the ubiquitin proteasomal pathway. Overexpression of NRIP2 led to β-catenin activation and Snail1 induction, and these effects were attenuated by β-catenin knockdown. NRIP2 knockdown blocked ADR-stimulated β-catenin activation. In ADR mice, genetic knockout of Nrip2 ameliorated podocyte injury and loss, glomerulosclerosis, and proteinuria by inhibiting β-catenin activation. Moreover, NRIP2 was significantly upregulated in podocytes of FSGS patients and colocalized with nuclear β-catenin.
Conclusion: These results established NRIP2 as a stabilizer of β-catenin activation through the ubiquitin proteasomal pathway in podocyte injury.
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INTRODUCTION
Podocyte injury has been highlighted as the central cellular event in proteinuria development in nephrotic syndrome (NS) (Saleem, 2019; Saleem and Welsh, 2019; Kopp et al., 2020). Constitutive activation of β-catenin signalling strongly promotes the progression of podocyte injury, proteinuria and glomerulosclerosis (Dai et al., 2009; Heikkilä et al., 2010; Zhou and Liu, 2015; Bose et al., 2017). β-Catenin, a master transcriptional modulator, is induced and activated in podocytes from patients with various proteinuric kidney diseases. β-Catenin controls the expression of several key mediators implicated in podocytopathies, such as the renin–angiotensin system (Zhou et al., 2015a), Snail1 (Wang et al., 2011) and multiple mesenchymal markers (He et al., 2010). Importantly, overexpression of β-catenin in vitro induces WT1 protein degradation through the ubiquitin–proteasome pathway, and this degradation can be blocked by MG132 (Zhou et al., 2015b). Existing evidence shows that targeting β-catenin signalling with Klotho (Zhou et al., 2019), DKK1 (Kato et al., 2011; Shkreli et al., 2011) or VDR agonists (Shkreli et al., 2011) and genetic inhibition of β-catenin (Dai et al., 2009) can reduce proteinuria in adriamycin (ADR) nephropathy models.
In the absence of Wnt stimulation, cellular β-catenin expression is limited due to phosphorylation-triggered proteasomal degradation. Phosphorylated β-catenin is recognized by E3 ubiquitin ligases and is thus degraded by the proteasome (Valenta et al., 2012). Upon Wnt stimulation, β-catenin phosphorylation is inhibited to ensure β-catenin stabilization and subsequent nuclear translocation and activation (MacDonald et al., 2009).
Nuclear receptor interacting protein 2 (NRIP2) was initially described as a suppressor of the nuclear receptor (NR) by selectively binding the retinoic acid receptor (RAR) and the thyroid hormone receptor (THR) in a ligand-dependent manner in the mouse brain (Greiner et al., 2000). Recently, NRIP2 was shown to regulate colorectal cancer-initiating cell renewal as a Wnt pathway interactor, functioning as a novel molecule that cooperates with RORβ and HMG box-containing protein 1 (HBP1) to modulate Wnt activity (Wen et al., 2017). To date, the role of NRIP2 in podocyte injury has not been investigated. In the present work, we demonstrated that NRIP2 physically interacts with β-catenin and stabilizes it to prevent its degradation by the proteasome in podocytes. During podocyte injury, upregulated NRIP2 binds to, stabilizes and promotes the activation of β-catenin, leading to podocyte injury. Loss of NRIP2 ameliorates ADR-induced podocyte injury in vitro and in vivo.
MATERIALS AND METHODS
Antibodies
Rabbit anti-NRIP2 (Affinity, AF0597; IF/IHC: 1:100; WB: 1: 500); Mouse anti-WT1 (Dako, ISO5530; IF: ready-to-use); Rabbit anti-WT1 (Abcam, ab15249; IF: 1:200); Mouse anti-Total β-catenin (BD, 610154; IF/IHC: 1:100); Rabbit anti-Active β-catenin (CST, 8814; WB: 1: 1000); Rabbit anti-Ubiquitin (Proteintech, 10201-2-AP; WB: 1: 500); Rabbit anti-Col1a1 (CST, 72026; WB: 1:1000); Rabbit anti-α-SMA (GeneTex, GTX100034; IF: 1:200; WB: 1: 500); Goat anti-Synaptopodin (Santa Cruz, sc-21537; IF: 1: 300); Rabbit anti-GAPDH (EnoGene, E12-052; WB: 1: 5000); Mouse anti-β-Tubulin (Transgen, HC101-01; WB: 1: 5000).
siRNA and Plasmid
Negative control, human NRIP2 siRNAs (#1: GUG​UAG​TGT​GAT​UUA​AAG​A; #2: GAU​AGA​GAT​TUU​AGU​TCT​T), human β-catenin siRNA (GGA​UGU​UCA​CAA​CCG​AAU​UTT) were purchased from RIBOBIO Company (Guangzhou, China). NRIP2 and β-catenin (Full length and mutants) were synthesised from GenScript company and cloned into pcDNA3.1 backbone. pRK5-HA-ubiquitin was obtained from MiaoLing Plasmid Sharing Platform (P1761).
Human Podocyte Culture, Transfection and Immunoblot Analysis
The human podocyte cell line was provided by M. Saleem (Saleem et al., 2002) (University of Bristol, United Kingdom) and was cultured as described previously (Wu et al., 2014). Human podocytes in 6-well plates were ready for transfection. For transfection of plasmids or siRNA, jetPRIME in vitro DNA & siRNA transfection reagent (PolyPlus Transfection, pt-114-15) were used according to the manufacturer’s instructions. In brief, 2 µg plasmid was diluted into 200 µl jetPRIME buffer, mixed by vortex. After adding 4 µl jetPRIME reagent and incubating for 10 mins, the transfection mixture was added to the cells in serum containing medium. For siRNA transfection, 110 pmole siRNA was diluted into 200 µl jetPRIME buffer, mixed by vortex. After adding 3 µl jetPRIME reagent and incubating for 10 mins, the transfection mixture was added to the cells in serum containing medium. Cells were harvest at 24 h after transfection. Cells were treated with 10 µM Adriamycin (MCE, HY-15142) for 6 h and 5 µM MG132 (MCE, HY-13259) for 1 h before harvested.
Immunoprecipitation and Immunoblot Analysis
Human podocytes were lysed in M-PER™ Mammalian Protein Extraction Reagent (Thermo Fisher, 78501) with protease inhibitors, cell lysates were fractionated by SDS-PAGE (Future Biotech, F11412Gel & F15412Gel) and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore-Merck, United States) for immunoblot analysis.
For Immunoprecipitation, cells were lysed with Minute™ Total Protein Extraction Kit (Invent, SN-002), lysates were incubated with β-catenin antibody with protease inhibitors on a rotator overnight at 4°C. The protein/β-catenin complexes were prepared by adding 15 µl protein A/G Magnetic Beads (MCE, HY-K0202) for 3 h at 4°C. After several washes with cold PBS, the complexes were resuspended with 2 × SDS buffer and boiled for 10 min; supernatants were subjected to SDS-PAGE and immunoblot analysis.
For ubiquitination assays, transfected podocytes treated with or without MG132 were lysed in SN-002 with protease inhibitors, lysates were incubated with primary antibody as indicated on a rotator overnight at 4°C, and subjected to 15 µl protein A/G Magnetic Beads incubation (MCE, HY-K0202) for 3 h at 4°C. After several washes with cold PBS, the complexes were resuspended with 2 × SDS buffer and boiled for 10 min; supernatants were subjected to SDS-PAGE and immunoblot analysis with anti-Ubiquitin antibody.
Generation of Mice and Measurement of Urine Albumin and Creatinine
Nrip2 Knockout (KO) mice were customized in Cyagen Biosciences Inc. (Suzhou, China). KO mice were generated using CRISPR/Cas9 system (Target-1: TGG​AGC​TAG​TCA​TGC​ACC​TCT​GG and Target-2: AGG​TGG​ACT​AGA​CCG​GAG​AGG​GG) on C57BL/6N background. ADR (Sigma, United States, D1515) were injected at 20 mg/kg body via the tail vein in WT and Nrip2 KO mice at the age of 8-weeks-old, saline-injected mice were served as normal controls. ADR mice were sacrificed at 4 weeks after injection. Urine albumin was quantified by Albuwell M ELISA kit (Exocell, United States, 1011), Urine creatinine were examined with the same samples using Creatinine Companion (Exocell, United States, 1012). The urine albumin excretion was assessed using the ratio of albumin to creatinine. Genotyping primers used were: F1- CAA​AGA​AAG​GAA​GCC​AAG​CTG​GTA​C, R1- ACC​CTG​AGC​CTT​CTA​CCT​GTC​CTA​G, and R2- CTG​CTG​GCT​CCA​TCC​CAA​AAT​AG.
Kidney Histology
Kidneys of mice were fixed with 4% PFA overnight at 4°C and embedded with paraffin. Paraffin-embedded kidney tissues were cut into 2-μm. Sections were stained with Periodic Acid Schiff (PAS) for histology analysis. Quantification of glomerulosclerosis was measured using ImageJ (NIH).
Transmission Electron Microscopy
Kidney tissues were fixed in 4% glutaraldehyde with 0.1M cacodylate buffer (pH 7.2) for 4 h. Samples were further rinsed in cacodylate buffer and post-fixed in 1% OsO4 with 0.1M cacodylate buffer (pH 7.4) for 24 h, dehydrated in a series of ethanol and infiltrated overnight in a 1:1 mixture of epoxy resin and propylene oxide. Specimens were embedded with Eponate 12 (Ted Pella, United States) and polymerized at 60°C for 24 h. Ultrathin sections were stained with lead citrate and uranyl acetate and viewed on a HITACHI H-7500 microscope.
Patients’ Enrollment
Patients with FSGS were renal biopsy proven at National Clinical Research Center of Kidney Diseases, Jinling Hospital, Nanjing, China. The clinical characteristics of patients were detailed in Supplementary Table S1. Healthy control glomerular samples were obtained from surgical nephrectomies.
Immunohistochemistry and Immunofluorescence Staining
Paraffin-embedded kidney sections from human and mouse were deparaffinized, blocked with 10% BSA in PBS for 30 min at room temperature (RT) and then incubated with primary antibodies at 4°C overnight. The next day, after five times washes with PBS, incubate with secondary antibodies at RT for 1 h. For IHC staining, diaminobenzidine (DAB) color reaction was kept with a fixed exposure time for all experiments among the groups. Quantitation of IHC staining in the glomeruli was measured using ImageJ (NIH). For IF staining, Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed secondary antibody, Alexa Fluor 488 (ThermoFisher, A-11034, 1:200) and Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed secondary antibody, Alexa Fluor Plus 555 (ThermoFisher, A32727, 1:200) were incubated for 2 h in dark, and mounted with DAPI- Aqueous, Fluoroshield (Abcam, ab104139) for imaging.
Statistics
Data were represented as mean ± SD. Data between 2 groups were analysed using with two-tailed unpaired Student’s t test. All experiments were repeated for 3 times, representative experiments were exhibited. p < 0.05 were considered statistically significant.
Study Approval
All protocols regarding the use of human samples were approved by the Human Subjects Committee of Jinling Hospital and written/signed consent was obtained from all patients (2013KLY-013-02). Mice were grown and maintained following standard procedure approved by the Institutional Animal Care and Use Committee at Jinling Hospital.
RESULTS
NRIP2 Binds to β-Catenin in Human Podocytes
To investigate a direct role for NRIP2 in regulating β-catenin, we first examined whether NRIP2 and β-catenin are expressed under physiological conditions. We used whole-cell extracts for an immunoprecipitation assay, and the interaction between endogenous NRIP2 and β-catenin was detected in cultured human podocytes (Figure 1A). Furthermore, to delineate the region in β-catenin responsible for its interaction with NRIP2, we co-transfected different β-catenin deletion mutants as indicated in (Figure 1B) with NRIP2, and immunoprecipitation showed that deletion of the N-terminus changed the binding affinity of β-catenin for NRIP2; thus, the N-terminal domain of β-catenin mediates the interaction between NRIP2 and β-catenin.
[image: Figure 1]FIGURE 1 | NRIP2 binds to β-catenin in podocytes. (A) Coimmunoprecipitation (co-IP) of endogenous NRIP2 with β-catenin in podocytes. β-Catenin was immunoprecipitated, and the amount of NRIP2 bound to β-catenin was determined using immunoblotting analysis. Cells transfected with siRNAs targeting NRIP2 were used as negative controls. (B) The N-terminal domain of β-catenin mediates the interaction of β-catenin with NRIP2. Schematic illustration of full-length β-catenin and β-catenin mutants. Myc-tagged β-catenin and its deletion mutants lacking the C-terminus, N-terminus and armadillo domain were co-transfected with HA-NRIP2 in podocytes. After 24 h of transfection, the cells were lysed and subjected to IP with HA beads followed by IB with anti-Myc and anti-HA antibodies. FL, β-catenin full length; N+C, β-catenin full length lacking Armadillo domain; N+A, β-catenin full length lacking C terminus; N, β-catenin full length lacking both Armadillo domain and C terminus.
NRIP2 is Required for β-Catenin Stabilization
Subsequently, we examined whether NRIP2 regulates the abundance of β-catenin. NRIP2 knockdown with siRNA (#2 siRNA was used in the following experiments) decreased the levels of both total and active β-catenin (Figure 2A); conversely, MG132 treatment successfully restored the total β-catenin levels, suggesting that NRIP2 knockdown enhances β-catenin degradation by the proteasome (Figure 2B). To confirm the role of NRIP2 in preventing β-catenin degradation, we performed a ubiquitination assay. Comparing with control, NRIP2 knockdown enhanced β-catenin ubiquitination but reversed by MG132 (Figure 2B), in line with this, transient transfection of HA-tagged ubiquitin in podocytes resulted in increased levels of β-catenin ubiquitination; conversely, transfection of NRIP2 or treatment with MG132 blocked β-catenin ubiquitination (Figure 2C). In addition, transient overexpression of NRIP2 led to potent activation of β-catenin and induction of α-SMA, desmin and Col1a1, and these effects were attenuated by silencing β-catenin (Figures 3A,B). These results suggest that NRIP2 is critical for β-catenin stabilization and activation through the ubiquitin proteasomal pathway.
[image: Figure 2]FIGURE 2 | NRIP2 stabilizes β-catenin in podocytes. (A) Representative western blots showing quantification of NRIP2, total β-catenin and active β-catenin protein levels in podocytes transfected with negative control siRNA (siNC) or human NRIP2 siRNA (siNRIP2). (B) Representative western blots of total β-catenin protein levels in si-NC- and si-NRIP2-transfected podocytes incubated with 5 µM MG132 for 1 h, and immunoprecipitated with an anti-β-catenin antibody to detect the amount of ubiquitin bound to β-catenin. (C) Podocytes were transfected with the indicated plasmids. Cells were lysed and immunoprecipitated with an anti-β-catenin antibody, and the amount of ubiquitin bound to β-catenin was determined using immunoblot analysis.
[image: Figure 3]FIGURE 3 | Overexpression of NRIP2 activates β-catenin. (A,B) Representative western blots with quantification of the protein levels of NRIP2, total β-catenin, active β-catenin and downstream target proteins in normal control and NRIP2-overexpressing podocytes transfected with si-NC or si-β-catenin as indicated. Statistical analysis was performed with two-tailed unpaired Student’s t test. *p < 0.05, **p < 0.01.
NRIP2 is Critical for ADR-Induced β-Catenin Activation in vitro and in vivo
β-Catenin signalling plays a central role in mediating podocyte dedifferentiation and mesenchymal transition. We sought to ascertain the role of NRIP2 in regulating β-catenin signalling during podocyte injury and found that NRIP2 knockdown greatly inhibited ADR-induced expression of total and active β-catenin (Figure 4A), translocation of β-catenin into nucleus were also confirmed by IF staining (Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Loss of Nrip2 reduced ADR-induced podocyte injury and proteinuria in vitro and in vivo. (A) Representative western blots of total β-catenin, active β-catenin, NRIP2 and α-SMA in ADR-treated podocytes with or without si-NRIP2 transfection. (B) Urinary albumin/creatinine ratio (µg/mg) in the control WT, control KO, ADR-WT, and ADR-KO groups. (C) Representative PAS staining and TEM images in the control WT, control KO, ADR-WT, and ADR-KO groups. (D) Quantification of glomerulosclerosis in the four groups. (E) Quantification of foot process width (nm) in the four groups. N = 5 in each group; the data are shown as the mean ± SD values; statistical analysis was performed with two-tailed unpaired Student’s t test. *p < 0.05, **p < 0.01. ***p < 0.001.
To investigate the protective effects of NRIP2 deletion in a murine model of experimental nephropathy, we established a model of ADR nephropathy. We generated mice with global allelic knockout of Nrip2 using the CRISPR/Cas9 approach (Supplementary Figure S1A) on a C57BL/6N background, which exhibits ADR susceptibility (Arif et al., 2016). Loss of Nrip2 in the knockout (KO) mice was confirmed by western blotting (WB) of kidney cortices (Supplementary Figure S1B). No developmental defects were observed in Nrip2 KO mice.
As expected, ADR-treated WT mice developed severe albuminuria, while ADR-treated KO mice displayed much lower proteinuria levels (Figure 4B). Histological examination using light microscopy and transmission electron microscopy (TEM) (Figure 4C) revealed that ADR-treated WT mice developed segmental glomerulosclerosis (Figure 4D) and podocyte foot process effacement (Figure 4E), while ADR-treated KO mice displayed a normal histological structure. Immunostaining (Figures 5A,B) confirmed the downregulation of podocin, synaptopodin and WT1 and the upregulation of β-catenin, snail1, α-SMA and Col1a1 in ADR-treated WT mice. Comparatively, the expression of podocin, synaptopodin and WT1 was normal in ADR-treated KO mice, and the activation of β-catenin and its target genes snail1, α-SMA and Col1a1 was blocked in ADR-treated KO mice. These data demonstrate that loss of Nrip2 ameliorates podocyte injury, proteinuria and glomerulosclerosis by inhibiting β-catenin activation.
[image: Figure 5]FIGURE 5 | NRIP2 is required for β-catenin activation during podocyte injury. (A) Immunohistochemical (IHC) and immunofluorescence (IF) staining showed the expression patterns of β-catenin and its downstream target genes as well as podocyte markers, including synaptopodin, Nphs2 and WT1, in different groups as indicated. (B) Representative quantification in the glomerulus. Statistical analysis was performed with two-tailed unpaired Student’s t test. *p < 0.05. *p < 0.01.
NRIP2 is Upregulated in Podocytes From NS Patients
To determine whether our findings have clinical relevance, we examined NRIP2 expression in human kidneys using the Nephroseq database (http://www.nephroseq.org) (Ju et al., 2015), which showed (Figure 6A) that glomerular expression of NRIP2 was induced in kidneys from human patients with minimal change disease (MCD), FSGS and membranous nephropathy (MN) but not in kidneys from those with IgA nephropathy (IgAN). We also examined NRIP2 expression using an internal microarray dataset (GEO: GSE129973), which showed (Figure 6B) that glomerular expression of NRIP2 was also upregulated in kidneys of human patients with FSGS. We further determined that the glomerular NRIP2 level was increased in biopsy samples of FSGS patients in comparison with normal controls. IHC staining (Figure 7A) of NRIP2 in biopsy samples of FSGS patients confirmed its predominant expression in podocytes, where it was colocalized with WT1 (Figure 7B). We also observed the colocalization of NRIP2 and β-catenin in biopsy samples of FSGS patients by immunofluorescence staining (Figure 7C). These results therefore confirmed a role of NRIP2 in podocyte injury.
[image: Figure 6]FIGURE 6 | NRIP2 expression in human kidneys. (A) NRIP2 mRNA expression in dissected glomeruli from healthy living donor and NS kidney biopsy samples (Ju CKD). Statistical analysis was performed with a 2-tailed, unpaired t test. (B) NRIP2 mRNA expression in dissected glomeruli from healthy living donor and FSGS kidney biopsy samples, N = 20. statistical analysis was performed with two-tailed unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
[image: Figure 7]FIGURE 7 | Validation of NRIP2 expression in human kidney samples. (A) Representative IHC staining of NRIP2 (black arrows) and quantification in the glomerulus. N = 5; statistical analysis was performed with a 2-tailed, unpaired t test. (B) IF staining image clearly showing NRIP2 localized with WT1 (white arrows) in podocytes from healthy control and human patients with FSGS; scale bar: 50 µm. (C) Representative images of IF staining clearly showing NRIP2 localized with β-catenin (white arrows) in podocytes from human patients with FSGS but not in control podocytes; scale bar: 50 μm statistical analysis was performed with two-tailed unpaired Student’s t test. ***p < 0.01.
DISCUSSION
In summary, the present work revealed a role of NRIP2 in stabilizing β-catenin in podocytes, and this role of NRIP2 is involved in podocyte injury in NS patients.
β-Catenin signalling has a central role in mediating podocyte damage and proteinuria. During podocyte injury, β-catenin activation is dependent on receptor of advanced glycation end products (RAGE)-mediated NADPH oxidase induction, reactive oxygen species generation, and nuclear factor-κB activation (Zhou et al., 2019); β-catenin activation is negatively regulated by peroxisome proliferator-activated receptor γ (PPARγ) (Zhou et al., 2017) and signal regulatory protein α (SIRPα) (Li et al., 2019). β-Catenin is also regulated by miR-466o-3p (Chen et al., 2020) and the lncRNA MALAT1 (Hu et al., 2017), and protein kinase C stabilizes β-catenin and regulates its subcellular localization in podocytes (Duong et al., 2017). However, the regulation of β-catenin in podocytes is still largely uncharacterized.
Stabilization of β-catenin is important for its nuclear translocation and subsequent activation (Yang et al., 2011; Griffin et al., 2018). To date, a number of β-catenin stabilizers have been identified. For example, DHX32 interacts with and stabilizes β-catenin to promote angiogenesis in colorectal cancer cells (Lin et al., 2017), the redox-sensitive enzyme SENP3 interacts with β-catenin and inhibits its proteasome-dependent degradation in vascular smooth muscle cells (Cai et al., 2021), and MRP4 sustains β-catenin signalling by binding to β-catenin and blocking its degradation in the receptive endometrium to facilitate IVF (Chen et al., 2019).
Here, we describe that NRIP2 is necessary for β-catenin stabilization and activation in podocytes. Enhanced β-catenin degradation was observed in NRIP2-knockdown podocytes but was blocked by MG132 treatment, which means that β-catenin degradation is ubiquitin–proteasome-dependent. The interaction of NRIP2 and β-catenin was required for β-catenin stabilization. Additionally, reinforced expression of NRIP2 in podocytes was sufficient to activate β-catenin. Collectively, our findings indicate that NRIP2 interacts with and stabilizes β-catenin in podocytes.
Furthermore, our in vitro and in vivo data demonstrate that NRIP2 is required for β-catenin activation during podocyte injury. In vitro, β-catenin activation was dramatically activated in ADR-treated podocytes but totally blocked in NRIP2-knockdown podocytes. In vivo, NRIP2 knockout ameliorated podocyte injury and proteinuria in mice with ADR nephropathy by inhibiting β-catenin activation and the expression of its downstream target genes. In NS patients, glomerular expression of NRIP2 was found to be significantly upregulated and mainly localized in podocytes. The interaction of NRIP2 and β-catenin was observed in podocytes from FSGS patients. These data summarize the importance of NRIP2 for β-catenin activation during podocyte injury.
It is well known that β-catenin signalling is essential for kidney development (Park et al., 2007; Boivin et al., 2015; Drake et al., 2020), but no kidney developmental defects are observed in NRIP2 KO mice. The limitations of this study are as follows: 1) we could not preclude the effects of NRIP2 loss in cells other than podocytes, 2) we did not explore which E3 ubiquitin ligase competes with NRIP2 to recognize β-catenin in podocytes, and 3) whether NRIP2 cooperates with β-catenin to drive target gene expression remains unknown, because NRIP1 (Vivante et al., 2017) encodes a nuclear receptor transcriptional cofactor that directly interacts with RARs to modulate retinoic acid transcriptional activity during kidney development.
In conclusion, we describe a previously unsuspected protein–protein interaction between NRIP2 and β-catenin and show that this interaction is important for stabilizing β-catenin in podocytes.
DATA AVAILABILITY STATEMENT
All relevant data are available from the authors on request and/or are included with the article (as figure source data or Supplementary Material). The accession number for the microarray raw data reported in this work is GEO: GSE129973.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Human Subjects Committee of Jinling Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at Jinling Hospital.
AUTHOR CONTRIBUTIONS
ZL and ZC conceived and designed the research; QH, SK, and YL performed in vitro and in vivo experiments, WL and JS analyzed transcriptomic data, CHZ analyzed histology, QH and WL wrote the manuscript. ZL reviewed and edited the manuscript.
FUNDING
This work was supported by The National Natural Science Foundation of China (82070755 and 81970620), Jiangsu Basic Research Program (BK20181237, BK20201235), and Jiangsu Biobank of Clinical Resources (BM2015004-1).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.781792/full#supplementary-material
REFERENCES
 Arif, E., Solanki, A. K., and Nihalani, D. (2016). Adriamycin Susceptibility Among C57BL/6 Substrains. Kidney Int. 89 (3), 721–723. doi:10.1016/j.kint.2015.10.019
 Boivin, F. J., Sarin, S., Evans, J. C., and Bridgewater, D. (2015). The Good and Bad of β-Catenin in Kidney Development and Renal Dysplasia. Front. Cell Dev. Biol. 3, 81. doi:10.3389/fcell.2015.00081
 Bose, M., Almas, S., and Prabhakar, S (2017). Wnt Signaling and Podocyte Dysfunction in Diabetic Nephropathy. J. Investig. Med. 65 (8), 1093–1101. doi:10.1136/jim-2017-000456
 Cai, Z., Wang, Z., Yuan, R., Cui, M., Lao, Y., Wang, Y., et al. (2021). Redox-sensitive Enzyme SENP3 Mediates Vascular Remodeling via De-SUMOylation of β-catenin and Regulation of its Stability. EBioMedicine 67, 103386. doi:10.1016/j.ebiom.2021.103386
 Chen, J.-J., Xiao, Z.-J., Meng, X., Wang, Y., Yu, M. K., Huang, W. Q., et al. (2019). MRP4 Sustains Wnt/β-Catenin Signaling for Pregnancy, Endometriosis and Endometrial Cancer. Theranostics 9 (17), 5049–5064. doi:10.7150/thno.32097
 Chen, Q., Chen, J., Wang, C., Chen, X., Liu, J., Zhou, L., et al. (2020). MicroRNA‐466o‐3p Mediates β‐catenin‐induced Podocyte Injury by Targeting Wilms Tumor 1. FASEB j. 34 (11), 14424–14439. doi:10.1096/fj.202000464r
 Dai, C., Stolz, D. B., Kiss, L. P., Monga, S. P., Holzman, L. B., and Liu, Y. (2009). Wnt/β-Catenin Signaling Promotes Podocyte Dysfunction and Albuminuria. Jasn 20 (9), 1997–2008. doi:10.1681/asn.2009010019
 Drake, K. A., Chaney, C. P., Das, A., Roy, P., Kwartler, C. S., Rakheja, D., et al. (2020). Stromal β-catenin Activation Impacts Nephron Progenitor Differentiation in the Developing Kidney and May Contribute to Wilms Tumor. Development 147 (21), dev189597. doi:10.1242/dev.189597
 Duong, M., Yu, X., Teng, B., Schroder, P., Haller, H., Eschenburg, S., et al. (2017). Protein Kinase C ϵ Stabilizes β-catenin and Regulates its Subcellular Localization in Podocytes. J. Biol. Chem. 292 (29), 12100–12110. doi:10.1074/jbc.m117.775700
 Greiner, E. F., Kirfel, J., Greschik, H., Huang, D., Becker, P., Kapfhammer, J. P., et al. (2000). Differential Ligand-dependent Protein-Protein Interactions between Nuclear Receptors and a Neuronal-specific Cofactor. Proc. Natl. Acad. Sci. 97 (13), 7160–7165. doi:10.1073/pnas.97.13.7160
 Griffin, J. N., Del Viso, F., Duncan, A. R., Robson, A., Hwang, W., Kulkarni, S., et al. (2018). RAPGEF5 Regulates Nuclear Translocation of β-Catenin. Dev. Cell 44 (2), 248–260. e4. doi:10.1016/j.devcel.2017.12.001
 He, W., Tan, R., Dai, C., Li, Y., Wang, D., and Hao, S. (2010). Plasminogen Activator Inhibitor-1 Is a Transcriptional Target of the Canonical Pathway of Wnt/β-Catenin Signaling. J. Biol. Chem. 285 (32), 24665–24675. doi:10.1074/jbc.m109.091256
 Heikkilä, E., Juhila, J., Lassila, M., Messing, M., Perälä, N., Lehtonen, E., et al. (2010). Beta-Catenin Mediates Adriamycin-Induced Albuminuria and Podocyte Injury in Adult Mouse Kidneys. Nephrol. Dial. Transpl. 25 (8), 2437–2446. doi:10.1093/ndt/gfq076
 Hu, M., Wang, R., Li, X., Fan, M., Lin, J., Zhen, J., et al. (2017). LncRNA MALAT1 Is Dysregulated in Diabetic Nephropathy and Involved in High Glucose-Induced Podocyte Injuryviaits Interplay with β-catenin. J. Cell. Mol. Med. 21 (11), 2732–2747. doi:10.1111/jcmm.13189
 Ju, W., Nair, V., Smith, S., Zhu, L., Shedden, K., Song, P. X. K., et al. (2015). Tissue Transcriptome-Driven Identification of Epidermal Growth Factor as a Chronic Kidney Disease Biomarker. Sci. Transl Med. 7 (316), 316ra193. doi:10.1126/scitranslmed.aac7071
 Kato, H., Gruenwald, A., Suh, J. H., Miner, J. H., Barisoni-Thomas, L., Taketo, M. M., et al. (2011). Wnt/β-Catenin Pathway in Podocytes Integrates Cell Adhesion, Differentiation, and Survival. J. Biol. Chem. 286 (29), 26003–26015. doi:10.1074/jbc.m111.223164
 Kopp, J. B., Anders, H.-J., Susztak, K., Podestà, M. A., Remuzzi, G., Hildebrandt, F., et al. (2020). Podocytopathies. Nat. Rev. Dis. Primers 6 (1), 68. doi:10.1038/s41572-020-0196-7
 Li, L., Liu, Y., Li, S., Yang, R., Zeng, C., Rong, W., et al. (2019). Signal Regulatory Protein α Protects Podocytes through Promoting Autophagic Activity. JCI Insight 5 (9), e124747. doi:10.1172/jci.insight.124747
 Lin, H., Fang, Z., Su, Y., Li, P., Wang, J., Liao, H., et al. (2017). DHX32 Promotes Angiogenesis in Colorectal Cancer through Augmenting β-catenin Signaling to Induce Expression of VEGFA. EBioMedicine 18, 62–72. doi:10.1016/j.ebiom.2017.03.012
 MacDonald, B. T., Tamai, K., and He, X. (2009). Wnt/β-Catenin Signaling: Components, Mechanisms, and Diseases. Dev. Cel 17 (1), 9–26. doi:10.1016/j.devcel.2009.06.016
 Park, J.-S., Valerius, M. T., and McMahon, A. P. (2007). Wnt/β-catenin Signaling Regulates Nephron Induction during Mouse Kidney Development. Development 134 (13), 2533–2539. doi:10.1242/dev.006155
 Saleem, M. A. (2019). Molecular Stratification of Idiopathic Nephrotic Syndrome. Nat. Rev. Nephrol. 15 (12), 750–765. doi:10.1038/s41581-019-0217-5
 Saleem, M. A., and Welsh, G. I. (2019). Podocyte RhoGTPases: New Therapeutic Targets for Nephrotic Syndrome. F1000Res 8, F1000. doi:10.12688/f1000research.20105.1
 Saleem, M. A., O’Hare, M. J., Reiser, J., Coward, R. J., Inward, C. D., Farren, T., et al. (2002). A Conditionally Immortalized Human Podocyte Cell Line Demonstrating Nephrin and Podocin Expression. Jasn 13 (3), 630–638. doi:10.1681/asn.v133630
 Shkreli, M., Sarin, K. Y., Pech, M. F., Papeta, N., Chang, W., Brockman, S. A., et al. (2011). Reversible Cell-Cycle Entry in Adult Kidney Podocytes through Regulated Control of Telomerase and Wnt Signaling. Nat. Med. 18 (1), 111–119. doi:10.1038/nm.2550
 Valenta, T., Hausmann, G., and Basler, K. (2012). The many Faces and Functions of β-catenin. EMBO J. 31 (12), 2714–2736. doi:10.1038/emboj.2012.150
 Vivante, A., Mann, N., Yonath, H., Weiss, A.-C., Getwan, M., Kaminski, M. M., et al. (2017). A Dominant Mutation in Nuclear Receptor Interacting Protein 1 Causes Urinary Tract Malformations via Dysregulation of Retinoic Acid Signaling. Jasn 28 (8), 2364–2376. doi:10.1681/asn.2016060694
 Wang, D., Dai, C., Li, Y., and Liu, Y. (2011). Canonical Wnt/β-Catenin Signaling Mediates Transforming Growth Factor-Β1-Driven Podocyte Injury and Proteinuria. Kidney Int. 80 (11), 1159–1169. doi:10.1038/ki.2011.255
 Wen, Z., Pan, T., Yang, S., Liu, J., Tao, H., Zhao, Y., et al. (2017). Up-regulated NRIP2 in Colorectal Cancer Initiating Cells Modulates the Wnt Pathway by Targeting RORβ. Mol. Cancer 16 (1), 20. doi:10.1186/s12943-017-0590-2
 Wu, J., Zheng, C., Fan, Y., Zeng, C., Chen, Z., Qin, W., et al. (2014). Downregulation of microRNA-30 Facilitates Podocyte Injury and Is Prevented by Glucocorticoids. Jasn 25 (1), 92–104. doi:10.1681/asn.2012111101
 Yang, W., Xia, Y., Ji, H., Zheng, Y., Liang, J., Huang, W., et al. (2011). Nuclear PKM2 Regulates β-catenin Transactivation upon EGFR Activation. Nature 480 (7375), 118–122. doi:10.1038/nature10598
 Zhou, L., Chen, X., Lu, M., Wu, Q., Yuan, Q., Hu, C., et al. (2019). Wnt/β-catenin Links Oxidative Stress to Podocyte Injury and Proteinuria. Kidney Int. 95 (4), 830–845. doi:10.1016/j.kint.2018.10.032
 Zhou, L., Li, Y., Hao, S., Zhou, D., Tan, R. J., Nie, J., et al. (2015). Multiple Genes of the Renin-Angiotensin System Are Novel Targets of Wnt/β-Catenin Signaling. Jasn 26 (1), 107–120. doi:10.1681/asn.2014010085
 Zhou, L., Li, Y., He, W., Zhou, D., Tan, R. J., Nie, J., et al. (2015). Mutual Antagonism of Wilms' Tumor 1 and β-Catenin Dictates Podocyte Health and Disease. Jasn 26 (3), 677–691. doi:10.1681/asn.2013101067
 Zhou, L., and Liu, Y. (2015). Wnt/β-catenin Signalling and Podocyte Dysfunction in Proteinuric Kidney Disease. Nat. Rev. Nephrol. 11 (9), 535–545. doi:10.1038/nrneph.2015.88
 Zhou, Z., Wan, J., Hou, X., Geng, J., Li, X., and Bai, X. (2017). MicroRNA-27a Promotes Podocyte Injury via PPARγ-Mediated β-catenin Activation in Diabetic Nephropathy. Cell Death Dis 8 (3), e2658. doi:10.1038/cddis.2017.74
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Hou, Le, Kan, Shi, Lang, Liu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-09-781792-g005.gif





OPS/images/fcell-09-781792-g006.gif





OPS/images/fcell-09-781792-g003.gif





OPS/images/fcell-09-781792-g004.gif





OPS/images/fcell-09-781792-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Nuclear Receptor Interacting Protein-2 Mediates the Stabilization and Activation of β-Catenin During Podocyte Injury		Introduction

		Materials and Methods		Antibodies

		siRNA and Plasmid

		Human Podocyte Culture, Transfection and Immunoblot Analysis

		Immunoprecipitation and Immunoblot Analysis

		Generation of Mice and Measurement of Urine Albumin and Creatinine

		Kidney Histology

		Transmission Electron Microscopy

		Patients’ Enrollment

		Immunohistochemistry and Immunofluorescence Staining

		Statistics

		Study Approval





		Results		NRIP2 Binds to β-Catenin in Human Podocytes

		NRIP2 is Required for β-Catenin Stabilization

		NRIP2 is Critical for ADR-Induced β-Catenin Activation in vitro and in vivo

		NRIP2 is Upregulated in Podocytes From NS Patients





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Nuclear Receptor Interacting
Protein-2 Mediates the
Stabilization and Activation of
B-Catenin During Podocyte Injury





OPS/images/fcell-09-781792-g001.gif





OPS/images/fcell-09-781792-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





