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Transient Receptor Potential Channel 6 Knockout Ameliorates Kidney Fibrosis by Inhibition of Epithelial–Mesenchymal Transition
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Kidney fibrosis is generally confirmed to have a significant role in chronic kidney disease, resulting in end-stage kidney failure. Epithelial–mesenchymal transition (EMT) is an important molecular mechanism contributing to fibrosis. Tubular epithelial cells (TEC), the major component of kidney parenchyma, are vulnerable to different types of injuries and are a significant source of myofibroblast by EMT. Furthermore, TRPC6 knockout plays an anti-fibrotic role in ameliorating kidney damage. However, the relationship between TRPC6 and EMT is unknown. In this study, TRPC6−/− and wild-type (WT) mice were subjected to a unilateral ureteric obstruction (UUO) operation. Primary TEC were treated with TGF-β1. Western blot and immunofluorescence data showed that fibrotic injuries alleviated with the inhibition of EMT in TRPC6−/− mice compared to WT mice. The activation of AKT-mTOR and ERK1/2 pathways was down-regulated in the TRPC6−/− mice, while the loss of Na+/K+-ATPase and APQ1 was partially recovered. We conclude that TRPC6 knockout may ameliorate kidney fibrosis by inhibition of EMT through down-regulating the AKT-mTOR and ERK1/2 pathways. This could contribute to the development of effective therapeutic strategies on chronic kidney diseases.

Keywords: EMT, TRPC6, TEC, UUO, kidney fibrosis, TGF-β1


INTRODUCTION

Kidney fibrosis is the end-stage of all progressive chronic kidney diseases, which can be caused by urinary obstruction and may develop into end-stage renal disease (Paniagua-Sierra and Galvan-Plata, 2017). Kidney fibrosis, including interstitial fibrosis, is characterized by proliferation of tubular epithelial cells (TEC) and interstitial cells, loss of glomerular and peritubular capillary architecture, and accumulation of the extracellular matrix (ECM) (Liu, 2011). Furthermore, the reduction of kidney parenchyma function is strongly related to the kidney fibrosis, which leads to compromised kidney insufficiency (Zeisberg and Kalluri, 2013). TEC, the major component of kidney parenchyma, often suffer ill-effects from different types of kidney injuries (Liu, 2004). As such, an increasing number of studies on kidney fibrosis have been devoted to the exploration of TEC. Previous studies have shown that exploring the complex cellular mediators and molecular mechanisms of kidney fibrosis could offer new treatment avenues for chronic kidney disease (Bechtel et al., 2010; Sugimoto et al., 2012; LeBleu et al., 2013). However, no effective treatment to inhibit the onset or progress of chronic kidney disease has been discovered, and the occurrence of kidney fibrosis is still on the rise. Therefore, further investigation in kidney fibrosis is urgently needed.

In recent years, kidney fibrosis studies have shown that TEC, rather than being victims or bystanders, are likely an originator of the interstitial fibrosis reaction to a variety of injuries (Gewin, 2018; Liu et al., 2018). Importantly, TEC, as a vital source of myofibroblasts, contribute to kidney fibrosis by transitioning cells to mesenchymal characteristics (Iwano et al., 2002; Kalluri and Weinberg, 2009). The process is known as epithelial–mesenchymal transition (EMT) and may be induced by TGF-β1 (Hay, 1995). Many studies have suggested that EMT is a significant process in kidney fibrosis (Lovisa et al., 2015, 2016). Generally speaking, during EMT, epithelial cells lose their junctions, break apical–basal polarity, remodel their cytoskeleton, and experience signal process changes that define cell shape and reset gene expression (Thiery and Sleeman, 2006; Thiery et al., 2009). Epithelial cells then reveal some plasticity and lose epithelial markers such as E-cadherin (E-cad) and Cadherin-16 (Cadh16). Cadh16, as a kidney-specific cadherin, is present in kidney tubular epithelial cells (Grande et al., 2015). Simultaneously, other changes occur, such as the development of spindle-shaped morphology, which is characteristic of mesenchymal cell lines, and the improved producing capacity of extracellular matrix. In addition, during EMT, cells express mesenchymal-related molecular markers, such as α-SMA and vimentin (Radisky et al., 2007; Quaggin and Kapus, 2011), and the transcription factor snail1 is activated, which inhibits the expression of epithelial genes (Barrallo-Gimeno and Nieto, 2005; Peinado et al., 2007; Xu et al., 2009), especially E-cad and Cadh16 (Horikawa et al., 2011; Lin X. et al., 2019).

It is well-known that EMT has been observed in tissue modeling and remodeling (Katz et al., 2002; Coresh et al., 2007) and is integral to embryonic development and the physiopathology mechanism reactivated in wound healing, fibrosis, and cancer progression (Chapman, 2011; Liu et al., 2014; Gewin, 2018). Of note, EMT is triggered by pleiotropic signaling factors, including the TGFβ superfamily, epidermal growth factor (EGF), Sonic Hedgehog (Shh), fibroblast growth factor (FGF), and Wnt/β-catenin. TGF-β1 is an especially powerful inducer of EMT in vitro and in vivo and has been shown to be important in the activation and maintenance of fibrosis (Tamaki et al., 1994; Eddy, 1996; Holian et al., 2008). Fibrosis were initiated by TGF-β1 through Smad-dependent (canonical) and Smad-independent (non-canonical) pathways. Several Smad-independent pathways were activated in the process of EMT including the phosphatidylinositol-3′-kinase (PI3K), AKT (Pillow et al., 2014), ERK1/2, p38, and Ras- and Rho-GTPases (Moustakas and Heldin, 2005; Zhang, 2018). Furthermore, the AKT-mTOR pathway is activated to produce the transcriptional factor snail1, which can suppress the expression of E-cad in the process of EMT (Grille et al., 2003). ERK1/2 pathway is also activated in EMT and induced by TGF-β1 (Grande et al., 2002; Xie et al., 2004). Appropriate EMT induced by injury is beneficial; however, exaggerated EMT caused by healing can lead to tissue scarring or fibrosis. In addition to findings in experimental animal models, EMT of TEC was also detected in human fibrotic kidneys and was associated with disease progression (Rastaldi, 2006; Hertig et al., 2008).

Transient receptor potential channels (TRPCs) were first observed in Drosophila, in which the photoreceptors exhibited a transient voltage response when treated with a continuous light as trp gene mutations equipped (Minke, 1977; Montell et al., 1985). Distinct from other ion channels, TRPCs are classified by their homology and not by the function of ligand or selectivity, as TRPCs are too complex to elucidate their function. TRPC1 forms heteromeric channels with TRPC4 and/or TRPC5 and was the first mammalian TRPC reported (Wes et al., 1995). TRPC3, TRPC6, and TRPC7 proteins share 75% identity and are sensitive to the intracellular concentration of Ca2+. TRPC2 seems to be a pseudogene in humans. TRPC6 is strongly involved in kidney diseases on the basis of wide expression in kidney cells, such as podocytes, glomerular mesangial cells, and TEC (Shen et al., 2013, 2014; Schlondorff, 2017; Wu et al., 2017). Mutation in TRPC6 would also cause kidney dysfunction. A single-point mutation in TRPC6, P112Q, is sufficient to lead to focal segmental glomerular sclerosis FSGS (Winn et al., 2005). Other mutations in TRPC6 that lead to nephrosis have been identified (Moller et al., 2007). In addition, it has been found that TRPC6 inactivation or inhibition is involved in the protective role of severe nephrosis (Kim et al., 2018; Lin B. L. et al., 2019). Therefore, increasing interest has been focused on TPRC6 as a potential therapeutic target of acquired kidney diseases.

EMT can be elicited in fibrotic kidney after unilateral ureteral obstruction (Iwano et al., 2002; Klahr and Morrissey, 2003). Inhibition of TRPC6 ameliorates fibrotic damage and contributes to kidney protection (Wu et al., 2017). Yet, the relationship between TRPC6 and EMT in kidney fibrosis is poorly understood. Moreover, the vast majority of studies on fibrosis of EMT were conducted on the animal models and cell lines, while few studies have been performed on the primary culture cells. Therefore, we aimed to study the important role of TRPC6 in the process of EMT after fibrotic injury in animal models and primary TEC.

In the current study, we found that TRPC6 knockout could alleviate kidney tubulointerstitial fibrosis mediated by EMT after unilateral ureteric obstruction (UUO) in vivo. We also found that EMT is more down-regulated in primary TEC induced by TGF-β1 from TRPC6−/− mice than from the wild-type (WT) mice in vitro. The pathways of the AKT-mTOR and ERK1/2 were both activated in the obstructed kidney and the primary TEC treated with TGF-β1, and down-regulation of AKT-mTOR and ERK1/2 signaling pathways were found in TRPC6−/− mice. We thus hypothesized that TRPC6 knockout may inhibit EMT to ameliorate the kidney injury by down-regulating the AKT-mTOR and ERK1/2 signaling pathways.



MATERIALS AND METHODS


Chemicals and Reagents

Sources of antibodies and reagents were as follows:

Anti-AKT (Cell Signaling Technology, Danvers, MA, USA), anti-p-AKT (Ser473) (Cell Signaling Technology, Danvers, MA, USA), anti-p-ERK1/2 (Cell Signaling Technology, Danvers, MA, USA), anti-ERK1/2 (Cell Signaling Technology, Danvers, MA, USA), anti-p-mTOR (Cell Signaling Technology, Danvers, MA, USA), anti-mTOR (Cell Signaling Technology, Danvers, MA, USA), anti-E-cad (Cell Signaling Technology, Danvers, MA, USA), anti-Cadh16 (Proteintech, Chicago, Illinois, USA), anti-snail1(Cell Signaling Technology:3879s), anti-α-SMA (Boster, Wuhan, Hubei, China), anti-AQP1 (Proteintech, Chicago, Illinois, USA), anti-ATP (Proteintech, Chicago, Illinois, USA), anti-TGF-β1 (Proteintech, Chicago, Illinois, USA), anti-GAPDH (Proteintech, Chicago, Illinois, USA), anti-TRPC6 (Alomone, Jerusalem, Israel), anti-TRPC3 (Alomone:ACC-016), anti-mouse IgG (KeRui, Wuhan, Hubei, China), anti-rabbit IgG antibody (KeRui, Wuhan, Hubei, China), recombinant human TGF-β1 (Cell Signaling Technology, Danvers, MA, USA), HYP9 (MedChem, Shanghai, China), and type-2 collagenase (Worthington Biochemical Corporation, Lakewood, Colorado, USA).

DMEM/f12 and FBS were purchased from Invitrogen (Chicago, California, USA). The whole sagittal section of the kidney was scanned by Biossci Biotechnology Company (Wuhan, Hubei, China).



Mice Models

TRPC6−/− mice on a 129SvEv background were reconstituted at the Comparative Medicine Branch (CMB) of the National Institute of Environmental Health Sciences (NIEHS), North Carolina, USA. WT mice, which served as controls for the knockout mice, were also obtained from NIEHS. Mice were permitted ad libitum access to food and water. Mice were kept on a 12-h light/12-h dark cycle in a temperature-controlled room. The protocols were conducted on adult male 8–10-week-old TRPC6−/− mice weighing 20–25 g and their age-matched WT 129SvEv controls. The experiments were carried out in strict accordance with the standard biosecurity and institutional safety procedures of the Laboratory of Huazhong University of Science and Technology. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at Tongji Medical College, Huazhong University of Science and Technology.



Experimental Unilateral Ureteric Obstruction

Animals were anesthetized with chloral hydrate before surgery. The surgery of UUO was performed as reported previously (Pang et al., 2009, 2010). Briefly, the left ureter was exposed via a midline abdominal incision under general anesthesia, ligated in two places using 4–0 surgical silk, and cut off between two ligatures. The right ureter was kept intact. In the study, the obstructed left kidney was used for fibrosis analysis, and the contralateral, non-obstructed kidney was used as controls (Masterson et al., 2004). UUO mice were sacrificed on days 3, 7, or 15 after UUO. Kidneys were immediately removed, decapsulated, and cut into small pieces for subsequent protein studies or stored at −80°C. One portion of the kidneys was collected and fixed in 4% neutral-buffered formalin for subsequent histologic and immunohistochemical staining.



Isolation and Primary Culture of Kidney TEC

Under sterile conditions, primary TEC were extracted and cultured from age-matched male mice on the basis of established culture methods in our lab (Barrallo-Gimeno and Nieto, 2005; Hou et al., 2018). Mice were sacrificed by cervical dislocation, and kidney tissues were collected. After carefully removing the capsule, the cortical tissues were isolated from the kidney, cut into small pieces, and mixed with the type-2 collagenase [DS with 0.1% (wt/vol)] to fully digest in a shaking temperature-controlled water bath kettle for 15 min about three–four times at 37°C. After removal of the supernatant, digestive liquid was added into an equal volume of pre-cold DMEM/F12 supplemented with 10% FBS to terminate digestion and then filtered by two nylon sieves (pore sizes 180 and 75 μm, Bio-Swamp, Wuhan, Hubei, China). The kidney tubular fragments were collected from the 75-μm sieve and resuspended in culture medium after centrifugation for 5 min at 500 g. The culture medium contained DMEM/F12 supplemented with 10% FBS, 1% penicillin/streptomycin, HEPES 15 mM, insulin 10 μg/ml, L-glutamine 2.5 mM, selenium 5 μg/ml (Sigma, St. Louis, Missouri, USA), transferrin 5.5 μg/ml, and sodium pyruvate 0.55 mM (Bio-Swamp, Wuhan, Hubei, China). The fragment tissues were maintained in a standard humidified incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C and in 5% CO2-95% air, with culture medium being changed initially at day 3 and subsequently every 2 days. About 5 days later, primary outgrowth cells from tubular fragment were developed as a confluent monolayer and trypsinized for following experiments.

Occasionally, the fragments were seeded onto polylysine-coated glass slides for following cell immunofluorescence analysis.



Cell Culture and Treatments

Primary TEC were cultured in DMEM/F12 supplemented with 10% FBS and other nutrient factors. After the standard culture of 3 days, the TEC were treated with 5 ng/ml TGF-β1 for 72 h to induce EMT in vitro (Zhou T. et al., 2018). Culture medium with TGF-β1 was replaced every 2 days, and 10 Mm of HYP9 was added into the culture medium for 1.5 h prior to the treatment of TGF-β1 in experiments (Zhou L. F. et al., 2018).



Histology and Histopathology

Morphology changes of the kidney were examined by hematoxylin and eosin (HE), Masson, and Sirius Red staining. Kidneys were collected and fixed with 4% paraformaldehyde, dehydrated by sucrose, and embedded in OCT compound, then sectioned in 6-μm thickness. The kidney cryosections were washed three times with PBS at room temperature and stained, respectively, with relevant reagents of HE, Masson, and Sirius red by standard protocol. The staining sections were detected by an optical microscope (Olympus, Tokyo, Japan) at ×200 magnification to analyze the interstitial fibrosis of UUO. Kidney injury was confirmed by interstitial fibrosis and tubular damage, which were defined by the structure, integrity of the basal membrane, and of the brush border and the dimension, compared to the healthy kidney tubule.



Immunofluorescence Staining

Immunofluorescence analysis was conducted according to the standard protocol. For immunofluorescence staining, 4% paraformaldehyde-fixed, sucrose-dehydrated, and OCT-embedded kidney tissues were sectioned to 6-μm thick. Primary TEC adhered to coverslips were fixed with 4% paraformaldehyde for 15 min at room temperature and immersed in 0.5% Triton X-100 for 15–30 min with the same operation of kidney cryosections. To detect the expression of EMT markers and the aquaporins of kidney tubule epithelial cell, kidney cryosections and pre-treated primary TEC adhered to coverslips were incubated at 37°C for 1 h in a humidified chamber with relevant primary antibody (dilution 1:50) of E-cad, Cadh16, α-SMA, snail1, and so on. Samples were then incubated with FITC-conjugated anti-mouse or rabbit secondary antibody (1:200) for 2 h at room temperature. Immunolabelled kidney cells were counterstained with DAPI (Sigma) for 10 min to show nuclear morphology. Stained slides were viewed and scanned at ×200 magnification by a confocal microscope (Olympus, Tokyo, Japan).



Western Blot Analysis

Fresh kidney samples were solubilized with the lysis buffer of RIPA containing 100 mg/ml PMSF and 1% protease inhibitor cocktail on ice for 30 min, while TEC were solubilized in a lysis mixture containing 50 mM Tris-HCl (pH 6.8), 1 mM PMSF, 1 mM EDTA, 150 mM NaCl, and 1% NP-40 and incubated on ice for 30 min. The tissue and cell lysates were centrifuged at 12,000 g for 15 min at 4°C. After the protein concentration was assessed by BCA protein assay kit, the supernatants were mixed with 4 × SDS sample buffer, boiled for 10 min at 95°C, separated through 8–12% SDS–PAGE gels, and then transferred to a PVDF membrane (Roche, USA) by electroblotting in mini trans-blot cell (Bio-Rad). After being blocked in TBS-Tween buffer consisting of 5% (w/v) fat-free, dried milk for 30 min, the membrane was incubated with the appropriate primary antibodies (diluted 1:1,000) in skim milk at 4°C overnight and then incubation with the relevant HRP-conjugated secondary antibodies (diluted 1:3,000) in TBST followed. Finally, each protein band was visualized with Pierce ECL (Thermo Fisher Scientific, USA) reagents. Molecular weights were confirmed by comparison with pre-stained SDS–PAGE molecular weight standards (Thermo Fisher Scientific, USA). Densitometry of the western blots was analyzed using the Quantity One software (Bio-Rad, Hercules, CA, USA). Expression of EMT markers was normalized to GAPDH, and phospho-ERK1/2, p-AKT, and p-mTOR were normalized to total ERK1/2, AKT, and mTOR.



Statistical Analyses

All experiments were performed in triplicate at least three times, and the data results were expressed as mean ± sem (standard error of the mean). The statistical differences between groups were assessed by using one-way analysis of variance (ANOVA) depending on the number of comparisons being made and the data distribution. When p-values were <0.05, the differences were considered significant.




RESULTS


Kidney Fibrosis Increases TRPC6 Expression and Activates EMT Program

After UUO, fibrotic damages occurred in the obstructed kidney (Martinez-Klimova et al., 2019). Compared to the non-obstructed (NO) contralateral kidneys in UUO mice, which has a normal kidney structure, an obvious cavity can be observed in the coronal plane of the obstructed (O) kidney, while the cavity size markedly increased with the obstructed time extending after UUO (Figure 1A). A mass of extracellular matrix is produced in the process of kidney fibrosis, which is characteristic of fibrosis (Duffield, 2014). Therefore, HE, Masson, and Sirius red staining were conducted to explore histopathologic changes and accumulation of matrix and fibers related to fibrosis. The images revealed that a significant tubular impairment became worse by HE staining, and a higher degree of tubulointerstitial fibrosis was increased in the obstructed kidneys of WT mice, on days 3, 7, and 15 after UUO, relative to the non-obstructed kidney by Masson staining (collagen fibers, blue) and by Sirius red staining (collagen fibers, red) (Figure 1B). In order to better understand whether TRPC6 plays a key role in kidney fibrosis, we inspected the expression level of TRPC6 by western blot. Results showed that TRPC6 had a time-dependent increase in obstructed kidneys (Figure 1C), while the expression of TGF-β1, an important inducer to fibrosis, was also increased in the fibrotic kidney after UUO (Supplementary Figure 1A). So as to determine the participation of EMT in kidney fibrosis after UUO, EMT markers, such as E-cad, Cadh16, α-SMA, and snail1, were examined at the protein level by western blot. The expression levels of E-cad and Cadh16 were down-regulated, and α-SMA and snail1 were markedly upregulated in obstructed kidneys induced by UUO compared with the non-obstructed group (Figure 1D). These phenomena suggest that there may exist some connections between TRPC6 and EMT activation in kidney fibrosis.


[image: Figure 1]
FIGURE 1. The increase of TRPC6 and activation of EMT in fibrotic kidney tissues. (A) Representative scanning images of kidney coronal plane showing the cavity caused by fibrosis injury in the contralateral non-obstructed (NO) and obstructed (O) kidneys from WT mice on days 3, 7, and 15 after UUO. (B) Representative images of similar kidney sections stained by HE, Masson, and Sirius red showing the interstitial fibrosis change of kidney tissues from the above groups. Scale bars, 20 μm. (C) Expression level of TRPC6 from the above groups detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. **P < 0.01, ***P < 0.001. (D) Expression level of EMT markers E-cad, Cadh16, α-SMA, and snail1 from the above groups detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001.




TRPC6 Knockout Partially Inhibits EMT to Alleviate Kidney Injury

To investigate the relationship between TRPC6 and EMT in kidney fibrosis, the TRPC6−/− mice were used in the study. On day 15 after UUO, the size of the cavity in obstructed kidneys became overtly smaller in TRPC6−/− mice compared to WT mice (Figure 2A), and the swelling of the obstructed kidney was obviously alleviated (Supplementary Figure 1B). The result showed that TRPC6 knockout could improve kidney health obviously in obstructed kidney. Then, the data of HE, Masson, and Sirius red staining also revealed a lower degree of injury and tubulointerstitial fibrosis in TRPC6−/− mice after UUO (Figure 2B). The tubular impairment was obviously alleviated and the accumulation of collagen fibers decreased apparently. In order to explore the EMT activation in kidney fibrosis, we examined the expression of EMT markers through immunofluorescent staining and western blot. The staining results showed that TRPC6 knockout could partially inhibit EMT and have an anti-fibrosis effect in obstructed kidney induced by UUO (Figure 2C). The decrease of E-cad and Cadh16 expression was prevented in obstructed kidneys of TRPC6−/− mice compared to that of WT mice, while the increase of α-SMA and snail1 expression was also inhibited in TRPC6−/− mice. To further confirm the result, the levels of EMT markers were detected by western blot (Figure 2D). All of the results showed that TRPC6 knockout plays a protective role along with the inhibition of EMT in kidney fibrosis.


[image: Figure 2]
FIGURE 2. TRPC6 knockout partially inhibits EMT to alleviate the kidney injury. (A) Representative scanning images of kidney coronal plane showing the cavity caused by fibrotic injury in NO and O kidneys from TRPC6 knockout and WT mice on day 15 after UUO. (B) Representative images of kidney sections stained by HE, Masson, and Sirius red showing interstitial fibrosis change of kidney tissues from the above groups. Scale bars, 20 μm. (C) Expression level of EMT markers (green) E-cad, Cadh16, α-SMA, and snail1 as well as nuclear stain DAPI (blue) from the above groups detected by immunofluorescence analysis. Scale bars, 20 μm. (D) Expression level of EMT markers E-cad, Cadh16, α-SMA, and snail1 in NO and O kidneys from the above groups detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. ***P < 0.001.




TRPC6 Increases in TEC After TGF-β1 Treatment Along With the Activation of EMT

Several studies have demonstrated that TGF-β1 is the master inducer of EMT in kidney fibrosis (Meng et al., 2016); therefore, we next examined the change of EMT in primary TEC after stimulation with TGF-β1. Primary TEC were treated with TGF-β1 for different times (12, 24, 48, and 72 h) at a concentration of 5 ng/ml and had an obvious phenotype change with the extended stimulation time. Under normal culture conditions, the primary TEC grew from the kidney tissue and fused to monolayer on day 5 (Supplementary Figure 1C). After treatment with TGF-β1 for 72 h, the cells exhibited morphology changes (Supplementary Figure 1D). It is known that TRPC3, TRPC6, and TRPC7 are in a homologous group and always work together in various pathological courses (Chen et al., 2017; He et al., 2017). Due to the lack of TRPC7 expression in the kidney (Liu et al., 2017), we examined the expression levels of TRPC3 and TRPC6 in primary TEC induced by TGF-β1. We discovered that the level of TRPC6 expression was enhanced, but the level of TRPC3 expression had no obvious change in primary TEC stimulated by TGF-β1 (Supplementary Figure 2A). In our lab, we had previously confirmed that TEC from TRPC6−/− mice lack TRPC6 expression but had normal TRPC3 isoforms compared with TEC from the control group, and TRPC6 has a functional significance in TEC as a store-operated Ca2+ channel in primary TEC from WT mice (Hou et al., 2018). Western blot showed that TRPC6 expression increased gradually in primary TEC induced by TGF-β1 (Figure 3A). This highlighted that TRPC6 played a key role in primary TEC from WT mice treated with TGF-β1. It is also well-known that TGF-β1 is a common stimulator of EMT induction in cell lines. Next, we investigated whether the EMT was activated in primary TEC stimulated by TGF-β1. The markers of EMT, including E-cad, Cadh16, α-SMA and snail1, were examined by western blot. The data showed that the time-course of E-cad and Cadh16 expression decreased distinctly, while that of α-SMA and snail1 increased markedly (Figure 3B). This demonstrated that EMT was also activated in the primary TEC stimulated with TGF-β1 in line with the result of animal model. These results suggested that TRPC6 has a close link with EMT activation in primary TEC after treatment.


[image: Figure 3]
FIGURE 3. The increase of TRPC6 and activation of EMT in primary TEC stimulated with TGF-β1. (A) Expression of TRPC6 in primary TEC without and with TGF-β1 (5 ng/ml in 20 mM citric acid, pH 3.0) stimulation at 12, 24, 48, and 72 h detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. (B) Relative expression of the EMT markers including E-cad, Cadh16, α-SMA, and snail1 in primary TEC with and without TGF-β1 stimulation for 72 h detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.




TRPC6 Knockout Partially Inhibits EMT Induced by TGF-β1 in Primary TEC

To explore the anti-fibrosis effect of TRPC6 in EMT-mediated kidney fibrosis, primary TEC of WT and TRPC6−/− mice were stimulated with 5 ng/ml TGF-β1 for 72 h to mimic obstructed injury in vitro. The TEC from the WT mice displayed typical cobblestone-like morphology without stimulation of TGF-β1 under the inverted microscope, exhibited polygon or fusiform morphology, and even stretched out some long pseudopods after treatment with TGF-β1 for 72 h (Figure 4A). The TEC from the TRPC6−/− mice, however, showed a lesser degree of change in the same treatment condition than TEC from the WT mice, and it was rather difficult to see the pseudopods around the cells in the TRPC6 knockout group. To explore the phenomena further, immunofluorescent staining was used to test the expression levels of EMT markers. As expected, it showed that the activation of EMT in TEC from TRPC6−/− mice was markedly prevented. The decrease of E-cad expression and increase of α-SMA and snail1 in treatment groups of TEC from TRPC6−/− mice were reversed compared to that of WT mice (Figure 4B). Cadh16 was lost in the original microenvironment of the kidney in cultured primary TEC, so it cannot be inspected by immunofluorescent staining. As further evidence, the expression levels of EMT markers were detected by western blot, and a consistent result was seen (Figure 4C). The results further confirmed that TRPC6 knockout has a protective effect with the inhibition of EMT in TEC treated with TGF-β1.


[image: Figure 4]
FIGURE 4. The process of EMT was inhibited in primary TEC stimulated with TGF-β1 inTRPC6−/− mice. (A) Morphological changes of primary TEC from WT and TRPC6−/− mice with and without TGF-β1 stimulation for 72 h. (B) Expression level of EMT markers (green) E-cad, α-SMA, and snail1 as well as nuclear stain DAPI (blue) from the above groups detected by immunofluorescence analysis. Scale bars, 20 μm. (C) Expression level of EMT markers E-cad, Cadh16, α-SMA, and snail1 from the above groups detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. ***P < 0.001.




TRPC6 Knockout Negatively Regulates the AKT-mTOR and ERK1/2 Signaling Pathways

AKT kinase is likely a critical regulator in cellular activity including cell proliferation, differentiation, and apoptosis. Moreover, AKT/mTOR is a vital signaling pathway mediated many physiological and pathological processes of the kidney (Yoo et al., 2011; Yang et al., 2015). In addition, it was previously reported that ERK1/2 could be activated and have an important role in the program of fibrosis. We presumed that an AKT/mTOR-related or/and ERK1/2-related response could be activated in UUO-induced kidney fibrosis and cultured primary TEC treated with TGF-β1. As expected, the phosphorylation ratio of AKT (Ser473), mTOR (Ser2448), and ERK1/2 was increased during the process of EMT activation in the obstructed kidneys (Figure 5A) and the primary TEC stimulated by TGF-β1 (Figure 5C). Additionally, the obstructed kidney of TRPC6−/− mice showed lower ratio of p-AKT, p-mTOR, and p-ERK1/2 than that of WT mice (Figure 5B). This result suggested the AKT-mTOR or/and ERK1/2 signaling pathways were activated in kidney fibrosis and were down-regulated in TRPC6−/− mice. TRPC6 knockout may alleviate kidney fibrosis through negative regulation of AKT-mTOR or/and ERK1/2 signaling pathways. In order to ascertain whether the hypothesis is the same with the EMT activation of primary TEC treated by TGF-β1, we examined the protein expression of related signaling molecules by western blot. We found that the ratio of p-AKT, p-mTOR, and p-ERK1/2 in treated TEC from TRPC6−/− mice was markedly lower than their WT counterparts (Figure 5D). This observation is in line with the consequence of TRPC6−/− mice models by UUO.


[image: Figure 5]
FIGURE 5. The activation of AKT-mTOR and ERK1/2 signaling pathways was down-regulated in TRPC6−/− mice. (A) Expression level of the phosphorylated and total protein of AKT, mTOR, and ERK1/2 in NO and O kidneys from WT mice on days 3, 7, and 15 after UUO detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. (B) Expression level of the phosphorylated and total protein of AKT, mTOR, and ERK1/2 in NO and O kidneys from TRPC6−/− and WT mice on day 15 after UUO detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Expression level of the phosphorylated and total protein of AKT, mTOR, and ERK1/2 in primary TEC without and with TGF-β1 stimulation at 12, 24, 48, and 72 h detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. (D) Expression level of the phosphorylated and total protein of AKT, mTOR, and ERK1/2 in primary TEC from WT and TRPC6−/− mice with and without TGF-β1 stimulation for 72 h detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. **P < 0.01, ***P < 0.001.




TRPC6 Knockout Improves the Loss of Na+/K+-ATPase and AQP1 in the Kidney

The realization of kidney function relies on the channel protein, and the loss of channel protein would significantly affect normal filtration function and lead to kidney dysfunction, which is harmful to our engine body. A specific reduction in the expression of Na+/K+-ATPase (ion channel protein) and aquaporin1 (AQP1) is shown in obstructed kidney tissues after UUO compared to contralateral kidneys, as well as an obvious improvement in TRPC6−/− mice compared to WT mice, which is evident by western blotting and immunofluorescent staining (Figures 6A,B). In order to verify the assumption that the effect is no different in culture TEC, the same tests were done by western blot and immunofluorescent staining. A consistent result was detected in TEC treated with TGF-β1 compared to controls from WT mice, and TRPC6−/− mice showed a reversal of the decrease compared to WT mice (Figures 6C,D). These results, therefore, show that TRPC6 knockout would ameliorate kidney dysfunction caused by kidney fibrosis.


[image: Figure 6]
FIGURE 6. TRPC6 knockout improves the loss of channel proteins on kidney tubulars and TEC. (A) Expression level of Na+/K+-ATPase and AQP1 in NO and O kidneys from TRPC6 knockout and WT mice on day 15 after UUO detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. **P < 0.01, ***P < 0.001. (B) Expression level of Na+/K+-ATPase and AQP1 (green) as well as nuclear stain DAPI (blue) in NO and O kidneys from TRPC6−/− and WT mice on day 15 after UUO detected by immunofluorescent staining. Scale bars, 20 μm. (C) Expression level of Na+/K+-ATPase and AQP1 (green) as well as nuclear stain DAPI (blue) in primary TEC with and without TGF-β1 stimulation for 72 h detected by immunofluorescent staining. Scale bars, 20 μm. (D) Expression level of Na+/K+-ATPase solute transporter and AQP1 in primary TEC with and without TGF-β1 stimulation for 72 h detected by western blot. Data are presented as mean ± sem, n = 3; an unpaired two-tailed t-test was used. **P < 0.01, ***P < 0.001.





DISCUSSION

Fibrosis is normally beneficial as a tissue repair process; however, if excessive, it leads to relentless tissue damage and failure of organ function in severe cases. In the process of kidney fibrosis, the myofibroblast plays a central role and its aberrant growth contributes to the over-production of extracellular matrix (Liu, 2004; Neilson, 2006; Wynn, 2008; Zubair and Ahmad, 2019). Generally, the myofibroblast is derived from the proliferation and differentiation of the fibroblast. The TEC, another important origin of myofibroblast, has been of interest to researchers recently. That epithelial cell could translate to the myofibroblast by EMT. Studies have found that EMT is of profound significance in fibrosis and pervasive in different organs, such as the lungs, lens, liver, and kidney (Liang et al., 2014; Kong et al., 2015; Yang et al., 2019; Yao et al., 2019). Furthermore, EMT has been observed to improve the onset of kidney fibrosis, and fibrotic damages could be alleviated by repressing the process of EMT (Du et al., 2012; Geng et al., 2019). Clinical studies have suggested that EMT, as the early onset element of interstitial fibrosis in the kidney, is confirmed in diabetic patients (Hills and Squires, 2011; Carew et al., 2012). The direct role of EMT of TEC in kidney fibrosis remains controversial. In 2015, Grande and Lovisa et al. independently pinpointed a partial epithelial-to-mesenchymal transition as a mechanism driving the development of kidney fibrosis. They observed that TEC undergo an incomplete EMT; TEC with partial EMT remain attached in the basement of membrane and promote kidney fibrosis via following three mechanisms. In cell-autonomous manner, a partial EMT causes cell-cycle arrest, halting further proliferation and repair; the partial EMT secretes growth factors such as TGF-β and drives myofibroblast proliferation; pathological secretome promotes kidney chronic inflammation(Grande et al., 2015; Lovisa et al., 2015).

TRPCs have a close correlation with kidney disease and are located in the glomeruli and tubules of the kidney (Woudenberg-Vrenken et al., 2009; Liu et al., 2010, 2011). More specifically, TRPC3 and TRPC6 are homologous in structure, but compose heteromultimers in different cell types. TRPC6 is widely present in podocytes, vascular smooth muscle and endothelial cells, mesangial cells, interstitial fibroblasts, as well as TEC. Recent studies have reported that the expression of TRPC3 and TRPC6 was both increased in UUO kidneys, and inhibition of TRPC6 ameliorates kidney fibrosis and contributes to kidney protection (Wu et al., 2017). Another study showed that TRPC3 was increased in the fibroblasts of obstructed kidney, and TRPC3 knockout could inhibit fibroblast proliferation by regulating the ERK1/2 signaling pathway (Saliba et al., 2015). Of note, we found only TRPC6 was obviously increased in primary TEC treated with TGF-β1 and did not find the increase of TRPC3 (Supplementary Figure 2A). Therefore, we focused on TRPC6 in the study of kidney fibrosis on TEC. Furthermore, a study of transdifferentiation of fibroblast to myofibroblast has shown that TRPC6 promoted the transdifferentiation and loss of TRPC6 impeded the process (Davis et al., 2012). However, whether TRPC6 contributes to the transition of TEC to myofibroblast is not clear. To date, no study uncovered the role of TRPC6 on the EMT in renal fibrosis. In our study, coincident results from previous studies were found. TRPC6 expression increased in the injured kidney after UUO in WT mice compared to the contralateral control, and EMT was activated along with the increase of TRPC6. The results revealed TRPC6 expression was strongly related to the activation of EMT in the obstructed kidney. In order to further determine the role of TRPC6 in the process of EMT, TRPC6−/− mice were introduced in the following study. We found the marker change for EMT was partially reversed in obstructed kidney of TRPC6−/− mice compared to that of WT mice. This result suggested EMT was inhibited by the deletion of TRPC6 in fibrotic kidney. With regard to further investigation of EMT and TRPC6, we then aimed to study the primary TEC from kidney tissue.

UUO, a well-established model, enables the study of kidney fibrosis in different pathologic aspects, especially in EMT (Chevalier et al., 2009). When various types of damages from UUO are experienced, TEC become vulnerable, lose some epithelial features, and acquire mesenchymal characteristics leading to the happening of EMT. In the obstructed kidney, an obvious decrease of epithelial markers E-cad and Cadh16 was observed in the TEC as well as the increase of mesenchymal features such as α-SMA and snail1. We also found that an injury cavity appeared that was caused by rampant kidney fibrosis. Importantly, the size of the cavity became larger along with the days of UUO and became smaller following the decrease of EMT. Furthermore, the promotion of EMT augments the damage of TEC, resulting in the decrease of functional capabilities. The kidney function was valued by examination of Na+/K+-ATPase and APQ1, which are expressed at the plasma membrane of tubule in the kidney to transport the ion and water (Verkman, 2002). Reduction of the Na+/K+-ATPase and APQ1 is closely connected with kidney function and has been proposed to promote fibrosis and increase metabolites and uremic toxin (Rajasekaran et al., 2010; Liu et al., 2012; Ito et al., 2013). As Na+/K+-ATPase and APQ1 are necessary to maintain the morphological structure of TEC and filtration function of kidney, so a sharp decrease of them would cause a more serious effect for our engine body. In our study, the low expression of Na+/K+-ATPase and APQ1 was found in fibrotic kidney and TGF-β1-induced TEC, which were obviously reversed in TRPC6−/− mice. The results suggested that kidney function was recovered to a certain extent with the inhibition of EMT. Therefore, these results highlight the significance of EMT in the development of kidney fibrosis and that kidney damage was alleviated by the inhibition of EMT.

Recently, a majority of studies about EMT in kidney fibrosis focus on TEC lines such as NRK-52E, HEK293T, and HK-2 (Hu et al., 2018; Zhou T. et al., 2018). Few studies have focused on primary cultured TEC. To further confirm the hypothesis that TRPC6 knockout could alleviate fibrotic damage by inhibition of EMT, most of our work in vitro was performed on the primary cultured TEC in parallel with the in vivo mice model study. The obvious changes of EMT markers, including the decrease of E-cadherin and Cadh16 along with the increase of α-SMA and snail1, occurred when the primary TEC were stimulated with TGF-β1 for 72 h. For the first time, we have found that TRPC6, not TRPC3, was upregulated in primary TEC treated with TGF-β1 from the WT mice, and the phenotypic changes of EMT were also partially reversed in primary TEC from the TRPC6−/− mice. Immunofluorescence assay showed that primary TEC from the TRPC6−/− mice lack TRPC6 isoforms and had normal TRPC3 expression compared to TEC from the WT mice (Supplementary Figure 2B). Additionally, to address the relationship between TRPC6 and EMT, HYP9, the agonist of TRPC6, was used in primary TEC. We found a promotion of EMT in the HYP9-stimulated group compared to the control group (Supplementary Figure 3A). These results provide powerful evidence that the anti-fibrotic effect of TRPC6 knockout is related to the inhibition of EMT.

AKT, a serine/threonine protein kinase, acts as a downstream effector for PI3K (Cantrell, 2001) and plays a significant role in biological functions by activating its downstream effectors (Bertacchini et al., 2015; Jiang et al., 2015). mTOR is a key regulator and can be activated by phosphorylated-AKT. The activation of AKT-mTOR is found to be important in contributing to the fibrosis in different organs, including the lungs, liver, and heart (Wang et al., 2015; Reilly et al., 2017; Cui et al., 2019; Wan et al., 2019), which can regulate cell growth and promote EMT in the kidney (Yoo et al., 2011; Xuan et al., 2014; Carpenter et al., 2015; Yang et al., 2015). Furthermore, the activation of ERK1/2 also significantly contributes to the onset of EMT (Chiu et al., 2017; Sankpal et al., 2017; Jia et al., 2018; Lee et al., 2019). Several studies have shown that the activation of AKT-ERK1/2 plays an important role in the process of EMT in fibrosis and that EMT was initiated through AKT-ERK1/2 activation (Wang et al., 2016; Qu et al., 2019). In order to determine whether the AKT-mTOR and ERK1/2 pathways would be related to the anti-fibrosis effect of TRPC6 knockout in the kidney, the relevant signal molecules were examined in both kidney tissues and primary TEC. In line with previous statements, our data showed that the ratio of phosphorylated-AKT, mTOR, and ERK1/2 was up-regulated strongly in obstructed kidney and TGF-β1-induced TEC. The expression of total AKT, mTOR, and ERK1/2 was also increased in kidney tissues after UUO, and this is consistent with previous studies (Hanatani et al., 2014; Higgins et al., 2017). The results confirmed that the pathways of AKT-mTOR and ERK1/2 were activated in kidney fibrosis. Furthermore, TRPC6−/− mice showed an obvious down-regulation of AKT-mTOR and ERK1/2 after UUO. Beyond that, we found the up-regulation of AKT-mTOR and ERK1/2 pathways in the HYP9-stimulated group compared to the control group (Supplementary Figure 3B). Therefore, TRPC6 knockout protects the fibrotic kidney through down-regulation of AKT-mTOR and ERK1/2 pathways. Otherwise, EMT was partially inhibited in TRPC6−/− mice and up-regulated along with the positive regulation of AKT-mTOR and ERK1/2 in the HYP9-stimulated group. We, therefore, concluded that TRPC6 knockout may protect the fibrotic kidney by inhibition of EMT through down-regulation of AKT-mTOR and ERK1/2 pathways. Whether other pathways beside AKT-mTOR and ERK1/2, such as Wnt/β-catenin, GSK3β, and Ras, are involved in the regulation of the phenotypic change of EMT by TRPC6 in kidney fibrosis requires further investigation.

In conclusion, we found that EMT was activated in kidney fibrosis both in vitro and in vivo. Fibrosis damage was alleviated in TRPC6−/− mice after UUO and in primary TEC treated with TGF-β1. Moreover, EMT was partially reversed along with the down-regulation of AKT-mTOR and ERK1/2 in TRPC6−/− mice. Therefore, we proposed that TRPC6 knockout may ameliorate kidney damage by the inhibition of EMT through down-regulating the AKT-mTOR and ERK1/2 pathways.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the ethics committee of Tongji Medical College of Huazhong University of Science and Technology.



AUTHOR CONTRIBUTIONS

YL, MZ, and YZ designed the research. YZ and NY performed experiments, analyzed data, and wrote the manuscript. AS, QW, WH, XH, and XZ contributed to the interpretation of the results. YL and MZ contributed to the analysis of data and preparation of the manuscript. All authors contributed to revise the article and approved the submitted version.



FUNDING

This research was supported by funding from the National Natural Science Foundation of China Grants 31171087 and 30970662 (to YL), the National Natural Science Foundation of China Grants 81172786, and the Health Committee of Hubei Province of China Grants WJ2019M146 (to MZ).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.602703/full#supplementary-material



ABBREVIATIONS

EMT, epithelial–mesenchymal transition; TEC, tubular epithelial cells; UUO, unilateral ureteric obstruction; TRPCs, transient receptor potential channels; E-cad, E-cadherin; Cadh16, Cadherin16; NO, non-obstructed; O, obstructed.



REFERENCES

 Barrallo-Gimeno, A., and Nieto, M. A. (2005). The Snail genes as inducers of cell movement and survival: implications in development and cancer. Development 132, 3151–3161. doi: 10.1242/dev.01907


 Bechtel, W., McGoohan, S., Zeisberg, E. M., Muller, G. A., Kalbacher, H., Salant, D. J., et al. (2010). Methylation determines fibroblast activation and fibrogenesis in the kidney. Nat. Med. 16, 544–550. doi: 10.1038/nm.2135

 Bertacchini, J., Heidari, N., Mediani, L., Capitani, S., Shahjahani, M., Ahmadzadeh, A., et al. (2015). Targeting PI3K/AKT/mTOR network for treatment of leukemia. Cell. Mol. Life Sci. 72, 2337–2347. doi: 10.1007/s00018-015-1867-5

 Cantrell, D. A. (2001). Phosphoinositide. 3-kinase signalling pathways. J. Cell Sci. 114, 1439–1445.

 Carew, R. M., Wang, B., and Kantharidis, P. (2012). The role of EMT in renal fibrosis. Cell Tissue Res. 347, 103–116. doi: 10.1007/s00441-011-1227-1

 Carpenter, R. L., Paw, I., Dewhirst, M. W., and Lo, H. W. (2015). Akt phosphorylates and activates HSF-1 independent of heat shock, leading to Slug overexpression and epithelial-mesenchymal transition (EMT) of HER2-overexpressing breast cancer cells. Oncogene 34, 546–557. doi: 10.1038/onc.2013.582

 Chapman, H. A. (2011). Epithelial-mesenchymal interactions in pulmonary fibrosis. Annu. Rev. Physiol. 73, 413–435. doi: 10.1146/annurev-physiol-012110-142225

 Chen, X., Lu, M., He, X., Ma, L., Birnbaumer, L., and Liao, Y. (2017). TRPC3/6/7 knockdown protects the brain from cerebral ischemia injury via astrocyte apoptosis inhibition and effects on NF-small ka, CyrillicB translocation. Mol. Neurobiol. 54, 7555–7566. doi: 10.1007/s12035-016-0227-2

 Chevalier, R. L., Forbes, M. S., and Thornhill, B. A. (2009). Ureteral obstruction as a model of renal interstitial fibrosis and obstructive nephropathy. Kidney Int. 75, 1145–1152. doi: 10.1038/ki.2009.86

 Chiu, L. Y., Hsin, I. L., Yang, T. Y., Sung, W. W., Chi, J. Y., Chang, J. T., et al. (2017). The ERK-ZEB1 pathway mediates epithelial-mesenchymal transition in pemetrexed resistant lung cancer cells with suppression by vinca alkaloids. Oncogene 36, 242–253. doi: 10.1038/onc.2016.195

 Coresh, J., Selvin, E., Stevens, L. A., Manzi, J., Kusek, J. W., Eggers, P., et al. (2007). Prevalence of chronic kidney disease in the United States. JAMA 298, 2038–2047. doi: 10.1001/jama.298.17.2038

 Cui, X., Liu, X., Han, Q., Zhu, J., Li, J., Ren, Z., et al. (2019). DPEP1 is a direct target of miR-193a-5p and promotes hepatoblastoma progression by PI3K/Akt/mTOR pathway. Cell Death Dis. 10:701. doi: 10.1038/s41419-019-1943-0

 Davis, J., Burr, A. R., Davis, G. F., Birnbaumer, L., and Molkentin, J. D. (2012). A TRPC6-dependent pathway for myofibroblast transdifferentiation and wound healing in vivo. Dev. Cell 23, 705–715. doi: 10.1016/j.devcel.2012.08.017

 Du, X., Shimizu, A., Masuda, Y., Kuwahara, N., Arai, T., Kataoka, M., et al. (2012). Involvement of matrix metalloproteinase-2 in the development of renal interstitial fibrosis in mouse obstructive nephropathy. Lab. Invest. 92, 1149–1160. doi: 10.1038/labinvest.2012.68

 Duffield, J. S. (2014). Cellular and molecular mechanisms in kidney fibrosis. J. Clin. Invest. 124, 2299–2306. doi: 10.1172/JCI72267

 Eddy, A. A. (1996). Molecular insights into renal interstitial fibrosis. J. Am. Soc. Nephrol. 7, 2495–2508.

 Geng, X. Q., Ma, A., He, J. Z., Wang, L., Jia, Y. L., Shao, G. Y., et al. (2019). Ganoderic acid hinders renal fibrosis via suppressing the TGF-beta/Smad and MAPK signaling pathways. Acta Pharmacol. Sin. 41, 670–677. doi: 10.1038/s41401-019-0324-7

 Gewin, L. S. (2018). Renal fibrosis: primacy of the proximal tubule. Matrix Biol. 68-69, 248–262. doi: 10.1016/j.matbio.2018.02.006

 Grande, M., Franzen, A., Karlsson, J. O., Ericson, L. E., Heldin, N. E., and Nilsson, M. (2002). Transforming growth factor-beta and epidermal growth factor synergistically stimulate epithelial to mesenchymal transition (EMT) through a MEK-dependent mechanism in primary cultured pig thyrocytes. J. Cell Sci. 115, 4227–4236. doi: 10.1242/jcs.00091

 Grande, M. T., Sánchez-Laorden, B., López-Blau, C., De Frutos, C. A., Boutet, A., Arévalo, M., et al. (2015). Snail1-induced partial epithelial-to-mesenchymal transition drives renal fibrosis in mice and can be targeted to reverse established disease. Nat. Med. 21, 989–997. doi: 10.1038/nm.3901

 Grille, S. J., Bellacosa, A., Upson, J., Klein-Szanto, A. J., van Roy, F., Lee-Kwon, W., et al. (2003). The protein kinase Akt induces epithelial mesenchymal transition and promotes enhanced motility and invasiveness of squamous cell carcinoma lines. Cancer Res. 63, 2172–2178.

 Hanatani, S., Izumiya, Y., Araki, S., Rokutanda, T., Kimura, Y., Walsh, K., et al. (2014). Akt1-mediated fast/glycolytic skeletal muscle growth attenuates renal damage in experimental kidney disease. J. Am. Soc. Nephrol. 25, 2800–2811. doi: 10.1681/ASN.2013091025

 Hay, E. D. (1995). An overview of epithelio-mesenchymal transformation. Acta Anat. 154, 8–20. doi: 10.1159/000147748

 He, X., Li, S., Liu, B., Susperreguy, S., Formoso, K., Yao, J., et al. (2017). Major contribution of the. 3/6/7 class of TRPC channels to myocardial ischemia/reperfusion and cellular hypoxia/reoxygenation injuries. Proc. Natl. Acad. Sci. U.S.A. 114, E4582–E4591. doi: 10.1073/pnas.1621384114

 Hertig, A., Anglicheau, D., Verine, J., Pallet, N., Touzot, M., Ancel, P. Y., et al. (2008). Early epithelial phenotypic changes predict graft fibrosis. J. Am. Soc. Nephrol. 19, 1584–1591. doi: 10.1681/ASN.2007101160

 Higgins, D. F., Ewart, L. M., Masterson, E., Tennant, S., Grebnev, G., Prunotto, M., et al. (2017). BMP7-induced-Pten inhibits Akt and prevents renal fibrosis. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 3095–3104. doi: 10.1016/j.bbadis.2017.09.011

 Hills, C. E., and Squires, P. E. (2011). The role of TGF-beta and epithelial-to mesenchymal transition in diabetic nephropathy. Cytokine Growth Factor Rev. 22, 131–139. doi: 10.1016/j.cytogfr.2011.06.002

 Holian, J., Qi, W., Kelly, D. J., Zhang, Y., Mreich, E., Pollock, C. A., et al. (2008). Role of Kruppel-like factor. 6 in transforming growth factor-beta1-induced epithelial-mesenchymal transition of proximal tubule cells. Am. J. Physiol. Renal Physiol. 295, F1388–1396. doi: 10.1152/ajprenal.00055.2008

 Horikawa, T., Yoshizaki, T., Kondo, S., Furukawa, M., Kaizaki, Y., and Pagano, J. S. (2011). Epstein-Barr virus latent membrane protein 1 induces snail and epithelial-mesenchymal transition in metastatic nasopharyngeal carcinoma. Br. J. Cancer 104, 1160–1167. doi: 10.1038/bjc.2011.38

 Hou, X., Xiao, H., Zhang, Y., Zeng, X., Huang, M., Chen, X., et al. (2018). Transient receptor potential channel. 6 knockdown prevents apoptosis of renal tubular epithelial cells upon oxidative stress via autophagy activation. Cell Death Dis. 9:1015. doi: 10.1038/s41419-018-1052-5

 Hu, H., Hu, S., Xu, S., Gao, Y., Zeng, F., and Shui, H. (2018). miR-29b regulates Ang II-induced EMT of rat renal tubular epithelial cells via targeting PI3K/AKT signaling pathway. Int. J. Mol. Med. 42, 453–460. doi: 10.3892/ijmm.2018.3579

 Ito, S., Higuchi, Y., Yagi, Y., Nishijima, F., Yamato, H., Ishii, H., et al. (2013). Reduction of indoxyl sulfate by AST-120 attenuates monocyte inflammation related to chronic kidney disease. J. Leukoc. Biol. 93, 837–845. doi: 10.1189/jlb.0112023

 Iwano, M., Plieth, D., Danoff, T. M., Xue, C., Okada, H., and Neilson, E. G. (2002). Evidence that fibroblasts derive from epithelium during tissue fibrosis. J. Clin. Invest. 110, 341–350. doi: 10.1172/JCI0215518

 Jia, X. W., Li, Z. W., Dong, L. Y., Sun, G. Y., Wang, X., Gao, J., et al. (2018). Lack of hepatic stimulator substance expression promotes hepatocellular carcinoma metastasis partly through ERK-activated epithelial-mesenchymal transition. Lab. Invest. 98, 871–882. doi: 10.1038/s41374-018-0039-2

 Jiang, L., Dong, P., Zhang, Z., Li, C., Li, Y., Liao, Y., et al. (2015). Akt phosphorylates Prohibitin. 1 to mediate its mitochondrial localization and promote proliferation of bladder cancer cells. Cell Death Dis. 6:e1660. doi: 10.1038/cddis.2015.40

 Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal transition. J. Clin. Invest. 119, 1420–1428. doi: 10.1172/JCI39104

 Katz, A., Caramori, M. L., Sisson-Ross, S., Groppoli, T., Basgen, J. M., and Mauer, M. (2002). An increase in the cell component of the cortical interstitium antedates interstitial fibrosis in type. 1 diabetic patients. Kidney Int. 61, 2058–2066. doi: 10.1046/j.1523-1755.2002.00370.x

 Kim, E. Y., Yazdizadeh Shotorbani, P., and Dryer, S. E. (2018). Trpc6 inactivation confers protection in a model of severe nephrosis in rats. J. Mol. Med. 96, 631–644. doi: 10.1007/s00109-018-1648-3

 Klahr, S., and Morrissey, J. (2003). Obstructive nephropathy and renal fibrosis: The role of bone morphogenic protein-7 and hepatocyte growth factor. Kidney Int. Suppl. 64, S105–S112. doi: 10.1046/j.1523-1755.64.s87.16.x

 Kong, D., Zhang, F., Shao, J., Wu, L., Zhang, X., Chen, L., et al. (2015). Curcumin inhibits cobalt chloride-induced epithelial-to-mesenchymal transition associated with interference with TGF-beta/Smad signaling in hepatocytes. Lab. Invest. 95, 1234–1245. doi: 10.1038/labinvest.2015.107

 LeBleu, V. S., Taduri, G., O'Connell, J., Teng, Y., Cooke, V. G., Woda, C., et al. (2013). Origin and function of myofibroblasts in kidney fibrosis. Nat. Med. 19, 1047–1053. doi: 10.1038/nm.3218

 Lee, M., Kim, D. W., Khalmuratova, R., Shin, S. H., Kim, Y. M., Han, D. H., et al. (2019). The IFN-gamma-p38, ERK kinase axis exacerbates neutrophilic chronic rhinosinusitis by inducing the epithelial-to-mesenchymal transition. Mucosal Immunol. 12, 601–611. doi: 10.1038/s41385-019-0149-1

 Liang, H., Gu, Y., Li, T., Zhang, Y., Huangfu, L., Hu, M., et al. (2014). Integrated analyses identify the involvement of microRNA-26a in epithelial-mesenchymal transition during idiopathic pulmonary fibrosis. Cell Death Dis. 5:e1238. doi: 10.1038/cddis.2014.207

 Lin, B. L., Matera, D., Doerner, J. F., Zheng, N., Del Camino, D., Mishra, S., et al. (2019). In vivo selective inhibition of TRPC6 by antagonist BI 749327 ameliorates fibrosis and dysfunction in cardiac and renal disease. Proc. Natl. Acad. Sci. U.S.A. 116, 10156–10161. doi: 10.1073/pnas.1815354116

 Lin, X., Chai, G., Wu, Y., Li, J., Chen, F., Liu, J., et al. (2019). RNA m(6)A methylation regulates the epithelial mesenchymal transition of cancer cells and translation of Snail. Nat. Commun. 10:2065. doi: 10.1038/s41467-019-09865-9

 Liu, B. C., Tang, T. T., Lv, L. L., and Lan, H. Y. (2018). Renal tubule injury: a driving force toward chronic kidney disease. Kidney Int. 93, 568–579. doi: 10.1016/j.kint.2017.09.033

 Liu, L., Chen, X., Wang, Y., Qu, Z., Lu, Q., Zhao, J., et al. (2014). Notch3 is important for TGF-β-induced epithelial-mesenchymal transition in non-small cell lung cancer bone metastasis by regulating ZEB-1. Cancer Gene Ther. 21, 364–372. doi: 10.1038/cgt.2014.39

 Liu, T., Meng, Q., Wang, C., Liu, Q., Guo, X., Sun, H., et al. (2012). Changes in expression of renal Oat1, Oat3 and Mrp2 in cisplatin-induced acute renal failure after treatment of JBP485 in rats. Toxicol. Appl. Pharmacol. 264, 423–430. doi: 10.1016/j.taap.2012.08.019

 Liu, Y. (2004). Epithelial to mesenchymal transition in renal fibrogenesis: pathologic significance, molecular mechanism, and therapeutic intervention. J. Am. Soc. Nephrol. 15, 1–12. doi: 10.1097/01.ASN.0000106015.29070.E7

 Liu, Y. (2011). Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 7, 684–696. doi: 10.1038/nrneph.2011.149

 Liu, Y., Krueger, K., Hovsepian, A., Tepel, M., and Thilo, F. (2011). Calcium-dependent expression of transient receptor potential canonical type. 3 channels in patients with chronic kidney disease. Arch. Biochem. Biophys. 514, 44–49. doi: 10.1016/j.abb.2011.07.011

 Liu, Y., Thilo, F., Kreutz, R., Schulz, A., Wendt, N., Loddenkemper, C., et al. (2010). Tissue expression of TRPC3 and TRPC6 in hypertensive munich wistar fromter rats showing proteinuria. Am. J. Nephrol. 31, 36–44. doi: 10.1159/000254060

 Liu, B., He, X., Li, S., Xu, B., Birnbaumer, L., and Liao, Y. (2017). Deletion of diacylglycerol-responsive TRPC genes attenuates diabetic nephropathy by inhibiting activation of the TGFbeta1 signaling pathway. Am. J. Transl. Res. 9, 5619–5630.

 Lovisa, S., LeBleu, V. S., Tampe, B., Sugimoto, H., Vadnagara, K., and Carstens, J. L. (2015). Epithelial-to-mesenchymal transition induces cell cycle arrest and parenchymal damage in renal fibrosis. Nat. Med. 21, 998–1009. doi: 10.1038/nm.3902

 Lovisa, S., Zeisberg, M., and Kalluri, R. (2016). Partial epithelial-to-mesenchymal transition and other new mechanisms of kidney fibrosis. Trends Endocrinol. Metab. 27, 681–695. doi: 10.1016/j.tem.2016.06.004

 Martinez-Klimova, E., Aparicio-Trejo, O. E., Tapia, E., and Pedraza-Chaverri, J. (2019). Unilateral ureteral obstruction as a model to investigate fibrosis-attenuating treatments. Biomolecules 9:141. doi: 10.3390/biom9040141

 Masterson, R., Hewitson, T. D., Kelynack, K., Martic, M., Parry, L., Bathgate, R., et al. (2004). Relaxin down-regulates renal fibroblast function and promotes matrix remodelling in vitro. Nephrol. Dial. Transplant. 19, 544–552. doi: 10.1093/ndt/gfg598

 Meng, X. M., Nikolic-Paterson, D. J., and Lan, H. Y. (2016). TGF-beta: the master regulator of fibrosis. Nat. Rev. Nephrol. 12, 325–338. doi: 10.1038/nrneph.2016.48

 Minke, B. (1977). Drosophila mutant with a transducer defect. Biophys. Struct. Mech. 3, 59–64. doi: 10.1007/BF00536455

 Moller, C. C., Wei, C., Altintas, M. M., Li, J., Greka, A., Ohse, T., et al. (2007). Induction of TRPC6 channel in acquired forms of proteinuric kidney disease. J. Am. Soc. Nephrol. 18, 29–36. doi: 10.1681/ASN.2006091010

 Montell, C., Jones, K., Hafen, E., and Rubin, G. (1985). Rescue of the Drosophila phototransduction mutation trp by germline transformation. Science 230, 1040–1043. doi: 10.1126/science.3933112

 Moustakas, A., and Heldin, C. H. (2005). Non-smad TGF-beta signals. J. Cell Sci. 118, 3573–3584. doi: 10.1242/jcs.02554

 Neilson, E. G. (2006). Mechanisms of disease: Fibroblasts–a new look at an old problem. Nat. Clin. Pract. Nephrol. 2, 101–108. doi: 10.1038/ncpneph0093

 Pang, M., Kothapally, J., Mao, H., Tolbert, E., Ponnusamy, M., Chin, Y. E., et al. (2009). Inhibition of histone deacetylase activity attenuates renal fibroblast activation and interstitial fibrosis in obstructive nephropathy. Am. J. Physiol. Renal Physiol. 297, F996–F1005. doi: 10.1152/ajprenal.00282.2009

 Pang, M., Ma, L., Gong, R., Tolbert, E., Mao, H., Ponnusamy, M., et al. (2010). A novel STAT3 inhibitor, S3I-201, attenuates renal interstitial fibroblast activation and interstitial fibrosis in obstructive nephropathy. Kidney Int. 78, 257–268. doi: 10.1038/ki.2010.154

 Paniagua-Sierra, J. R., and Galvan-Plata, M. E. (2017). Chronic kidney disease. Rev. Med. Inst. Mex. Seguro Soc. 55, S116–117.

 Peinado, H., Olmeda, D., and Cano, A. (2007). Snail, Zeb and bHLH factors in tumour progression: an alliance against the epithelial phenotype? Nat. Rev. Cancer 7, 415–428. doi: 10.1038/nrc2131

 Pillow, T. H., Tien, J., Parsons-Reponte, K. L., Bhakta, S., Li, H., Staben, L. R., et al. (2014). Site-specific trastuzumab maytansinoid antibody-drug conjugates with improved therapeutic activity through linker and antibody engineering. J. Med. Chem. 57, 7890–7899. doi: 10.1021/jm500552c

 Qu, H., Liu, L., Liu, Z., Qin, H., Liao, Z., Xia, P., et al. (2019). Blocking TBK1 alleviated radiation-induced pulmonary fibrosis and epithelial-mesenchymal transition through Akt-Erk inactivation. Exp. Mol. Med. 51, 1–17. doi: 10.1038/s12276-019-0240-4

 Quaggin, S. E., and Kapus, A. (2011). Scar wars: mapping the fate of epithelial-mesenchymal-myofibroblast transition. Kidney Int. 80, 41–50. doi: 10.1038/ki.2011.77

 Radisky, D. C., Kenny, P. A., and Bissell, M. J. (2007). Fibrosis and cancer: do myofibroblasts come also from epithelial cells via EMT? J. Cell. Biochem. 101, 830–839. doi: 10.1002/jcb.21186

 Rajasekaran, S. A., Huynh, T. P., Wolle, D. G., Espineda, C. E., Inge, L. J., Skay, A., et al. (2010). Na,K-ATPase subunits as markers for epithelial-mesenchymal transition in cancer and fibrosis. Mol. Cancer Ther. 9, 1515–1524. doi: 10.1158/1535-7163.MCT-09-0832

 Rastaldi, M. P. (2006). Epithelial-mesenchymal transition and its implications for the development of renal tubulointerstitial fibrosis. J. Nephrol. 19, 407–412.

 Reilly, R., Mroz, M. S., Dempsey, E., Wynne, K., Keely, S. J., McKone, E. F., et al. (2017). Targeting the PI3K/Akt/mTOR signalling pathway in cystic fibrosis. Sci. Rep. 7:7642. doi: 10.1038/s41598-017-06588-z

 Saliba, Y., Karam, R., Smayra, V., Aftimos, G., Abramowitz, J., Birnbaumer, L., et al. (2015). Evidence of a role for fibroblast transient receptor potential canonical. 3 Ca2+ channel in renal fibrosis. J. Am. Soc. Nephrol. 26, 1855–1876. doi: 10.1681/ASN.2014010065

 Sankpal, N. V., Fleming, T. P., Sharma, P. K., Wiedner, H. J., and Gillanders, W. E. (2017). A double-negative feedback loop between EpCAM and ERK contributes to the regulation of epithelial-mesenchymal transition in cancer. Oncogene 36, 3706–3717. doi: 10.1038/onc.2016.504

 Schlondorff, J. (2017). TRPC6 and kidney disease: sclerosing more than just glomeruli? Kidney Int. 91, 773–775. doi: 10.1016/j.kint.2016.12.033

 Shen, B., Zhou, S., He, Y., Zhao, H., Mei, M., and Wu, X. (2013). Revealing the underlying mechanism of ischemia reperfusion injury using bioinformatics approach. Kidney Blood Press. Res. 38, 99–108. doi: 10.1159/000355759

 Shen, S., Jin, Y., Li, W., Liu, X., Zhang, T., Xia, W., et al. (2014). Recombinant human erythropoietin pretreatment attenuates acute renal tubular injury against ischemia-reperfusion by restoring transient receptor potential channel-6 expression and function in collecting ducts. Crit. Care Med. 42, e663–e672. doi: 10.1097/CCM.0000000000000542

 Sugimoto, H., LeBleu, V. S., Bosukonda, D., Keck, P., Taduri, G., Bechtel, W., et al. (2012). Activin-like kinase. 3 is important for kidney regeneration and reversal of fibrosis. Nat. Med. 18, 396–404. doi: 10.1038/nm.2629

 Tamaki, K., Okuda, S., Ando, T., Iwamoto, T., Nakayama, M., and Fujishima, M. (1994). TGF-beta. 1 in glomerulosclerosis and interstitial fibrosis of adriamycin nephropathy. Kidney Int. 45, 525–536. doi: 10.1038/ki.1994.68

 Thiery, J. P., Acloque, H., Huang, R. Y., and Nieto, M. A. (2009). Epithelial-mesenchymal transitions in development and disease. Cell 139, 871–890. doi: 10.1016/j.cell.2009.11.007

 Thiery, J. P., and Sleeman, J. P. (2006). Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 7, 131–142. doi: 10.1038/nrm1835

 Verkman, A. S. (2002). Renal concentrating and diluting function in deficiency of specific aquaporin genes. Exp. Nephrol. 10, 235–240. doi: 10.1159/000063697

 Wan, H., Xie, T., Xu, Q., Hu, X., Xing, S., Yang, H., et al. (2019). Thy-1 depletion and integrin beta3 upregulation-mediated PI3K-Akt-mTOR pathway activation inhibits lung fibroblast autophagy in lipopolysaccharide-induced pulmonary fibrosis. Lab. Invest. 99, 1636–1649. doi: 10.1038/s41374-019-0281-2

 Wang, Z., Qu, L., Deng, B., Sun, X., Wu, S., Liao, J., et al. (2016). STYK1 promotes epithelial-mesenchymal transition and tumor metastasis in human hepatocellular carcinoma through MEK/ERK and PI3K/AKT signaling. Sci. Rep. 6:33205. doi: 10.1038/srep33205

 Wang, Z. G., Wang, Y., Huang, Y., Lu, Q., Zheng, L., Hu, D., et al. (2015). bFGF regulates autophagy and ubiquitinated protein accumulation induced by myocardial ischemia/reperfusion via the activation of the PI3K/Akt/mTOR pathway. Sci. Rep. 5:9287. doi: 10.1038/srep09287

 Wes, P. D., Chevesich, J., Jeromin, A., Rosenberg, C., Stetten, G., and Montell, C. (1995). TRPC1, a human homolog of a Drosophila store-operated channel. Proc. Natl. Acad. Sci. U.S.A 92, 9652–9656. doi: 10.1073/pnas.92.21.9652

 Winn, M. P., Conlon, P. J., Lynn, K. L., Farrington, M. K., Creazzo, T., Hawkins, A. F., et al. (2005). A mutation in the TRPC6 cation channel causes familial focal segmental glomerulosclerosis. Science 308, 1801–1804. doi: 10.1126/science.1106215

 Woudenberg-Vrenken, T. E., Bindels, R. J., and Hoenderop, J. G. (2009). The role of transient receptor potential channels in kidney disease. Nat. Rev. Nephrol. 5, 441–449. doi: 10.1038/nrneph.2009.100

 Wu, Y. L., Xie, J., An, S. W., Oliver, N., Barrezueta, N. X., Lin, M. H., et al. (2017). Inhibition of TRPC6 channels ameliorates renal fibrosis and contributes to renal protection by soluble klotho. Kidney Int. 91, 830–841. doi: 10.1016/j.kint.2016.09.039

 Wynn, T. A. (2008). Cellular and molecular mechanisms of fibrosis. J. Pathol. 214, 199–210. doi: 10.1002/path.2277

 Xie, L., Law, B. K., Chytil, A. M., Brown, K. A., Aakre, M. E., and Moses, H. L. (2004). Activation of the Erk pathway is required for TGF-beta1-induced EMT in vitro. Neoplasia 6, 603–610. doi: 10.1593/neo.04241

 Xu, J., Lamouille, S., and Derynck, R. (2009). TGF-beta-induced epithelial to mesenchymal transition. Cell Res. 19, 156–172. doi: 10.1038/cr.2009.5

 Xuan, X., Zeng, Q., Li, Y., Gao, Y., Wang, F., Zhang, H., et al. (2014). Akt-mediated transforming growth factor-beta1-induced epithelial-mesenchymal transition in cultured human esophageal squamous cancer cells. Cancer Gene Ther. 21, 238–245. doi: 10.1038/cgt.2014.23

 Yang, J., Qin, G., Luo, M., Chen, J., Zhang, Q., Li, L., et al. (2015). Reciprocal positive regulation between Cx26 and PI3K/Akt pathway confers acquired gefitinib resistance in NSCLC cells via GJIC-independent induction of EMT. Cell Death Dis. 6:e1829. doi: 10.1038/cddis.2015.197

 Yang, Y. Z., Zhao, X. J., Xu, H. J., Wang, S. C., Pan, Y., Wang, S. J., et al. (2019). Magnesium isoglycyrrhizinate ameliorates high fructose-induced liver fibrosis in rat by increasing miR-375-3p to suppress JAK2/STAT3 pathway and TGF-beta1/Smad signaling. Acta Pharmacol. Sin. 40, 879–894. doi: 10.1038/s41401-018-0194-4

 Yao, F., Wang, X., Cui, Z. K., Lan, H., Ai, X., Song, Q., et al. (2019). ETS2 promotes epithelial-to-mesenchymal transition in renal fibrosis by targeting JUNB transcription. Lab. Invest. 100, 438-453. doi: 10.1038/s41374-019-0331-9

 Yoo, Y. A., Kang, M. H., Lee, H. J., Kim, B. H., Park, J. K., Kim, H. K., et al. (2011). Sonic hedgehog pathway promotes metastasis and lymphangiogenesis via activation of Akt, EMT, and MMP-9 pathway in gastric cancer. Cancer Res. 71, 7061–7070. doi: 10.1158/0008-5472.CAN-11-1338

 Zeisberg, M., and Kalluri, R. (2013). Cellular mechanisms of tissue fibrosis. 1. common and organ-specific mechanisms associated with tissue fibrosis. Am. J. Physiol. Cell Physiol. 304, C216–C225. doi: 10.1152/ajpcell.00328.2012

 Zhang, Y. E. (2018). Mechanistic insight into contextual TGF-beta signaling. Curr. Opin. Cell Biol. 51, 1–7. doi: 10.1016/j.ceb.2017.10.001

 Zhou, L. F., Chen, Q. Z., Yang, C. T., Fu, Z. D., Zhao, S. T., Chen, Y., et al. (2018). TRPC6 contributes to LPS-induced inflammation through ERK1/2 and p38 pathways in bronchial epithelial cells. Am. J. Physiol. Cell Physiol. 314, C278–C288. doi: 10.1152/ajpcell.00117.2017

 Zhou, T., Luo, M., Cai, W., Zhou, S., Feng, D., Xu, C., et al. (2018). Runt-related transcription factor. 1 (RUNX1) promotes TGF-beta-induced renal tubular Epithelial-to-Mesenchymal Transition (EMT) and renal fibrosis through the PI3K Subunit p110delta. EBioMedicine 31, 217–225. doi: 10.1016/j.ebiom.2018.04.023

 Zubair, M., and Ahmad, J. (2019). Role of growth factors and cytokines in diabetic foot ulcer healing: a detailed review. Rev. Endocr. Metab. Disord. 20, 207–217. doi: 10.1007/s11154-019-09492-1

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 Zhang, Yin, Sun, Wu, Hu, Hou, Zeng, Zhu and Liao. 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-08-602703-g005.gif
iR =
=i
=i
1
e

el oSt

gy






OPS/images/fcell-08-602703-g006.gif





OPS/images/fcell-08-602703-g003.gif





OPS/images/fcell-08-602703-g004.gif
S0
auﬂ H
Sooll ol
gy
i,

2 0
i
g miinn
R





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transient Receptor Potential Channel 6 Knockout Ameliorates Kidney Fibrosis by Inhibition of Epithelial–Mesenchymal Transition



		Introduction



		Materials and Methods



		Chemicals and Reagents



		Mice Models



		Experimental Unilateral Ureteric Obstruction



		Isolation and Primary Culture of Kidney TEC



		Cell Culture and Treatments



		Histology and Histopathology



		Immunofluorescence Staining



		Western Blot Analysis



		Statistical Analyses







		Results



		Kidney Fibrosis Increases TRPC6 Expression and Activates EMT Program



		TRPC6 Knockout Partially Inhibits EMT to Alleviate Kidney Injury



		TRPC6 Increases in TEC After TGF-β1 Treatment Along With the Activation of EMT



		TRPC6 Knockout Partially Inhibits EMT Induced by TGF-β1 in Primary TEC



		TRPC6 Knockout Negatively Regulates the AKT-mTOR and ERK1/2 Signaling Pathways



		TRPC6 Knockout Improves the Loss of Na+/K+-ATPase and AQP1 in the Kidney







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















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

Transient Receptor Potential
Channel 6 Knockout Ameliorates
Kidney Fibrosis by Inhibition of
Epithelial-Mesenchymal Transition





OPS/images/fcell-08-602703-g001.gif
Gasstuesom

e e
ez o
_l_iw =i
.dil.iﬁ-‘s %m 2

. AR e
| 3 2 3 g% % g5 3 3
T~ W T
- e ]
9 Ty riing





OPS/images/fcell-08-602703-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





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





