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Renal fibrosis is the most common pathological manifestation of a wide variety of chronic kidney disease. Increased extracellular matrix (ECM) secretion and enhanced microenvironment stiffening aggravate the progression of renal fibrosis. However, the related mechanisms remain unclear. Here, we evaluated the mechanism by which ECM stiffness aggravates renal fibrosis. In the present study, renal mesangial cells (MCs) were cultured on polyacrylamide hydrogels with different stiffness accurately detected by atomic force microscope (AFM), simulating the in vivo growth microenvironment of MCs in normal kidney and renal fibrosis. A series of in vitro knockdown and activation experiments were performed to establish the signaling pathway responsible for mechanics-induced MCs activation. In addition, an animal model of renal fibrosis was established in mice induced by unilateral ureteral obstruction (UUO). Lentiviral particles containing short hairpin RNA (sh RNA) targeting Piezo1 were used to explore the effect of Piezo1 knockdown on matrix stiffness-induced MCs activation and UUO-induced renal fibrosis. An in vitro experiment demonstrated that elevated ECM stiffness triggered the activation of Piezo1, which increased YAP nuclear translocation through the p38MAPK, and consequently led to increased ECM secretion. Furthermore, these consequences have been verified in the animal model of renal fibrosis induced by UUO and Piezo1 knockdown could alleviate UUO-induced fibrosis and improve renal function in vivo. Collectively, our results for the first time demonstrate enhanced matrix stiffness aggravates the progression of renal fibrosis through the Piezo1-p38MAPK-YAP pathway. Targeting mechanosensitive Piezo1 might be a potential therapeutic strategy for delaying the progression of renal fibrosis.
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INTRODUCTION
Chronic kidney disease (CKD) has become a serious public health problem endangering human health, which affects ∼10% of global population (Qiu et al., 2018). Renal fibrosis is the most common pathological manifestation of a wide variety of CKD, which characterized by excessive deposition of extracellular matrix (ECM) including collagen fibers and fibronectin (Imamura et al., 2018). Currently, there are very limited therapeutics to treat renal fibrosis effectively. So, the need to explore its unknown mechanisms and prevent the progression of this disease is urgent.
Mechanical information is increasingly recognized as comprehensive regulator of cell biological behavior. Abnormal mechanotransduction is correlated with the progression and severity of diseases including fibrosis (Li et al., 2019), cancer (Lee et al., 2019), and cardiovascular defects (Yamashiro et al., 2020). Increased ECM stiffness through collagen deposition or crosslinking accelerates ECM secretion and subsequently aggravates the progression of renal fibrosis, which forms a vicious positive feedback loop (Chen et al., 2014). Thus, targeting the mechanotransduction signaling pathway induced by enhanced ECM stiffness may provide a therapeutic strategy for renal fibrosis. As one of the inherent cells of the kidney, mesangial cells (MCs) have the function of maintaining the metabolic balance of ECM under normal physiological conditions (Huang et al., 2017). MCs can be activated and produce large amounts of ECM in renal fibrosis. However, the effect of extracellular matrix mechanical microenvironment on MCs is not clear.
The transcription factor Yes-associated protein (YAP) in the Hippo signaling pathway can be activated to translocated to nucleus by mechanical force stimulation (Dupont et al., 2011; Cobbaut et al., 2020). Furthermore, YAP binds to transcriptional enhanced associate domain (TEAD) in the nucleus, which affects target gene such as CTGF and then cell proliferation and differentiation, tissue regeneration and organ size determination (Zhang et al., 2014; Brusatin et al., 2018). It has been reported that increased ECM stiffness activates YAP, which leads to ECM deposition and then contributes to increased ECM stiffness (Cai et al., 2021). Despite these important findings, the molecular mechanisms by which MCs sense and transduce the mechanical signals to activate YAP needs to be further explored.
Piezo1, an emerging mechanical force receptor on the cell membrane, has been shown to respond to a wide range of mechanical forces, such as substrate stiffness, shear flow extrusion and tissue compression (Chen et al., 2018). Piezo1 can directly respond to mechanical force stimulation without the activation of other proteins or second messenger signals (Syeda et al., 2016). Reports have shown that Piezo1 is widely expressed in the kidney, bladder and endothelial cells (Dalghi et al., 2019). Piezo1-mediated sensing of mechanical force regulates physiological functions such as vasculogenesis (Li J. et al., 2014), bone homeostasis and innate immunity (Solis et al., 2019). However, it is not clear whether Piezo1 acts as an upstream mechanical response to YAP in renal fibrosis.
In our study, MCs were cultured on hydrogels with different stiffness in vitro to simulate the growth microenvironment of MCs in normal kidney and renal fibrosis. A series of in vitro knockdown and reverse experiments were performed to establish the signaling pathway responsible for matrix stiffness-induced MC activation. The results demonstrated that Piezo1 function as a sensor of matrix stiffness and play a crucial role in YAP-mediated ECM accumulation, and the signaling transduction was relied on p38 MAPK phosphorylation. Furthermore, an animal model of renal fibrosis induced by unilateral ureteral obstruction (UUO) was used to observe the Piezo1-p38MAPK-YAP signaling pathway also plays a role in vivo and the intervention of Piezo1 can alleviate the progression of renal fibrosis. This study explores the mechanism of renal fibrosis in terms of mechanical force, to provide a better perspective for preventing the process of renal fibrosis.
MATERIALS AND METHODS
Animals
Six-to eight-week-old male C57Bl/6 mice weighing 20–25 g were obtained from the Liaoning Changshen to the Ethics code of the World Medical Association for the animal care and were approved by the Medical Ethics Committee of China Medical University.
Unilateral Ureteral Occlusion Model and in vivo shRNA Treatment
The UUO model was established as described in previous study (Hoel et al., 2021). Briefly, the flank was exposed via a midline incision in the under aseptic conditions, the left ureter was exposed and ligated. Piezo1 shRNA and its negative controls were injected once with a dose of 2*107 TU in 0.1 ml saline solution via the tail vein at 3 days after UUO, and the kidney specimens and blood samples were collected on 14 days after UUO operation. The shRNA sequences were as follows: Piezo1 shRNA, 5′-GCA​TCT​TTC​TCA​GCC​ACT​ACT-3’.
Histopathologic Examination of Renal Tissue
Paraffin-embedded kidney tissues were cut into 4 μm thick sections and mounted on slides. After deparaffinization and rehydration, the paraffin sections were stained with Masson’s trichrome (Jiancheng) to assess the histopathologic changes in the kidneys according to the manufacturer’s instructions. Three different fields were selected from per section, and three sections per animal were evaluated to obtain a mean value. Three mice from each group were used to obtain an overall value for subsequent statistical analysis.
For immunohistochemistry, after deparaffinization and rehydration, the paraffin sections were boiled with EDTA (pH = 8.0) for 2 min and 40 s at high pressure. The sections were then washed with PBS and incubated with goat serum for approximately 30 min. The sections were then incubated with anti-Fibronectin (ab2413, Abcam, 1:1,000),anti-α-SMA (130,621, Absin, Shanghai, China, 1:100) at 4°C overnight. Next the tissue sections were washed and incubated with biotinylated goat anti-rabbit IgG at room temperature for 1 h. The results were visualized with diaminobenzidine (DAB) (1809270031, MXB-BIO, Fuzhou, China). Hematoxylin was used as a counterstain. Images were taken with a camera mounted on a Nikon microscope (Eclipse 90i, Nikon, Tokyo, Japan).
Preparation of Hydrogels
First, a 0.25% LAP initiator solution (EFL, Suzhou, China) was prepared in a brown bottle to protect it from light, and then incubated in a 60°C water bath for 30 min to dissolve. The solution was shaken every 10 min. The dissolved LAP standard solution was filtered with a 0.22 µm sterile filter for further use. Second, 0.5 g of the GelMA hydrogel (EFL, Suzhou, China) was put into a centrifuge tube, and the standard LAP initiator solution was added at different doses. The hydrogel was dissolved in a water bath at 60°C away from light for 30 min and filtered with a sterile filter. The hydrogel solution was then immediately injected into a Petri dish, and irradiated with an ultraviolet light source at 405 nm for approximately 1 min to solidify it.
Substrate Stiffness Measurements
Atomic force microscope (AFM) was used to determine the stiffness and surface topography of the hydrogels. AFM experiments were conducted using a Bioscope Catalyst AFM (Dimension icon, Bruker Corporation, United States) set on an inverted fluorescence microscope (Nikon, Tokyo, Japan). The probe was an MLCT-type, and the cantilever had a nominal spring constant of 0.01 N/m. First, the AFM tip was instructed to contact the base of the Petri dish to obtain the force curves and then calibrate the deflection sensitivity of the cantilever. Second the spring constants of the cantilever beam were calibrated by the thermal tuning method. Subsequently, the AFM tip was controlled and made to contact the surface of the hydrogel on the Petri dish. AFM senses the deformation of a cantilever, the tip of which interacts with the sample surface, to measure the force between the tip and sample surface (Supplementary Figure S1A). The morphology of the samples was measured by keeping the interaction between the tip and the surface constant (Li et al., 2014c). By pressing the tip onto the surface and measuring deformation of the cantilever, the stiffness of the samples was calculated using physical models (Liu et al., 2015). Fifty positions of the hydrogel were randomly selected from each group and used to obtain the force curves. Finally, the hydrogel young’s modulus was computed using the Hertz model (Li et al., 2014b). The roughness of hydrogel surface was flat relative to the cells (Supplementary Figure S1B). The stiffness of the hydrogels was 2 ± 0.32 kPa and 50 ± 1.57 kPa, which are consistent with the elasticities of the normal kidney and sclerotic kidney, respectively (Supplementary Figure 1C).
Cellular Culture and Treatment
Immortalized mouse renal MCs (SV40-MES-13) were purchased from the Procell Life Science&Technology Co.,Ltd. (Wuhan, China) and cultured in DMEM/F12 containing 5% fetal bovine serum (FBS), 0.5% penicillin and streptomycin in an atmosphere of 5% CO2 at 37 °C. Following overnight serum deprivation, the SV40-MES-13 cells were seeded on cover slips coated with either 2 kPa (soft) or 50 kPa (stiff) hydrogels, and then treated with the YAP inhibitor Super-TDU (Selleckchem, Houston,TX, United States, s8554), Piezo1 activator Yoda-1 (Selleckchem, s6678), MEK1/2 inhibitor PD0325901 (MedChemExpress, Shanghai, China, HY-131295), JNK inhibitor SP600125 (MedChemExpress, HY-12041), or the p38 kinase inhibitor SB203580 (MedChemExpress, HY-10256) for 48 h.
Lentiviral Short Hairpin RNA Transfection
Lentiviral particles containing short hairpin RNA (sh RNA) targeting Piezo1 and non-silencing shRNA were purchased from SyngenTech Co., Ltd. (Beijing, China). SV40-MES-13 cells were transfected with lentivirus containing Piezo1 shRNA to knockdown Piezo1, while the scrambled non-silencing shRNA sequence was used as a negative control (NC). The shRNA sequences were as follows: NC shRNA, 5′-CCT​AAG​GTT​AAG​TCG​CCC​TCG​C-3′, Piezo1 shRNA, 5′-GCA​TCT​TTC​TCA​GCC​ACT​ACT-3’. The transfection efficiency was determined by immunoblotting. Western blot analysis was used to verify the transfection efficiency (Supplementary Figure S2).
Cell Viability Assay
Cell viability assay was performed with a Cell Counting Kit-8 (CCK-8) (MedChemExpress, Shanghai, China, HY-K0301) according to the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates and treated with different concentrations of Super-TDU, the CCK-8 solutions were added and incubated for 4 h. Absorption at 450 nm was subsequently measured on the Varioskan Flash (Thermo Fisher, United States). Each experiment was repeated three times individually. The results were expressed as a percentage of the control that was set as 1.
Real-Time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. Briefly, 1 μg of RNA was reverse transcribed into cDNA using the Primer Script RT reagent kit (DRR047A, Takara, Japan). Quantitative PCR was carried out using an ABI 7500 real-time PCR system (Applied Biosystems, Darmstadt, Germany). The mRNA levels were normalized to GAPDH. The relative expression was calculated by the 2 (−ΔΔCt) method. The primer sequences are as follows: Piezo1 forward: 5′- TAC​GCC​GAG​GTG​TGC​TGG​AC -3′ and reverse: 5′- GCT​GGT​GTC​GTC​TGT​CAT​GCT​AC -3′.
Western Blot Analysis
Renal tissues and SV40-MES-13 cells were lysed with RIPA lysis buffer containing protease and phosphatase inhibitors. The concentration of protein was estimated with a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China), and the lysates were diluted until their protein concentration was to 2 μg/μl. After normalization, equal amounts proteins were separated on SDS-polyacrylamid gels. The samples were separated by applying a constant voltage of 100 V for 1.5 h and then transferred onto PVDF membranes. After nonspecific sites were blocked with Tris-buffered saline (TBS) containing 0.1% Tween 20 and 5% defatted dried milk, the membranes were incubated with anti-Piezo1 (78,446, Novas Biological, Littleton, Colorado, United States, 1:1,000), anti-p-p38MAPK (4,511, Cell Signaling Technology, 1:1,000), anti-p38MAPK (8,690, Cell Signaling Technology, 1:1,000), anti-p-ERK (4,370, Cell Signaling Technology, 1:1,000), anti-ERK (4,695, 1:1,000, Cell Signaling Technology), anti-p-JNK (sc6254, Santa Cruz Biotechnology, Dallas, TX, United States, 1:500), anti-JNK(sc7345, Santa Cruz Biotechnology, 1:500), anti-YAP (ab205270, Abcam, 1:1,000), anti-Collagen I (0,088, Wanleibio, Shenyang, China, 1:500), anti-Fibronectin (ab2413, Abcam, 1:1,000), anti-p-YAP (13,008, Cell Signaling Technology, 1:1,000), anti-MST1 (AF2367, Affinity Biosciences, 1:1,000), MST1 (22245-1-AP, Proteintech, 1:1,000), p-LATS1 (AF7170, Affinity Biosciences, 1:1,000), LATS1 (17049-1-AP, Proteintech, 1:1,000) and rabbit anti-GAPDH (7,021, Affinity, Shanghai, China, 1:1,000) at 4°C overnight. The blots were incubated with a horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibody (P448, DAKO, Glostrup, Denmark, 1:200) at room temperature for 1 h. Finally, the blots were visualized using a bioanalytical imaging system (Azure Biosystems, Dublin, CA, United States).
Immunofluorescence Detection
Treated cells were fixed with 4% paraformaldehyde, washed with immunofluorescence detergent solution and blocked with 3% BSA for 30 min at room temperature. To visualize microfilaments, the cells were incubated with FITC-conjugated phalloidin (Beyotime Biotechnology, Shanghai, China) for 1 h at room temperature. To visualize YAP and α-SMA, the cells were incubated with anti-YAP (14,074, Cell Signaling Technology, 1:100), anti-α-SMA (130,621, Absin, Shanghai, China, 1:100) overnight at 4°C. Next day, the cells were washed and incubated with secondary antibody conjugated to the fluorescent markers FITC or TRITC at room temperature for 1 h in the dark, and then stained with 4′,6′-diamidino-2-phenylindole (Beyotime, Shanghai, China) for 10 min to visualize nuclei. The results were observed under a confocal microscope (Eclipse C1, Nikon, Tokyo, Japan). YAP nuclearstaining was quantified by counting the YAP staining-positive cells and then normalizing to the total cell number in each image. Three different fields were selected from a cell-cultured coverslip, and three parallel experiments for each treatment were performed.
Statistics
All analyses were performed using SPSS software, version 21.0 (SPSS Inc, Chicago, IL, United States), and all experiments were performed at least in triplicate. Data on the net optical density of the bands are presented as the means ± standard deviations (SDs), and one-way analysis of variance followed by the Bonferroni test was used to compare the two different treatment groups. The unpaired two-sided Student’s t test was used to analyze difference between two groups. Differences with a p value of < 0.05 were considered statistically significant.
RESULTS
Extracellular Matrix Stiffness Activates MCs via YAP
The mechanical properties of the cellular microenvironment play an essential role in determining cellular function and fate (Vining and Mooney, 2017). To test the effect of ECM stiffness on MCs, the protein expression of myofibroblast markers (α-SMA) and ECM-associated proteins (Collagen I and Fibronectin) was measured after the MCs had been cultured on matrices of different stiffness for 48 h. The results showed that the α-SMA, Collagen I and Fibronectin protein expression levels were higher in MCs cultured on the stiff (50 kPa) hydrogel than in those cultured on the soft hydrogel (2 kPa) (Figures 1B–D). Moreover, to test whether ECM stifness affects YAP in MCs, the expression and location of YAP were measured in cells cultured on the soft and stiff hydrogels. As shown in Figure 2B, YAP protein expression was significantly increased in cells cultured on the stiff hydrogel. In addition, YAP translocation into the nucleus from the cytoplasm increased as the stiffness of the hydrogel increased. Notably, cells cultured in hydrogel with greater stiffness showed localization of YAP to the nucleus in conjunction with the increased expression of the myofibroblast marker α-SMA (Figure 2C). In addition, pretreatment of cells with Super-TDU, a YAP inhibitor, specifically inhibited the expression of CTGF, Fibronectin, α-SMA and Collagen I in cells cultured on the stiffer hydrogel (Figures 2F–I). The dose of Super-TDU was selected on the basis of CCK-8 assay (Supplementary Figure S6), Based on these results, we selected 0, 50, 100, and 200 ng/ml as Super-TDU administration concentrations for subsequent experiments to eliminate the interference of Super-TDU-induced cell death. These results demonstrate that ECM stiffness activates YAP to promote MCs activation.
[image: Figure 1]FIGURE 1 | ECM stiffness activates MCs. MCs were cultured on hydrogels of different stiffness (2 kPa and 50 kPa) for 48 h. (A) Representative Western blot bands show expression levels of the myofibroblast marker α-SMA and ECM-associated proteins include of Collagen I and Fibronectin in cells cultured on soft and stiff hydrogels. The bar graphs show the results of semi-quantitative measurements of Fibronectin (B), Collagen I (C) and α-SMA (D). (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001).
[image: Figure 2]FIGURE 2 | ECM stiffness activates MCs through YAP. MCs were cultured on hydrogels of different stiffness (2 and 50 kPa) for 48 h. (A) Representative Western blot bands show the protein expression level of YAP. (B) The bar graph shows the result of semi-quantitative measurement of YAP (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001). (C) Representative photomicrographs show fluorescence staining with anti-α-SMA (red) and anti-YAP (green) antibodies in cells cultured on the soft and stiff hydrogels. Scale bar = 25 µm. (D) The percentage of cells with predominantly nuclear YAP staining. (p < 0.001). (E) Western blot bands show expression levels of Fibronectin, Collagen 1, α-SMA and CTGF after which MCs were incubated with Super-TDU at various concentrations on the stiff gel (50 kPa) for 24 h. The bar graph shows the results of semi-quantitative of Fibronectin (F), α-SMA (G) Collagen 1 (H) and CTGF (I) measurements (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
p38MAPK Regulates Extracellular Matrix Stiffness-Induced YAP Activation
Having established that YAP plays a key role in mediating ECM stiffness-induced MC activation, we wanted to explore which signaling pathway regulates ECM stiffness-induced YAP nuclear localization. Studies have shown that the MAPK signaling pathway mediates the regulation of YAP activation. In our experiment, we found that cells cultured on the stiff hydrogel expressed more p-p38, p-JNK and p-ERK proteins (Figures 3B–D) than cells cultured on the soft hydrogel. To further evaluate the role of the MAPK signaling pathway in ECM stiffness-induced YAP activation, cells cultured on the stiffer hydrogel were treated with an MEK1/2 inhibitor (PD0325901), a JNK inhibitor (SP600125), or a p38 kinase inhibitor (SB203580). Interestingly, only SB203580, the p38 kinase inhibitor, inhibited YAP expression (Figure 4B) and blocked YAP nuclear localization (Figure 4D) induced by the enhanced stiffness. SP600125 and PD0325901 treatment did not alter the expression of YAP (Supplementary Figure S3). In addition, SB203580 decreased the expression of α-SMA, Collagen I and Fibronectin (Figures 4F–H). These results indicate that ECM stiffness induced YAP activation through p38MAPK.
[image: Figure 3]FIGURE 3 | ECM stiffness promotes MAPK signaling pathway activation. (A) Representative western blot bands show the protein expression levels of p-p38, p38, p-ERK, ERK, p-JNK and JNK. (B)The bar graph shows the result of semi-quantitative measurement of p-p38/p38. (C) The bar graph shows the result of semi-quantitative measurement of p-ERK/ERK. (D) The bar graph shows the result of semi-quantitative measurement of p-JNK/JNK (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001).
[image: Figure 4]FIGURE 4 | p38 inhibitor blocked YAP activation and ECM protein expression induced by enhanced hydrogel stiffness. MCs were treated with vehicle or a p38 inhibitor and cultured on hydrogels with different stiffness. (A) Representative Western blot bands showing YAP expression in each group. (B) Semi-quantitative measurement of YAP (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). (C) Representative photomicrograph showing fluorescence staining of YAP in cells treated with vehicle and a p38 inhibitor grown on the stiff hydrogels. Scale bar = 25 µm. (D) The percentage of cells with predominantly nuclear YAP staining. (***, p < 0.001). (E) Representative western blot bands show the protein expression levels of Fibronectin, Collagen 1 and α-SMA after MCs were treated with vehicle or a p38 inhibitor and cultured on the soft and stiff hydrogels. The bar graph shows the result of semi-quantitative measurement of Fibronectin (F), Collagen I (G) and α-SMA(H) (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
Piezo1 Mediates the Activation of YAP Through p38MAPK
Piezo1 can sense microenvironmental stiffness and transduce the external mechanical stimuli into the intracellular signaling pathway (Dasgupta and McCollum, 2019). In our experiments, we found that the Piezo1 protein expression level was increased in cells cultured on the stiff hydrogel compared to those cultured on the soft hydrogel (Figure 5B). To explore how Piezo1 mediates cellular responses to ECM stiffness, we silenced Piezo1 in MCs by transfection with lentiviral shRNA targeting Piezo1 and cultured the cells on stiff or soft hydrogel. Western blot analysis showed that Piezo1 knockdown reduced the protein levels of Fibronectin, α-SMA and Collagen I (Figures 5D–F). The Western blot results also showed that Piezo1 knockdown decreased p-p38 and YAP protein expression (Figures 6B,C). We also found that more cells transfected with Piezo1 shRNA displayed YAP nuclear exclusion than cells transfected with nontargeting shRNA (Figure 6E).
[image: Figure 5]FIGURE 5 | Piezo1 knockdown reduced ECM protein levels. (A) Representative western blot bands of Piezo1 in MCs cultured on hydrogels with a stiffness of 2 kPa or 50 kPa for 48 h. (B) The bar graphs show the results of semi-quantitative measurement of Piezo1 (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001). (C) MCs were transfected with shNC or sh Piezo1 and grown on soft and stiff gels. Representative western blot bands of Fibronectin, α-SMA and Collagen I. The bar graph shows the result of semi-quantitative measurement of Fibronectin (D), α-SMA (E) and Collagen I (F). (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
[image: Figure 6]FIGURE 6 | Piezo1 knockdown reduced YAP and p-p38 expression. MCs were transfected with shNC or sh Piezo1 and grown on soft and stiff gels. (A) Representative western blot bands of YAP, p-p38 and p38. Semi-quantitative measurement of YAP (B) and p-p38/p38 (n = 3 *p < 0.05, **p < 0.01, ***p < 0.001). (D) Representative photomicrographs show fluorescence staining with anti-YAP after MCs were transfected with shNC or sh Piezo1 and grown on stiff gels. Scale bar = 25 µm. (E) The percentage of cells with predominantly nuclear YAP staining. (p < 0.001).
We then treated cells grown on the soft hydrogel with a p38 kinase inhibitor (SB203580) and a specific Piezo1 agonist (Yoda-1). we found that cells treated with Yoda-1 displayed higher YAP, Fibronectin Collagen I and α-SMA expression (Figures 7B–E) than the control cells. Moreover, the expression of YAP, Fibronectin Collagen I and α-SMA expression reduced in cells treated with Yoda-1 and SB203580 when compared with cells applied for Yoda-1 alone. These results suggested that Piezo1 induced nuclear YAP translocation through p38 MAPK as ECM stiffness increased.
[image: Figure 7]FIGURE 7 | p38 MAPK inhibitor reduced the increased YAP expression and ECM secretion induced by Piezo1 activator. (A) MCs were incubated with Yoda-1 and SB for 48 h on the soft gel. (A) Representative western blot bands represent the protein expression levels of Fibronectin, Collagen 1, α-SMA and YAP. The bar graph shows the result of semi-quantitative measurement of Fibronectin (B), α-SMA (C), Collagen I (D) and YAP (E). (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001).
Piezo1 Knockdown Alleviated Renal Fibrosis Induced by UUO through p38MAPK-YAP Pathway.
To explore whether Piezo1-p38MAPK-YAP signaling pathway play a role in renal fibrosis and block the pathway could provide a potential therapeutic target for postponing the development of renal fibrosis, an animal model of renal fibrosis induced by UUO was established and a loss-of-function experiment was carried out by using shRNA of Piezo1 in UUO mice. Firstly, we found that the UUO group showed increased serum levels of BUN and creatinine as compared to the control group, whereas in Piezo1 knockdown UUO mice, this apparent upregulation was alleviated. The serum levels of BUN and creatinine did not differ between the UUO group and UUO + sh NC group (shNC refers to empty vector without Piezo1 shRNA) (Figures 8A,B). Masson staining further demonstrated that renal fibrosis was alleviated in Piezo1 knockdown UUO mice. The results showed that comparison with control group, the deposition of blue stained collagen fibers significantly up-regulated in the peritubular interstitial region in UUO and UUO + sh NC treated groups, however, the collagen fibers deposited were significantly reduced when Piezo1 was knocked down in UUO group (Figure 8D). In addition, compared to the UUO group, Piezo1 knockdown UUO mice showed decreased levels of the renal fibrosis markers α-SMA, Collagen I and Fibronectin (Figures 9B–D). Consistent with the results, immunostaining staining shown that α-SMA was widely expressed in the perivascular interstitial region and in smooth muscle cells in UUO and UUO + sh NC groups, and the α-SMA expression significantly reduced after Piezo1 shRNA administration, and was mainly expressed in smooth muscle cells. The fibronectin protein was widely expressed in the interstitial region in UUO and sh-NC treated UUO groups, whereas the distribution was significantly decreased in UUO treated with Piezo1 shRNA group (Figure 9E).
[image: Figure 8]FIGURE 8 | Piezo1 knockdown improved renal function in UUO mice. An animal model of renal fibrosis induced by UUO was established and a loss-of-function experiment was carried out by using shRNA of Piezo1 and shNC in UUO mice. shNC refers to empty vector without Piezo1 shRNA. Renal function is assessed by (A) plasma creatinine and (B) BUN levels. (n = 6; *p < 0.05, **p < 0.01, ***p < 0.001). (C) Masson staining reveals the excessive deposition of ECM (blue) in four different treatment groups. (D) The collagenvolume fraction in four different treatment groups (*p < 0.05, **p < 0.01, ***p < 0.001).
[image: Figure 9]FIGURE 9 | Piezo1 knockdown reduces the expression of ECM protein levels in UUO mice. An animal model of renal fibrosis induced by UUO was established and a loss-of-function experiment was carried out by using shRNA of Piezo1 and shNC in UUO mice. (A) Representative western blot bands show the protein expression of Fibronectin, Collagen I and α-SMA in the four different treatment groups. The bar graph shows the result of semi-quantitative measurement of Fibronectin (B), Collagen I (C) and α-SMA (D). (n = 4; *p < 0.05, **p < 0.01, ***p < 0.001). (E) Representative photomicrographs show immunohistochemical staining with Fibronectin and α-SMA after Piezo1 knockdown in UUO mice. scale bar indicates 50 μm.
To verify that Piezo1 knockdown alleviate renal fibrosis through the p38MAPK-YAP pathway, we examined the expression of p-p38, p38 and YAP expression in four groups. As shown in Figures 10B,E, Piezo1 mRNA and protein level up-regulated significantly in comparison with the control, and they were downregulated after Piezo1 knockdown in UUO treated mice. Western blot results demonstrated that compared with the control, YAP protein leve and p-p38/p38 ratio were increased significantly in UUO group, but they were reduced significantly after Piezo1 sh RNA administrated in comparison with the UUO group (Figures 10C,D). Altogether, these results indicated that Piezo1 knockdown alleviated renal fibrosis induced by UUO through p38MAPK-YAP pathway.
[image: Figure 10]FIGURE 10 | Piezo1 knockdown alleviates renal fibrosis through p38MAPK-YAP pathway. An animal model of renal fibrosis induced by UUO was established and a loss-of-function experiment was carried out by using shRNA of Piezo1 and shNC in UUO mice. (A) Representative western blot bands show the protein expression of Piezo1, p-p38, p38 and YAP in four different treatment groups. The bar graph shows the result of semi-quantitative measurement of Piezo1 (B), p-p38/p38 (C) and YAP (D) (n = 4; *p < 0.05, **p < 0.01, ***p < 0.001). (E) Relative mRNA expression of Piezo1 in four different treatment groups. (n = 5, *p < 0.05, **p < 0.01, ***p < 0.001).
DISCUSSION
It is generally accepted that changes in cellular mechanical microenvironment play an essential role in cell behavior and progression of disease (D'Urso and Kurniawan, 2020; Silver et al., 2021). In the present study, we investigated the mechanism of renal fibrosis from the perspective of mechanical force. Our results showed that ECM stiffness could promote excessive secretion of ECM by MCs through the Piezo1-p38MAPK-YAP signaling pathway, in addition, the Piezo1-p38MAPK-YAP signaling pathway have been verified play a role in the animal model of renal fibrosis induced by UUO and targeting mechanosensitive Piezo1 attenuates the progression of renal fibrosis.
YAP is the prime mediator of the Hippo pathway, and its expression and cellular distribution were reported to be mechanically regulated by ECM stiffness (Ghasemi et al., 2020; Zhang et al., 2020) In the present study, we found that the expression of YAP in kidney was elevated in response to UUO. In addition, the results demonstrated that YAP could be activated by enhanced ECM stiffness and translocate to the nucleus, moreover, the inhibition of YAP impeded CTGF expression and ECM secretion. Consistent with our results, Cheng et.al. reported that matrix stiffness can activate fibroblasts in a YAP-dependent manner (Liang et al., 2017). It was also reported that in fibroblasts, ECM stiffness mechanoactivates YAP, which promotes the production of profibrotic mediators and ECM proteins (Noguchi et al., 2018). Altogether, these results demonstrated that increased YAP-induced ECM production in MCs is mediated by enhanced ECM stiffness in renal fibrosis. However, how ECM stiffness regulates YAP expression and localization remains unknown.
Existing studies have shown that the entry of YAP into the nucleus is regulated by a variety of signaling pathway. However, as a key protein of Hippo signaling pathway, YAP has been reported participated in the Hippo signaling pathway in many studies and its mechanism is relatively clear (Yu et al., 2015). That is, the upstream regulatory element NF2 of Hippo signaling pathway can activate the core kinase chains Mst1/2 and LATS1/2 of Hippo pathway, and then regulate the activity and localization of YAP (Panciera et al., 2017). Bioinformatic analysis of protein-protein interactions in STRING v.10 provided a protein network associated with MAPK and YAP (Supplementary Figure S5). Moreover, cancer studies have demonstrated that enhanced matrix stiffness accelerates the migration of hepatocellular carcinoma cells via MAPK-YAP signaling (Qiu et al., 2020). However, it is not clear whether YAP is regulated by MAPK in renal fibrosis. Here, we established that p38 serves as an important link between ECM stiffness and YAP activation. p38, a member of the MAPK family, is a key regulator of proliferation, apoptosis and autophagy (Wang et al., 2017; Lee et al., 2020). Our results showed that p-p38, p-JNK, and p-ERK protein expression was significantly elevated in cells cultured on the stiff hydrogel compared with cells grown on the soft gel. However, only the p38 kinase inhibitor could prevent YAP activation induced by enhanced hydrogel stiffness. Guan et al. reported that the TEA domain (TEAD) family of DNA-binding transcription factors to which YAP binds to regulate gene expression, directly interact with p38 without scaffold proteins (Lin et al., 2018). Another report has demonstrated that p38, YAP, and TEAD are complexed together in cardiac fibroblasts (Bugg et al., 2020). The in vivo results also demonstrated that the p-p38 level was higher in the UUO model than in control mice. Previous studies have shown that the p-p38/p38 ratio is increased in renal fibrosis induced by UUO (Gu et al., 2019). In addition, mechanical force can stimulate the activation of p38MAPK to regulate cellular behavior (Bugg et al., 2020). It also has been demonstrated that p38 induces YAP nuclear translocation by inhibiting the components of Hippo pathway (Hsu et al., 2020). To investigate the effects of p38 inhibitor on Hippo components expression and the level of YAP phosphorylation. The results demonstrated that the p-MST1/MST1 and p-LATS/LATS increased significantly in cells treated with p38 inhibitor when compared to the control, and the expression of p-YAP also enhanced when added to p38 inhibitor (Supplementary Figure S6). Therefore, it is speculated that P38 may regulate Yap in two ways, the first one is that p38 can activate YAP by inhibiting Hippo pathway and the second is that p38 can directly regulate YAP without relying on other proteins. These results indicate that ECM stiffness serves upstream of the MAPK signaling axis and activates the phosphorylation of p38 MAPK, triggering YAP activation and a downstream cascade.
As p38MAPK is an intracellular molecule, it cannot directly sense surrounding mechanical signals. The membrane protein that senses mechanical signals and transduces these signals to p38MAPK to regulate renal fibrosis remains to be fully defined. Piezo1 has been reported to be an important sensor of various aspects of mechanotransduction (Wang et al., 2019). It is widely expressed in various tissues, including the kidney, and can be directly activated by mechanical forces acting on the cell membrane (Yoneda et al., 2019). Our results demonstrated that stiff substrate facilitates Piezo1 activation. Moreover, we also found that a significant increase in Piezo1 expression in renal fibrosis induced by UUO. In vitro results showed that Piezo1 silencing reduced ECM expression and YAP nucleation. In addition, YAP expression and ECM secretion dramatically increased after administrated the Yoda-1, whereas they were reduced significantly in cells treated with Yoda-1 and SB203580 when compared with cells applied for Yoda-1 alone. These results further demonstrate that p38MAPK involved in the regulation of YAP and ECM levels by Piezo1. Moreover, in vivo experiment showed that Piezo1 knockdown could alleviate renal fibrosis and renal function, and which the process mediated by the p38MAPK-YAP pathway. Piezo proteins are subunits of calcium ion-permeable nonselective cation channels that respond to mechanical force (Liu et al., 2020). When Piezo1 activated by mechanical force, it causes a massive influx of calcium ions into the cell. It has been reported that the increase of calcium in cells is related with p38 MAPK activation (Zhou et al., 2021). Turner et al. reported that p38 is activated downstream of Piezo1-mediated Ca2+ entry, increasing IL-6 secretion (Blythe et al., 2019). Also, in bone homeostasis, Piezo1 has been reported that induce YAP-dependent expression of several ECM such as type II and IX collagens (Wang et al., 2020). However, it has been reported that Piezo1 could act upstream of YAP in oral squamous cell carcinoma (Hasegawa et al., 2021), We speculate that the hierarchical relationship between PIEZO1 and YAP may be dependent on this cell context, or that there is a positive feedback regulation between PIEZO1 and YAP.
In conclusion, elevated ECM stiffness could activate Piezo1, which increased YAP activity through the p38MAPK. This increased YAP protein promotes ECM secretion, thereby contributing to the progression of renal fibrosis. Moreover, the progression of renal fibrosis can be alleviated by intervening Piezo1. These results highlight the importance of Piezo1 and the potential utility of Piezo1 as a biomarker and therapeutic target of renal fibrosis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the animal study was reviewed and approved by Medical Ethics Committee of China Medical University.
AUTHOR CONTRIBUTIONS
YF designed the experiments, performed most experiments, analyzed data, and wrote the manuscript. PW was involved in improving experimental design. JZ analyzed the data and editing the manuscript. XL helped revise the manuscript, and YZ helped in animal experiments. JX and KW helped analyzed the histology and histopathology, and HP and QZ helped interpret data. LC provided a lot of constructive suggestions and polished up the article. XZ designed and supervised all experiments, and edited the manuscript. All authors read and approved the final manuscript.
FUNDING
The work was financially supported by the National Natural Science Foundation of China (contract Nos. 31371219 and 31971115) and Nature Foundation of Liaoning Province of China under Grant 2021-KF-12-03.
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.
ACKNOWLEDGMENTS
We gratitude the Shenyang Institute of Automation, Chinese Academy of Sciences for the support in microenvironmental stiffness testing.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.741060/full#supplementary-material
REFERENCES
 Blythe, N. M., Muraki, K., Ludlow, M. J., Stylianidis, V., Gilbert, H. T. J., Evans, E. L., et al. (2019). Mechanically Activated Piezo1 Channels of Cardiac Fibroblasts Stimulate P38 Mitogen-Activated Protein Kinase Activity and Interleukin-6 Secretion. J. Biol. Chem. 294 (46), 17395–17408. doi:10.1074/jbc.RA119.009167
 Brusatin, G., Panciera, T., Gandin, A., Citron, A., and Piccolo, S. (2018). Biomaterials and Engineered Microenvironments to Control YAP/TAZ-dependent Cell Behaviour. Nat. Mater 17 (12), 1063–1075. doi:10.1038/s41563-018-0180-8
 Bugg, D., Bretherton, R., Kim, P., Olszewski, E., Nagle, A., Schumacher, A. E., et al. (2020). Infarct Collagen Topography Regulates Fibroblast Fate via P38-Yes-Associated Protein Transcriptional Enhanced Associate Domain Signals. Circ. Res. 127 (10), 1306–1322. doi:10.1161/circresaha.119.316162
 Cai, X., Wang, K.-C., and Meng, Z. (2021). Mechanoregulation of YAP and TAZ in Cellular Homeostasis and Disease Progression. Front. Cel Dev. Biol. 9, 673599. doi:10.3389/fcell.2021.673599
 Chen, W.-C., Lin, H.-H., and Tang, M.-J. (2014). Regulation of Proximal Tubular Cell Differentiation and Proliferation in Primary Culture by Matrix Stiffness and ECM Components. Am. J. Physiology-Renal Physiol. 307 (6), F695–F707. doi:10.1152/ajprenal.00684.2013
 Chen, X., Wanggou, S., Bodalia, A., Zhu, M., Dong, W., Fan, J. J., et al. (2018). A Feedforward Mechanism Mediated by Mechanosensitive Ion Channel PIEZO1 and Tissue Mechanics Promotes Glioma Aggression. Neuron 100 (4), 799–815. doi:10.1016/j.neuron.2018.09.046
 Cobbaut, M., Karagil, S., Bruno, L., Diaz de la Loza, M. D. C., Mackenzie, F. E., Stolinski, M., et al. (2020). Dysfunctional Mechanotransduction through the YAP/TAZ/Hippo Pathway as a Feature of Chronic Disease. Cells 9 (1), 151. doi:10.3390/cells9010151
 D'Urso, M., and Kurniawan, N. A. (2020). Mechanical and Physical Regulation of Fibroblast-Myofibroblast Transition: From Cellular Mechanoresponse to Tissue Pathology. Front. Bioeng. Biotechnol. 8, 609653. doi:10.3389/fbioe.2020.609653
 Dalghi, M. G., Clayton, D. R., Ruiz, W. G., Al-Bataineh, M. M., Satlin, L. M., Kleyman, T. R., et al. (2019). Expression and Distribution of PIEZO1 in the Mouse Urinary Tract. Am. J. Physiology-Renal Physiol. 317 (2), F303–f321. doi:10.1152/ajprenal.00214.2019
 Dasgupta, I., and McCollum, D. (2019). Control of Cellular Responses to Mechanical Cues through YAP/TAZ Regulation. J. Biol. Chem. 294 (46), 17693–17706. doi:10.1074/jbc.REV119.007963
 Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., et al. (2011). Role of YAP/TAZ in Mechanotransduction. Nature 474 (7350), 179–183. doi:10.1038/nature10137
 Ghasemi, H., Mousavibahar, S. H., Hashemnia, M., Karimi, J., Khodadadi, I., Mirzaei, F., et al. (2020). Tissue Stiffness Contributes to YAP Activation in Bladder Cancer Patients Undergoing Transurethral Resection. Ann. N.Y. Acad. Sci. 1473 (1), 48–61. doi:10.1111/nyas.14358
 Gu, L., Wang, Y., Yang, G., Tilyek, A., Zhang, C., Li, S., et al. (2019). Ribes Diacanthum Pall (RDP) Ameliorates UUO-Induced Renal Fibrosis via Both Canonical and Non-canonical TGF-β Signaling Pathways in Mice. J. Ethnopharmacology 231, 302–310. doi:10.1016/j.jep.2018.10.023
 Hasegawa, K., Fujii, S., Matsumoto, S., Tajiri, Y., Kikuchi, A., and Kiyoshima, T. (2021). YAP Signaling Induces PIEZO1 to Promote Oral Squamous Cell Carcinoma Cell Proliferation. J. Pathol. 253 (1), 80–93. doi:10.1002/path.5553
 Hoel, A., Osman, T., Hoel, F., Elsaid, H., Chen, T., Landolt, L., et al. (2021). Axl‐inhibitor Bemcentinib Alleviates Mitochondrial Dysfunction in the Unilateral Ureter Obstruction Murine Model. J. Cel Mol Med 25, 7407–7417. doi:10.1111/jcmm.16769
 Hsu, P. C., Yang, C. T., Jablons, D. M., and You, L. (2020). The Crosstalk between Src and Hippo/YAP Signaling Pathways in Non-small Cell Lung Cancer (NSCLC). Cancers (Basel) 12 (6). doi:10.3390/cancers12061361
 Huang, B. Y., Hu, P., Zhang, D. D., Jiang, G. M., Liu, S. Y., Xu, Y., et al. (2017). C-type Natriuretic Peptide Suppresses Mesangial Proliferation and Matrix Expression via a MMPs/TIMPs-independent Pathway In Vitro. J. Receptors Signal Transduction 37 (4), 355–364. doi:10.1080/10799893.2017.1286674
 Imamura, M., Moon, J.-S., Chung, K.-P., Nakahira, K., Muthukumar, T., Shingarev, R., et al. (2018). RIPK3 Promotes Kidney Fibrosis via AKT-dependent ATP Citrate Lyase. JCI Insight 3 (3). doi:10.1172/jci.insight.94979
 Lee, J. Y., Chang, J. K., Dominguez, A. A., Lee, H.-p., Nam, S., Chang, J., et al. (2019). YAP-independent Mechanotransduction Drives Breast Cancer Progression. Nat. Commun. 10 (1), 1848. doi:10.1038/s41467-019-09755-0
 Lee, S., Rauch, J., and Kolch, W. (2020). Targeting MAPK Signaling in Cancer: Mechanisms of Drug Resistance and Sensitivity. Ijms 21 (3), 1102. doi:10.3390/ijms21031102
 Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M. J., et al. (2014a). Piezo1 Integration of Vascular Architecture with Physiological Force. Nature 515 (7526), 279–282. doi:10.1038/nature13701
 Li, M., Liu, L., Xi, N., Wang, Y., Xiao, X., and Zhang, W. (2014b). Nanoscale Imaging and Mechanical Analysis of Fc Receptor-Mediated Macrophage Phagocytosis against Cancer Cells. Langmuir 30 (6), 1609–1621. doi:10.1021/la4042524
 Li, M., Xiao, X., Zhang, W., Liu, L., Xi, N., and Wang, Y. (2014c). Nanoscale Distribution of CD20 on B-Cell Lymphoma Tumour Cells and its Potential Role in the Clinical Efficacy of Rituximab. J. Microsc. 254 (1), 19–30. doi:10.1111/jmi.12112
 Li, S., Li, C., Zhang, Y., He, X., Chen, X., Zeng, X., et al. (2019). Targeting Mechanics-Induced Fibroblast Activation through CD44-RhoA-YAP Pathway Ameliorates Crystalline Silica-Induced Silicosis. Theranostics 9 (17), 4993–5008. doi:10.7150/thno.35665
 Liang, M., Yu, M., Xia, R., Song, K., Wang, J., Luo, J., et al. (2017). Yap/Taz Deletion in Gli+ Cell-Derived Myofibroblasts Attenuates Fibrosis. Jasn 28 (11), 3278–3290. doi:10.1681/asn.2015121354
 Lin, K. C., Moroishi, T., Meng, Z., Jeong, H.-S., Plouffe, S. W., Sekido, Y., et al. (2018). Author Correction: Regulation of Hippo Pathway Transcription Factor TEAD by P38 MAPK-Induced Cytoplasmic Translocation. Nat. Cel Biol 20 (9), 1098. doi:10.1038/s41556-018-0101-8
 Liu, M., Zheng, M., Xu, H., Liu, L., Li, Y., Xiao, W., et al. (2015). Anti-pulmonary Fibrotic Activity of Salvianolic Acid B Was Screened by a Novel Method Based on the Cyto-Biophysical Properties. Biochem. Biophysical Res. Commun. 468 (1-2), 214–220. doi:10.1016/j.bbrc.2015.10.127
 Liu, T.-t., Du, X.-f., Zhang, B.-b., Zi, H.-x., Yan, Y., Yin, J.-a., et al. (2020). Piezo1-Mediated Ca2+ Activities Regulate Brain Vascular Pathfinding during Development. Neuron 108 (1), 180–192. e185. doi:10.1016/j.neuron.2020.07.025
 Noguchi, S., Saito, A., and Nagase, T. (2018). YAP/TAZ Signaling as a Molecular Link between Fibrosis and Cancer. Ijms 19 (11), 3674. doi:10.3390/ijms19113674
 Panciera, T., Azzolin, L., Cordenonsi, M., and Piccolo, S. (2017). Mechanobiology of YAP and TAZ in Physiology and Disease. Nat. Rev. Mol. Cel Biol 18 (12), 758–770. doi:10.1038/nrm.2017.87
 Qiu, C., Huang, S., Park, J., Park, Y., Ko, Y.-A., Seasock, M. J., et al. (2018). Renal Compartment-specific Genetic Variation Analyses Identify New Pathways in Chronic Kidney Disease. Nat. Med. 24 (11), 1721–1731. doi:10.1038/s41591-018-0194-4
 Qiu, D., Zhu, Y., and Cong, Z. (2020). YAP Triggers Bladder Cancer Proliferation by Affecting the MAPK Pathway. Cmar Vol. 12, 12205–12214. doi:10.2147/cmar.s273442
 Silver, B. B., Zhang, S. X., Rabie, E. M., and Nelson, C. M. (2021). Substratum Stiffness Tunes Membrane Voltage in Mammary Epithelial Cells. J. Cel Sci 134. doi:10.1242/jcs.256313
 Solis, A. G., Bielecki, P., Steach, H. R., Sharma, L., Harman, C. C. D., Yun, S., et al. (2019). Author Correction: Mechanosensation of Cyclical Force by PIEZO1 Is Essential for Innate Immunity. Nature 575 (7784), E7. doi:10.1038/s41586-019-1755-5
 Syeda, R., Florendo, M. N., Cox, C. D., Kefauver, J. M., Santos, J. S., Martinac, B., et al. (2016). Piezo1 Channels Are Inherently Mechanosensitive. Cel Rep. 17 (7), 1739–1746. doi:10.1016/j.celrep.2016.10.033
 Vining, K. H., and Mooney, D. J. (2017). Mechanical Forces Direct Stem Cell Behaviour in Development and Regeneration. Nat. Rev. Mol. Cel Biol 18 (12), 728–742. doi:10.1038/nrm.2017.108
 Wang, L., You, X., Lotinun, S., Zhang, L., Wu, N., and Zou, W. (2020). Mechanical Sensing Protein PIEZO1 Regulates Bone Homeostasis via Osteoblast-Osteoclast Crosstalk. Nat. Commun. 11 (1), 282. doi:10.1038/s41467-019-14146-6
 Wang, Y.-Y., Zhang, H., Ma, T., Lu, Y., Xie, H.-Y., Wang, W., et al. (2019). Piezo1 Mediates Neuron Oxygen-Glucose Deprivation/reoxygenation Injury via Ca2+/calpain Signaling. Biochem. Biophysical Res. Commun. 513 (1), 147–153. doi:10.1016/j.bbrc.2019.03.163
 Wang, Y., Xia, C., Lv, Y., Li, C., Mei, Q., Li, H., et al. (2017). Crosstalk Influence between P38MAPK and Autophagy on Mitochondria-Mediated Apoptosis Induced by Anti-fas Antibody/Actinomycin D in Human Hepatoma Bel-7402 Cells. Molecules 22 (10), 1705. doi:10.3390/molecules22101705
 Yamashiro, Y., Thang, B. Q., Ramirez, K., Shin, S. J., Kohata, T., Ohata, S., et al. (2020). Matrix Mechanotransduction Mediated by Thrombospondin-1/integrin/YAP in the Vascular Remodeling. Proc. Natl. Acad. Sci. USA 117 (18), 9896–9905. doi:10.1073/pnas.1919702117
 Yoneda, M., Suzuki, H., Hatano, N., Nakano, S., Muraki, Y., Miyazawa, K., et al. (2019). PIEZO1 and TRPV4, Which Are Distinct Mechano-Sensors in the Osteoblastic MC3T3-E1 Cells, Modify Cell-Proliferation. Ijms 20 (19), 4960. doi:10.3390/ijms20194960
 Zhang, W., Gao, Y., Li, P., Shi, Z., Guo, T., Li, F., et al. (2014). VGLL4 Functions as a New Tumor Suppressor in Lung Cancer by Negatively Regulating the YAP-TEAD Transcriptional Complex. Cell Res 24 (3), 331–343. doi:10.1038/cr.2014.10
 Zhang, X., Cai, D., Zhou, F., Yu, J., Wu, X., Yu, D., et al. (2020). Targeting Downstream Subcellular YAP Activity as a Function of Matrix Stiffness with Verteporfin-Encapsulated Chitosan Microsphere Attenuates Osteoarthritis. Biomaterials 232, 119724. doi:10.1016/j.biomaterials.2019.119724
 Zhou, Z., Zhou, B., Chen, H., Lu, K., and Wang, Y. (2021). Oxidative Stress Activates the Nrf2-Mediated Antioxidant Response and P38 MAPK Pathway: A Possible Apoptotic Mechanism Induced by BDE-47 in Rainbow trout (Oncorhynchus mykiss) Gonadal RTG-2 Cells. Environ. Pollut. 287, 117341. doi:10.1016/j.envpol.2021.117341
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 Fu, Wan, Zhang, Li, Xing, Zou, Wang, Peng, Zhu, Cao and Zhai. 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-09-741060-g005.gif





OPS/images/fcell-09-741060-g006.gif





OPS/images/fcell-09-741060-g003.gif





OPS/images/fcell-09-741060-g004.gif





OPS/images/fcell-09-741060-g009.gif





OPS/images/fcell-09-741060-g007.gif





OPS/images/fcell-09-741060-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Targeting Mechanosensitive Piezo1 Alleviated Renal Fibrosis Through p38MAPK-YAP Pathway		Introduction

		Materials and Methods		Animals

		Unilateral Ureteral Occlusion Model and in vivo shRNA Treatment

		Histopathologic Examination of Renal Tissue

		Preparation of Hydrogels

		Substrate Stiffness Measurements

		Cellular Culture and Treatment

		Lentiviral Short Hairpin RNA Transfection

		Cell Viability Assay

		Real-Time PCR

		Western Blot Analysis

		Immunofluorescence Detection

		Statistics





		Results		Extracellular Matrix Stiffness Activates MCs via YAP

		p38MAPK Regulates Extracellular Matrix Stiffness-Induced YAP Activation

		Piezo1 Mediates the Activation of YAP Through p38MAPK





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









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

Targeting Mechanosensitive
Piezo1 Alleviated Renal Fibrosis

Through p38MAPK-YAP
Pathway





OPS/images/fcell-09-741060-g001.gif
He !u 2000






OPS/images/fcell-09-741060-g002.gif
A
Garon s
¢ v e






OPS/images/fcell-09-741060-g010.gif









OPS/images/crossmark.jpg
©

|





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





