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Abstract:

 Renal fibrosis is an inevitable outcome of end-stage chronic kidney disease. During this process, epithelial cells lose E-cadherin expression. β-Catenin may act as a mediator by accumulation and translocation to the nucleus. Studies have suggested that CIP4, a Cdc42 effector protein, is associated with β-catenin. However, whether CIP4 contributes to E-cadherin loss in epithelial cells by regulating β-catenin translocation is unclear. In this study, we investigated the involvement of CIP4 in β-catenin translocation. Expression of CIP4 was upregulated in renal tissues of 5/6 nephrectomized rats and mainly distributed in renal tubular epithelia. In TGF-β1-treated NRK-52E cells, upregulation of CIP4 expression was accompanied by reduced expression of E-cadherin. CIP4 overexpression promoted the translocation of β-catenin to the nucleus, which was accompanied by reduced expression of E-cadherin even without TGF-β1 stimulation. In contrast, CIP4 depletion by using siRNA inhibited the translocation of β-catenin to the nucleus and reversed the decrease in expression of E-cadherin. The interaction between CIP4 and β-catenin was detected. We also show that β-catenin depletion could restore the expression of E-cadherin that was suppressed by CIP4 overexpression. In conclusion, these results suggest that CIP4 overexpression represses E-cadherin expression by promoting β-catenin translocation to the nucleus.
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1. Introduction

Cdc42 (cell division cycle 42 (GTP binding protein)) is a member of the Rho family of small GTPases and is an important regulator of actin polymerization and cytoskeleton reorganization. Cdc42-interacting protein 4 (CIP4), a downstream effector of Cdc42, is a 545-amino acid protein that can bind to Cdc42 and Wiskott-Aldrich syndrome protein (WASP) through a Cdc42-binding domain and an SH3 domain at the carboxyl terminus, and also contains a FER/CIP4 homology (FCH) domain, through which it interacts with tubulin [1,2,3]. Rho-like GTPases are also key players in transforming growth factor-β1 (TGF-β1)-induced non-Smad signaling pathways [4,5].

Recent studies showed that TGF-β1 may induce loss of E-cadherin expression in certain epithelial cells [6]. E-cadherin normally operates as a homophilic adhesion receptor to facilitate cell–cell recognition and adhesion [7]. The ectodomains of E-cadherin on adjacent cells bind to each other [8,9], while the cytoplasmic domains interact with β-catenin (a kind of arm-repeated protein). β-Catenin directly binds to E-cadherin and is crucial to its adhesive function [7,10]. However, under pathological conditions such as tissue fibrosis or cancer, the interaction between cytoplasmic domains of E-cadherin and β-catenin are destroyed, leading to impairment of cell–cell adhesion [11]. Furthermore, free β-catenin translocates to the nucleus and functions as a mediator by binding to target genes such as Slug, a member of the Snail family, repressing the expression of E-cadherin [12,13].

There is evidence that CIP4 has a physical connection with β-catenin and is critical for cell–cell adhesion in renal cell carcinoma [2]. However, whether CIP4 contributes to E-cadherin loss induced by TGF-β1 or has an effect on E-cadherin expression is still unknown. To assess this potential contribution, we measured CIP4 expression in both renal tissues of 5/6 nephrectomized rats and renal tubular epithelial cells after TGF-β1 treatment, and examined the effect of CIP4 on β-catenin translocation to the nucleus and E-cadherin expression in vitro.



2. Results


2.1. Distribution and Expression of CIP4 in Renal Tissue of 5/6 Nephrectomized Rats

We first examined the distribution of CIP4 in fibrotic renal tissue in the 5/6 subtotal nephrectomy model. Masson staining revealed glomerular sclerosis and interstitial fibrosis in the renal tissues of the 5/6-nephrectomized rats, but not in the renal tissues of the sham-operated rats (Figure 1A,B). Immunohistochemical staining showed that CIP4 was highly expressed in renal tubular epithelia of 5/6-nephrectomized rats (Figure 1C,D), expressed in much lesser amounts in blood vessels or glomeruli, and rarely observed in tissues from sham-operated rats (Figure 1E). It was interesting to find that CIP4 was mainly distributed at the basolateral side of renal tubular epithelia (Figure 1F).

Figure 1. Expression and distribution of CIP4 in fibrotic renal tissue of rats: (A,B) analysis of tissue fibrosis by staining of kidney sections with Masson’s trichrome stain, 200×; (C,D) immunohistochemical analysis of CIP4 expression in the renal tissue of 5/6 nephrectomized and sham-operated rats, 200×; (E) representative staining of CIP4 distribution in the area of the glomerulus (a), renal tubule (b) and blood vessel (c), 200×; (F) CIP4 is mainly distributed at the basolateral side of epithelial cells (black arrows), 400×; and (G) Western blot of E-cadherin, β-catenin, and CIP4 in renal tissues of sham-operated and 5/6 nephrectomized rats. The histogram shows the average volume density normalized to the loading control GAPDH, (n = 3); * p < 0.05 compared with sham-operated rats.
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Decreased E-cadherin expression has been found in kidney specimens from patients who suffered from glomerulonephritis or diabetic or other forms of chronic nephropathy. It was also reported that the E-cadherin and β-catenin complex was responsible for adherens junctions [7]. Therefore, we examined the expressions of E-cadherin, β-catenin, and CIP4 in renal tissues of sham-operated and 5/6 nephrectomized rats. Compared to the sham-operated group, the expression of CIP4 was increased (3.38-fold) in the renal tissue of 5/6 nephrectomized rats, and this was accompanied by reduced expression of E-cadherin (p < 0.05), while there were no differences between the two groups in β-catenin expression (Figure 1G).



2.2. TGF-β1 Increases Expression of CIP4 and Induces CIP4 and β-Catenin Translocation to the Nucleus in the NRK-52E Cell Line

Given that CIP4 was mainly distributed in renal tubular epithelia, we examined the expression of CIP4 in a renal epithelial cell line derived from rat proximal tubular cells (NRK-52E cells). TGF-β1 has been reported to cause reduced expression of E-cadherin in various types of epithelial cells, which is relevant to the pathogenesis of renal fibrosis [6,11,14]. We further investigated potential changes in CIP4 expression in TGF-β1-treated NRK-52E cells. Compared with cells from the control group, TGF-β1-treated NRK-52E cells were larger after a 72-h incubation with 10 ng/mL TGF-β1 and had loose connections between cells (Figure 2A). Western blot showed that CIP4 was significantly elevated (2.53-fold) in the TGF-β1-treated group; this was accompanied by a decrease in expression of E-cadherin (p < 0.05). There were no differences between these two groups in β-catenin expression (Figure 2B).

Figure 2. CIP4 is upregulated in TGF-β1-treated NRK-52E cells. (A) Phase contrast microscopy showing morphological changes in TGF-β1 treated cells, 100×; Western blots for protein expression of (B) E-cadherin, β-catenin and CIP4 in whole cell lysates; and (C) β-catenin and CIP4 in nuclear proteins of control and TGF-β1-treated cells. Histograms show the average volume density normalized to the loading controls GAPDH (B) and Lamin A/C (C), (n = 3); * p < 0.05 compared with control cells.
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We detected increased expression of CIP4 in both renal tissue of 5/6 nephrectomized rats in vivo and TGF-β1 treated NRK-52E cells in vitro. This was accompanied by decreased expression of E-cadherin, but not of β-catenin. Some studies have suggested that nuclear translocation of β-catenin could be observed during fibrosis in addition to the loss of E-cadherin expression [7,14]. We next investigated the expression of CIP4 and β-catenin in nuclear fractions. Nuclear expression of CIP4 and β-catenin in TGF-β1-treated cells was 1.88- and 1.63-fold greater, respectively, than in control cells (Figure 2C).





2.3. CIP4 Interacts with β-Catenin and Overexpression of CIP4 Induces E-Cadherin Downregulation in NRK-52E Cells

Rho-like GTPases participate in a critical pathway of TGF-β1 signaling [4,5] and are involved in the regulation of adherens junction function in epithelial cells. Moreover, CIP4 has been reported to promote migration and invasion of lung cancer cells [9,15]. Thus, we examined whether CIP4 contributes to E-cadherin loss of epithelial cells. Compared with parental cells and cells transfected with empty vectors, protein expression of CIP4 was 2.38- and 2.07-fold greater, respectively, in cells transfected with CIP4 plasmids (Figure 3B). Light microscopy showed that compared to control cells, cells transfected with CIP4 plasmids were larger and more disassociated from surrounding cells, just as we observed in TGF-β1 treated cells (Figure 3A). The epithelial marker E-cadherin was downregulated in cells that overexpressed CIP4, compared with parental cells and empty vector-transfected cells (p < 0.05). We then investigated protein expression of β-catenin, a component of the intercellular adhesive junction [8]. There were no differences among the three groups of cells. As mentioned above, CIP4 was mainly distributed on the basolateral side of renal tubular epithelia, which is also where β-catenin is located [16]. Therefore, we further examined the interaction between CIP4 and β-catenin. Our results showed they interacted with each other not only in parental cells, but also in TGF-β1-treated and CIP4-transfected cells (Figure 3C). Furthermore, in those three groups of cells mentioned above, increased expression of Snail1 was detected by western blot in TGF-β1 treated cells and CIP4-transfected cells accompanied by reduced expression of E-cadherin and increased expression of CIP4 (p < 0.05) (Figure 3D).

Figure 3. Overexpression of CIP4 in NRK-52E cells is accompanied by decreased expression of E-cadherin. (A) Morphological changes of CIP4 plasmid-transfected cells compared with parental and empty vector-transfected cells, 100×; (B) Western blots for protein expression of E-cadherin, β-catenin and CIP4 in parental, CIP4 plasmid-transfected and empty vector-transfected cells. The histogram shows the average volume density normalized to the loading control GAPDH (n = 3); * p < 0.05 compared with parental cells; (C) Immunoprecipitation for interaction of β-catenin and CIP4; and (D) Western blots for protein expression of E-cadherin, CIP4 and Snail1 in TGF-β1 treated cells, control cells and CIP4 plasmid-transfected cells. The histogram shows the average volume density normalized to the loading control GAPDH (n = 3); * p < 0.05 compared with control cells.
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2.4. CIP4 Depletion Reverses the Decreased Expression of E-Cadherin and Regulates Translocation of β-Catenin to the Nucleus of NRK-52E Cells

Due to the results above, we wondered whether CIP4 depletion could affect E-cadherin expression. We examined E-cadherin expression after CIP4 depletion by transfection with CIP4-siRNA. We found that CIP4 expression was only 50% of the control after CIP4 depletion (Figure 4A). E-cadherin expression in CIP4-depleted cells was dramatically increased compared with control cells (p < 0.05).

Figure 4. CIP4 depletion reverses the expression of E-cadherin and regulates translocation of β-catenin. Western blots for protein expression of (A) E-cadherin, β-catenin, and CIP4 in whole cell lysates of parental, control siRNA-transfected, and CIP4 siRNA-transfected cells; and (B) β-catenin and CIP4 in nuclear proteins of parental, CIP4 siRNA-transfected, and CIP4 plasmid-transfected cells. Histograms show the average volume density normalized to the loading control β-actin in (A) and Lamin A/C in (B), (n = 3); * p < 0.05 compared with parental cells.
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Nuclear translocation and accumulation of β-catenin are known to activate specific target genes [12,13]. In our study, we found that β-catenin was upregulated in nuclear fractions of cells overexpressing CIP4, while it was downregulated in CIP4-depleted cells (p < 0.05; Figure 4B). These results demonstrate that CIP4 can regulate nuclear translocation of β-catenin.





2.5. β-Catenin Depletion in Cells Overexpressing CIP4 Restores the Expression of E-Cadherin

β-Catenin is known to be part of the adhesive complex of epithelial cells [7,8] and associates physically with CIP4 [2]. Thus, we next investigated whether β-catenin depletion had an effect on E-cadherin expression. β-Catenin expression was reduced by β-catenin-specific siRNA (p < 0.05), and neither the expression of E-cadherin nor that of CIP4 was different from that of parental cells or control siRNA-transfected cells (Figure 5A). Furthermore, β-catenin depletion restored the expression of E-cadherin in cells overexpressing CIP4 (Figure 5B). Thus, we conclude that CIP4 overexpression represses E-cadherin expression by promoting β-catenin translocation to the nucleus.

Figure 5. CIP4 regulates E-cadherin expression through β-catenin. (A) Western blots for protein expression of E-cadherin, β-catenin, and CIP4 in parental, β-catenin siRNA-transfected, and control siRNA-transfected cells; Cells overexpressing CIP4 were transfected with β-catenin siRNA for β-catenin depletion and cell lysates were analyzed by (B) Western blot for protein expression of E-cadherin, β-catenin and CIP4. The histograms show the average volume density normalized to the loading control GAPDH (n = 3); * p < 0.05 compared with parental cells; # p < 0.05 compared with CIP4 plasmid-transfected cells.
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3. Discussion

TGF-β1 is a pleiotropic cytokine that is critical for various processes as well as for various physiological processes and pathological conditions [5,11]. To regulate these functions, TGF-β1 uses multiple intracellular signaling pathways such as the canonical TGF-β/Smad, and cross-talk with non-Smad signaling pathways. The non-Smad pathways include various branches of MAP kinase (MAPK) pathways, Rho-like small GTPase signaling pathways, and phosphatidylinositol-3-kinase (PI3K)/Akt pathways [4,5,17,18]. TGF-β1 is also known as an inducer of the epithelial-mesenchymal transition (EMT), in which epithelial cells lose E-cadherin expression [14]. There is some debate as to the contribution of EMT to tissue fibrogenesis [19]. In the present study, we found decreased E-cadherin expression in fibrotic renal tissues of 5/6 nephrectomized rats, confirming the loss of E-cadherin in the in vivo model. CIP4 expression was also upregulated and mainly distributed at the basolateral side of renal tubular epithelia, where E-cadherin/β-catenin is located [16]. We did not know whether these results were due to the process of EMT, but CIP4 appeared to have an effect on E-cadherin expression. Additional measurements of EMT markers, such as alpha-smooth muscle actin (α-SMA) or fibroblast-specific protein 1 (FSP), could clarify the potential role of EMT in the present model. In vitro, we also found that NRK-52E cells exhibited morphological changes together with E-cadherin loss after TGF-β1 stimulation, similar to what occurs in the process of EMT.

Recent investigations show that Rho-like small GTPases may initiate the TGF-β1 signaling pathways by regulating receptor endocytosis, Smad trafficking, and actin cytoskeleton remodeling [4,5]. Cdc42 belongs to the Rho family of small GTPases and is involved in the regulation of E-cadherin activities [1,9]. CIP4, which is a downstream target protein of Cdc42, acts as a link between Cdc42 signaling and the regulation of cytoskeletal proteins [1,3]. Cytoskeletal rearrangement is required for the migration and invasion of malignant cells, such as lung cancer cells. CIP4 overexpression may lead to cytoskeletal reorganization and contribute to the metastatic phenotype [15]. In our study, CIP4 was upregulated in TGF-β1-treated NRK-52E cells, just as we observed in 5/6 nephrectomized rats.

E-cadherin mediates cell–cell interactions and plays key roles in the establishment and maintenance of tissue architecture. Loss of E-cadherin is consistently observed in tumor malignancy and in many kinds of chronic kidney diseases, such as autosomal dominant polycystic kidney disease (ADPKD) and diabetic nephropathy, resulting in tissue fibrosis [7,20,21]. We also found E-cadherin loss in the renal tissues of 5/6 nephrectomized rats and TGF-β1-treated NRK-52E cells. E-cadherin, a member of the classic cadherin family, together with β-catenin and α-catenin, form the core adhesive complex in epithelia, which is important for their adhesive function [7,8]. β-Catenin is an excellent candidate to mediate signals regulating cadherin adhesive contacts. For example, β-catenin can directly bind to several signaling proteins [12,13], tyrosine phosphorylation of β-catenin is associated with changes in intercellular adhesion [22], and β-catenin can act as a transcriptional coactivator, enhancing the transcription of genes such as those in the Snail gene family and thereby regulating expression of E-cadherin [12,23,24]. Tsuji et al. [2] showed that overexpression of a CIP4 variant (CIP4-V) can increase the tyrosine phosphorylation levels of β-catenin and cause the loss of cell–cell adhesion in renal cell carcinoma. In our investigation, E-cadherin loss was also observed in NRK-52E cells that overexpressed CIP4 that did not receive TGF-β1 stimulation, and CIP4 was shown to interact with β-catenin. In addition, in CIP4-overexpressed cells, increased expression of Snail1 was detected accompanied by the reduced expression of E-cadherin, the same result was also observed in TGF-β1 treated cells. Thus, it is possible that CIP4 may be critical for β-catenin-mediated cell–cell adhesion.

We postulated that CIP4 regulates E-cadherin expression by promoting translocation of β-catenin to the nucleus. β-Catenin is a mediator that regulates cadherin expression, as noted above. Yook et al. [25] showed that the Wnt signaling pathway may potentially stabilize β-catenin and increase Snail protein levels, which engage in the transcriptional processes of epithelial phenotype switching. β-Catenin also translocates to the nucleus and forms a complex with T cell factor (TCF); the complex then binds to the target gene Slug and represses the E-cadherin promoter [13]. As we knew that CIP4 interacted with β-catenin, we wondered if it had an effect on β-catenin nuclear translocation. We, therefore, then focused on nuclear proteins, and detected increased β-catenin expression in NRK-52E cells that overexpressed CIP4. The result was the opposite of that of the CIP4-siRNA knockdown group. Furthermore, β-catenin depletion was able to restore the expression of E-cadherin in cells transfected with CIP4 plasmid.

Our study thus provides evidence that nuclear translocation of β-catenin can regulate the expression of E-cadherin in epithelial cells, and that CIP4 binds with β-catenin and potentially mediates translocation of β-catenin to the nucleus where finally it regulates the expression of E-cadherin. From these findings, we propose in the future to identify the specific region of the CIP4-β-catenin interaction and the underlying mechanism by which CIP4 overexpression promotes nuclear translocation of β-catenin, and whether or not over-expressed CIP4 regulates the expression E-cadherin through Sail gene family. Further studies are also needed to evaluate CIP4 as a therapeutic target in alleviating the development of chronic kidney diseases. In addition, CIP4 is an interacting protein of Cdc42, a member of Rho-like GTPases [1]. The potential cross-talk between CIP4 and Rho-like GTPases and the Wnt and other intracellular signaling pathways warrants investigations in the future.

In summary, we found that CIP4 modulates the expression of E-cadherin in NRK-52E cells by regulating the nuclear translocation of β-catenin. Furthermore, E-cadherin expression was promoted by CIP4 overexpression and inhibited by CIP4 depletion. Our findings support the importance of CIP4 in regulating E-cadherin expression, and that CIP4 may be a potential therapeutic target in the treatment of chronic kidney diseases.



4. Materials and Methods


4.1. Ethics Statement

The use and care of animals employed in our renal fibrotic model were in accordance with guidelines for animal care at our university and all relevant laws of China. This study was approved by the ethics committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Male adult Sprague-Dawley rats weighing 150 to 200 g were purchased from the Tongji Laboratory Animal Center (Wuhan, Hubei, China). Each rat was housed in our animal facility, received humane care under pathogen-free conditions, and was fed a standard laboratory diet with unlimited access to water.



4.2. Experimental Protocols

The rats were randomly divided into a 5/6 nephrectomized group (n = 12) and a sham-operated group (n = 12). Briefly, the animals were anesthetized with 2% pentobarbital sodium (50 mg/kg body weight) by intraperitoneal injection. Body temperature was monitored and maintained at 37 °C. A dorsoventral incision parallel to the spinal cord was made to expose the left kidney, and the upper and lower poles (two-thirds) of the left kidney were removed. Subsequently, the right kidney was exposed and removed one week later. For the sham operation, animals underwent the same surgical procedure as above without removing any renal mass. All rats were euthanized 20 weeks later, after nephrectomy. Kidneys were immediately excised and fixed with 4% paraformaldehyde. Renal tissues were stained with Masson’s trichrome for histological examination.



4.3. Cell Culture and Treatment

Cells of the normal rat renal tubular epithelial cell line NRK-52E (Cell Repository, Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco’s modified Eagle’s medium/high glucose (Invitrogen; Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco; Grand Island, NY, USA) and 1% penicillin/streptomycin. These cells were maintained in 5% CO2 at 37 °C. NRK-52E cells were cultured in serum-free medium for 12 h before being treated with 10 ng/mL TGF-β1 for 72 h (Peprotech; Rocky Hill, NJ, USA).



4.4. Western Blot Analysis

Cells were lysed in buffer (1% Triton X-100, 0.5% Nonidet P-40, 20 mM Tris-HCl, 15 mM NaCl, 1 mM EDTA, 1 mM egtazic acid, 1 mM Na3VO4·10H2O, 2 mM NaF, 2 mM Na2P2O4·10H2O, 10 mM β-glycerophosphate disodium salt (pH 8.0) and protease inhibitor cocktail (5 mM phenylmethylsulfonyl fluoride, 5 μg/mL leupeptin, 5 μg/mL pepstatin, and 5 μg/mL aprotinin). Nuclear proteins were obtained with a nuclear and cytoplasmic protein extraction kit (Beyotime Institute of Biotechnology; Shanghai, China). Protein concentration was determined by the Bradford protein assay. A 100-μg aliquot of protein was then subjected to SDS-polyacrylamide gel electrophoresis for separation and transferred onto polyvinylidene difluoride membranes. After transfer, the membranes were blocked with 5% non-fat milk and blotted. Primary antibodies were directed against CIP4 (Santa Cruz Biotechnology; Santa Cruz, CA, USA), β-catenin (Abcam; Cambridge, MA, USA), E-cadherin and Lamin A/C (BD Biosciences; San Jose, CA, USA), and GAPDH and β-actin (Proteintech Group; Chicago, IL, USA). The bound antibody complexes were visualized by enhanced chemiluminescence (SuperSignal West Femto Kit, Pierce; Rockford, IL, USA), and quantitated by volume densitometry using Quantity One software (Alpha Innotech; San Leandro, CA, USA) with normalization to one of GAPDH, β-actin (Actb), or Lamin A/C.



4.5. Establishment of Stable CIP4-Overexpressing NRK-52E Clones

To obtain overexpression of CIP4, NRK-52E cells were transfected with CIP4-pcDNA4.0 using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Cells were plated at 90% confluence in 6-well plates without antibiotics one day before transfection. These cells were washed and seeded in growth medium with Zeocin for 14 days to enable selection. Zeocin-resistant clones were then harvested and analyzed.



4.6. RNA Interference

To silence the expression of CIP4 and β-catenin, short-interfering RNA (siRNA) specific for CIP4 and β-catenin of rats, and control siRNA, were purchased from Ribobio (Guangzhou, China). NRK-52E cells were transfected with siRNA by using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Cells were analyzed 72 h after transfection.



4.7. Immunoprecipitation

Cells were lysed as described above. Equal volumes of cell lysates were pre-incubated with anti-CIP4 antibodies (Santa Cruz Biotechnology; Santa Cruz, CA, USA) at 4 °C for 1 h and then incubated overnight with 20 μL Protein A/G beads (Santa Cruz Biotechnology). The beads were then washed 4× with lysis buffer, boiled in Laemmli loading buffer, and protein was collected and immunoblotted with anti-β-catenin and anti-CIP4 antibodies as described above.



4.8. Immunohistochemistry

For immunohistochemical studies, paraffin sections were incubated with primary anti-CIP4 antibody at 4 °C overnight. The sections were then incubated with biotinylated goat anti-rabbit IgG antibody as the secondary antibody, and antibody reactions were visualized by using diaminobenzidine (DAKO; Tokyo, Japan). Images from the microscope were captured with a Nikon DXM1200 digital camera.



4.9. Statistical Analyses

Results are expressed as mean ± s.d. Data were analyzed by t-tests and one-way analysis of variance (ANOVA) followed by a post-hoct-test. Analyses were performed using SPSS software (version 15.0). Significance was assessed at p < 0.05.
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