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INTRODUCTION 

 

Progressive chronic kidney diseases (diabetes mellitus, hypertension, chronic 

glomerulonephritis, vascular diseases, polycystic kidney disease) may lead to end- stage renal 

disease (ESRD). Irrespective of the pathological background and the initial cause, a 

progressive renal fibrosis is the key finding for CKDs. The histological characteristics and 

regulatory mechanisms of renal fibrosis correspond to those observed in other organs. All 

renal compartments are involved during the progressive fibrosis that leads to 

glomerulosclerosis, tubular atrophy, interstitial fibrosis and arteriolosclerosis.  

The leading role of tubulointerstitial fibrosis (TIF) during CKD was recognized when 

it was established that there is a strong correlation between tubulointerstitial fibrosis and the 

decrease of GFR. Interstitial fibroblasts are still believed to be the main effector cells in renal 

fibrogenesis, however, it was suggested that fibroblasts in some cases arise, as needed, from 

the local conversion of epithelium.  

Recently epithelial mesenchymal transition (EMT) has emerged as a central 

mechanism underlying TIF. EMT is a key process in tissue development, carcinogenesis and 

organ fibrosis. During this process tubular cells lose their polygonal shape and epithelial 

markers (e.g. E-cadherin), acquire fibroblast specific proteins (e.g. FSP1), increasingly 

synthesize ECM (e.g. fibronectin) and ultimately differentiate into α– smooth muscle actin 

(SMA) - positive myofibroblasts. Epithelial cells are reshaped for movement through the 

rearrangement of F-actin stress fibers, and the formation of lamellopodia and filopodia. 

Through the disassembly of basal membranes by matrix metalloproteinases cells acquire 

migratory characteristics and can migrate through a damaged basal membrane. It was 

demonstrated that the number of tubular epithelial cells with EMT features was associated 

with serum creatinine and the degree of interstitial damage. This process is regulated by 

several cytokines and growth factors, from which transforming growth factor-β1 (TGF-β1) 

seems to be the most important regulator.  

Myofibroblasts are the sites for extracellular matrix production during fibrosis in the 

kidney. There is excellent correlation between the appearance of interstitial SMA–positive 

myofibroblasts, interstitial SMA immunostaining and the progression of the disease.  

Tubular epithelial cells that undergo EMT express SMA in response to an injury or the 

absence of intercellular junctions and TGF-β1, best described by the “two hit” model of EMT. 

Apparently, there is an initial loss of epithelial integrity (first hit), which might be induced by 

immuncomplex deposition, hypoxia, ureteral obstruction, or physical injury. When these 
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injured sites are exposed to TGF-β1 (second hit), they serve as initial foci for EMT. These 

local groups of cells undergo EMT, leading to enhanced TGF-β1 production and ECM 

deposition, which in turn disrupts neighboring areas.  

The present work is aimed to decipher intracellular signaling pathways regulating the 

“two-hit” dependent SMA expression and EMT.  
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AIMS OF THE STUDY 

 

This study is focused on deciphering the complex regulation of SMA expression 

during EMT in tubular epithelial cells. Our group described the “two-hit” model where the 

integrity of cell-cell contacts and TGF-β1 together regulate mechanisms involved in this 

phenomenon. The main goal of the study was to study the intracellular pathways involved in 

modulating the two hits regulating SMA expression. The involvement of the Smad family of 

signaling proteins and p38 was analyzed during the TGF-β1-dependent hit. We hypothesized 

that the other hit, cell contact disassembly, would lead to an increase in contractility, an effect 

mediated by the Rho-ROK pathway. Therefore we analyzed the role of the regulatory myosin 

light chain (MLC) during cell contact dependent SMA expression. Since small GTPases are 

major modulators of the cytoskeleton and cell contacts, we proposed to analyze the potential 

role of other GTPases and the involvement of the cytoskeletal elements in SMA regulation.  

SRF and its regulation as a transcription factor by the synergistic effects of cell contact 

disassembly and TGF-β1 was also examined in the context of the recently described 

transcriptional cofactor, MRTF. 

The specific aims of the study were, as follows:  

1. to study the role of Smad2 and Smad3 signaling proteins in regulating SMA expression 

upon TGF-β1.  

2. to study the role of Rho and ROK in mediating cell contact disruption induced SMA 

promoter activation.  

3. to study the role of MLC phosphorylation in the Rho/ROK-SRF dependent SMA 

expression.  

4. to identify the role of other small GTPases in mediating SMA expression, such as Rac1, 

Cdc42 and their downstream effector, PAK.  

5. to study the complex role of p38 in this cell contact and TGF-β1 dependent model of SMA 

and EMT regulation.  

6. to investigate the role of MRTF in the regulation of SMA expression and SMA promoter 

activation. 
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MATERIALS AND METHODS 

 

Cell culture  

During our studies we used porcine proximal tubular epithelial cells (LLC-PK1) stably 

expressing the rabbit angiotensin II receptor AT1. The selected Cl4 clone of LLC-PK1/AT1 

cells was a kind gift from Dr. R. Harris. EMT in this proximal epithelial tubular cell line was 

well characterized by our group in previous studies.  

 

Transient transfections and luciferase promoter activity assays 

Cells were transfected at subconfluence or 100% confluence using FuGENE 6 (Roche) 

reagent. Cells were washed 16 hours later three times with PBS, and after 4 hours of serum 

depletion, cells were treated for 16 hours with TGF-β1 or its vehicle. When stimulating under 

Ca2+-free conditions, cells were washed 24 hours after transfection, and incubated for further 

24 hours in serum-free medium either containing or lacking Ca2+. Firefly and Renilla 

luciferase activities were measured by luminometer. In order to minimize variability caused 

by difference in cell numbers or by transfection efficiency, results were normalized by 

dividing the Firefly luciferase activity with the Renilla luciferase activity of the sample.  

 

Infection of cells with recombinant adenoviruses 

Cells were infected in suspension with the adenoviruses at 1 MOI in DMEM with 1% 

FCS, then plated and incubated for 18 h. Subsequently the medium was replaced with fresh 

1% FCS DMEM. 6 hrs later TGF-β1 was added. Cells then were harvested in SDS sample 

buffer and analyzed by Western blotting. 

 

Rho activity assay 

Rho activation was assessed by an affinity pull-down assay, where active Rho was 

bound to a GST-Rho-binding domain (RBD). After the treatments, samples were incubated 

with the fusion protein, then were subjected to electrophoresis on 15% SDS-polyacrylamide 

gels followed by Western blotting using an anti-Rho antibody.  

 

Rac1/Cdc42 activity assay 

Rac1 and Cdc42 activity assay was performed using the PAK-GST Protein Beads 

from Cytoskeleton Inc. (Denver, CO). Samples were subjected to electrophoresis on 12% 

SDS-polyacrylamide gels followed by Western blotting using an anti-Rac1 antibody. The 
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Cdc42 activity was determined by re-probing the membrane previously assessed for active 

Rac1. 

 

Western Blotting 

Cells were scraped into Triton Lysis Buffer. The protein concentration was determined 

by the Bradford method. Samples were added 2x Laemmli sample buffer in 1:1 ratio and 

boiled for 5 min. Equal amounts of protein were separated on 10 or 12 % SDS- 

polyacrylamide gels. Proteins were then transferred to nitrocellulose membranes. Blots were 

blocked with albumin for an hour. Membranes were incubated overnight at 4°C with the 

primary antibody (generally at 1:1000 dilution), washed 3 times 10 minutes and then 

incubated for 90 minutes with the corresponding peroxidase-conjugated secondary antibody 

(generally at 1:2000 dilution). After final washes immunoreactive bands were visualized by 

the enhanced chemiluminescence reaction.  

 

Immunofluorescence microscopy  

Cells grown on 25 mm sterile coverslips were fixed with 4% paraformaldehyde, 

permeabilized, b1ocked and incubated with the primary antibody or antibodies (in case of co-

staining). After extensive washes, fluorescently labeled secondary antibodies were added. 

Nuclei were visualized by DAPI staining. Samples were analyzed by an Olympus IX81 

microscope (60x or 100x objectives) coupled to an Evolution QEi Monochrome camera, 

controlled by the QED InVivo Imaging software. Images were processed by the ImagePro 

Plus 3DS 5.1 software.  

 

Wounding assay 

Cells were grown to total confluence on coverslips. After serum deprivation the 

surface of the coverslip was scraped with a rubber policeman under sterile conditions, leaving 

1-3 mm wide gaps in the confluent monolayer. Cells were fixed 6 hours after wouding and 

then stained for immunofluorescent microscopy.  

 

Nuclear extraction 

Nuclear extracts were prepared from confluent layers of LLC-PK1 cells using the NE-

PER® Nuclear Extraction Kit from Pierce Biotechnology. Nuclear extracts were collected, 

their protein concentration determined, and samples of equal protein content were analyzed by 

Western blotting.  
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Statistical analysis 

All experiments were repeated at least three times. Statistical significance was 

determined by Student’s t-test or one-way ANOVA using the GraphPAd InStat software. 

 

Quantification of nuclear/cytoplasmic distribution of proteins 

Staining was quantified using the ImagePro Plus software: fluorescence intensities 

were determined at three random nuclear and cytoplasmic points along a line. An average of 3 

determinations/ cell was used, and the nuclear/cytoplasmic ratio calculated. The localization 

of a protein was considered nuclear or cytoplasmic when its accumulation was clearly 

observed inside or outside of the nucleus. Distribution data were verified using the 

nuclear/cytoplasmic ratios as < 0.75 (cytosolic), 0.75-1.25 (even) and > 1.25 (nuclear).  
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RESULTS 

 

The results indicated that:  

 

1. Smad2 and Smad3 are important regulators of TGF-β1 induced SMA 

expression. We showed that Smad2 and Smad3 are important regulators of SMA 

expression. Both Smad2 and Smad3 were activated by TGF-β1 in LLC-PK1 cells. 

Inhibition of Smads in transient transfection and adenoviral infection experiments 

prevented TGF-β1 induced SMA promoter activation and SMA protein expression 

in our model.  

2. Rho and ROK are key mediators of contact disassembly- induced activation of 

the SMA promoter. Rho is activated by cell contact disassembly. Overexpression 

of Rho induced SMA promoter activation, while inhibition of Rho and ROK 

blocked cell contact disassembly induced SMA promoter activation.  

3. MLC is involved in the Rho-ROK-SRF pathway and regulates SMA 

expression. In LLC-PK1 tubular cells contact disassembly induced Rho/ROK 

dependent MLC phosphorylation. We demonstated that myosin phosphorylation, in 

turn, is involved in the regulation of contact disassembly induced SMA promoter 

activation and SMA expression. TGF-β1 also induced phosphorylation of MLC and 

TGF- β1 induced SMA synthesis was MLC dependent. Moreover, nuclear 

accumulation of SRF upon Ca2+-removal is Rho and pMLC dependent.  

4. Rac1, Cdc42, PAK and H-Ras differentially regulate SMA promoter activity 

through SRF-dependent pathways. In our experiments Rac1, Cdc42 and PAK 

activated, while H-Ras inhibited SMA promoter activity in SRF dependent manner. 

Rac1, Cdc42 and PAK were activated by cell contact disruption. Furthermore, PAK 

phosphorylation was also induced by TGF-β1. Rac1 and Cdc42 increased the 

nuclear accumulation of SRF in LLC-PK1 cells. 

5. p38 is an important step in mediating SMA expression induced both by cell 

contact disruption and by TGF-β1. p38 MAPK phosphorylation was induced both 

by Ca2+-removal and by TGF-β1. Its inhibition prevented SMA protein expression. 

p38 regulates SMA expression through SRF and MRTF.  

6. MRTF is an important regulator of SMA expression. Its cellular localization is 

regulated by both cell contact disruption and TGF-β1. It is translocated into the 

nucleus upon TGF-β1 treatment in subconfluent cells, but not in confluent cultures. 
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Cell contact disruption by Ca2+-removal or wounding induced its nuclear 

translocation in confluent cells. MRTF nuclear translocation is induced by Rho, 

Rac1, Cdc42, PAK, while its translocation upon Ca2+-removal is prevented by 

inhibition of Rho, Rac1, Cdc42, PAK, MLC and p38. MRTF overexpression leads 

to massive activation of the SMA promoter and to SMA protein expression. 
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CONCLUSIONS 

 

This study focused on the complex regulation of SMA during EMT in renal tubular 

cells within the framework of the “two hit” model described earlier by our group. These two 

hits, namely TGF-β1 and cell contact disruption regulate SMA expression through distinct 

pathways in LLC-PK1/AT1 cells in MRTF and SRF dependent manner.   

The major conclusions of this work are: 

1. TGF-β1, as one of the hits, regulates SMA expression through the Smad family of 

signaling proteins, and through the p38 MAPK. TGF-β1 is an important modulator of MRTF 

cellular localization. 

2. The other hit, cell contact disassembly, is exerting its effects on the SMA gene 

through at least two well defined pathways. Rho dependent regulation includes ROK and 

MLC downstreams, which act as regulators of MRTF and SRF. The Rac1/Cdc42 dependent 

pathway includes PAK and p38 MAPK, and these molecules all regulate MRTF. p38 MAPK 

is the site of the cross-talk between the Rac1- and Rho- dependent pathways, and p38 also 

modulates both TGF-β1- and cell contact- dependent effects.  

3. MRTF is an important molecule to regulate SMA expression. Overexpression of 

MRTF induced massive SMA promoter activation and SMA protein expression. TGF-β1 and 

cell contact disassembly induced its nuclear translocation. Several signaling molecules 

regulated its cellular localization. 

 

In addition to the mechanisms studied here, several other steps might be involved in 

the synergistic effect of cell contact injury and TGF-β1 in the complex regulation of the SMA 

promoter.  

First, TGF-β1 activates a multitude of signaling pathways, which via various 

transcription factors act on the TCE and SBE cis elements. Further, TGF-β1 rescues 

dislocated β-catenin, which might form a complex with the Smad3/4 and as such regulate 

SMA expression.   

Contact disassembly activates Rho which, in turn stimulates mDia and ROK. mDia 

regulates SMA expression through the control of localization of β-catenin and MRTF. 

Downstream of ROK is MLC, which also regulates SMA expression through SRF and 

MRTF.  
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The contact dependent Rac1/Cdc42 pathway is signaling through PAK and p38 

MAPK. p38 is the main link between the TGF-β1- and contact- dependent pathway. 

Moreover, the possible cross-talk between p38 and ROK is also an interesting possibility in 

this regard. p38 MAPK regulates MRTF nuclear translocation, and as a general mediator of 

stress, it may link a variety of stresses (TNF-α, oxidative and osmotic stress) to MRTF 

regulation. Besides Rho, ROK, MLC, Rac1, Cdc42 and PAK, p38 MAPK is also involved in 

the regulation of the actin cytoskeleton through its downstream effector, HSP27. Finally, an 

intriguing regulation is probable on the level of SMA mRNA, where p38 might be involved in 

regulating mRNA stability, another potential regulator being β-catenin, which was shown to 

be involved in splicing events.  

We assume that the questions raised by the complex regulation of SMA expression 

during EMT are far from being answered; other molecules might be also involved in this 

regulation. The investigation of the further signaling events during the “two-hit” model of 

SMA regulation will be addressed in future work.  

 

 
 
Figure 1. Intracellular signaling pathways involved in the TGF-β1- and cell contact- 
dependent regulation of SMA expression during EMT. TGF-β1, the first hit, regulates SMA 
expression through the Smad family of signaling proteins. It also regulates the p38 MAPK, 
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and is an important inducer of MRTF nuclear translocation. The other hit, contact injury, 
regulates SMA expression through two pathways: Rho-ROK-MLC-MRTF/SRF, and 
Rac1/Cdc42-PAK-p38-MRTF/SRF. Further, a possible cross-talk between ROK and p38 
might also be involved in this regulation. 
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