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ABSTRACT 

  

RhoA-ROCK Downregulates Akt phosphorylation through PTEN          

in Cells Poorly Attached to Substrates 

 

Seungwon Yang 

Department of Cell and Developmental Biology 

School of Dentistry 

The Graduate School 

Seoul National University 

(Directed by Prof. Hyun-Man Kim, D.D.S., Ph.D.) 

 

Survival and proliferation of anchorage-dependent cells such as 

osteoblasts and fibroblasts require an attachment of cells to substrates. 

Thus, cells that poorly attached to substrates exhibit retarded cell cycle 

progression or apoptotic death. This study investigated the molecular 

mechanism underlying the reduced proliferation rate of the cells that 

poorly attached to the substrates. There was an inverse relationship 

between the activity of the small GTPase RhoA (RhoA) and the cell 

proliferation rate. The RhoA activity correlated inversely with the 
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strength of cell adhesion to the substrates. The high RhoA activity in the 

cells poorly attached to substrates caused an increase in the activity of 

Rho-associated kinase (ROCK), a well-known effector of RhoA that 

upregulated the activity of phosphatase and tensin homolog (PTEN). The 

resulting activated PTEN downregulated Akt activity, which is essential 

for cell proliferation. Thus, the cells that poorly attached to substrates 

showed low levels of cell proliferation because the RhoA-ROCK-PTEN 

pathway was hyperactive. In addition, RhoA activity seemed to be related 

to focal adhesion kinase (FAK) activity. Weak FAK activity in the poorly 

attached cells failed to downregulate the high RhoA activity that 

restrained cell proliferation. Interestingly, reducing the activity of any 

component of the RhoA-ROCK-PTEN pathway rescued the proliferation 

rate without physicochemical surface modifications. Based on these 

results, this study suggests that the RhoA-ROCK-PTEN pathway acts 

as a molecular switch to control cell proliferation and determine 

anchorage dependence. 

 

KEYWORDS : cell adhesion, anchorage-dependence, cell proliferation,   

cell signaling 

Student number: 2008-31053 
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I. INTRODUCTION 

1. Biological and clinical significance of cell adhesion 

signaling 

Cell adhesion signaling is induced and maintained through attaching to 

extracellular matrix or adjacent cells. Adhesion-mediated signaling is 

required for cell survival, migration, proliferation and differentiation [1-

3]. Especially, cells cannot grow and divide without adequate adhesion 

signaling, which is called anchorage dependence. Indeed, adhesion 

signaling is necessary for a cell to progress into cell cycle and growth 

factor-dependent signaling alone cannot induce cell cycle progression on 

a substrate where cell-adhesion signaling is weak [4]. Osteoblasts do 

not proliferate well on the thin film of calcium phosphate apatite because 

growth factor signaling and adhesion signaling do not adequately cross-

talk to activate the mitotic signaling pathway [5]. Even in the presence of 

strong growth factor stimulation, osteoblasts proliferate slowly on the 

calcium phosphate apatite surface where osteoblasts develop poor stress 
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fibers and focal adhesions owing to insufficient activation of cell adhesion 

signaling pathways.  

Cell signaling pathways associated with cell adhesion have been among 

the most studied topics in the fields of medicine and related area. In the 

field of medicine, for instance, cell adhesion molecules and their related 

down-stream pathways are important drug targets in cancer [6, 7]. 

Integrins regulates behavior of tumor cell such as adhesion, migration, 

invasion and survival. Resistance to anoikis, inadequate cell adhesion-

induced apoptosis, is one of the most important factors in metastatic 

cancer processes [8-12]. In addition, improving cell attachment to 

scaffold through facilitating cell adhesion to extracellular matrix proteins 

has been one of hot topics in the area of tissue engineering [13]. 

Anchorage-dependent cells such as osteoblasts proliferate slowly or die 

by anoikis if adequate cell attachment to the extracellular matrix is not 

provided to generate an appropriate adhesion signaling cascade [4, 14, 

15]. Hydrophobic surfaces are typical substrates on which cells cannot 



 3

acquire adequate adhesion signaling because the cells and substrates are 

weakly attached [4, 14]. Thus, the hydrophobicity of most scaffolds used 

for tissue engineering, such as poly(lactic-co-glycolic acid) and poly(-

caprolactone), is one of the major obstacles faced when cells grow on 

such polymeric biomaterials [16].  

 

2.  Intracellular transduction of cell adhesion signaling 

Cell adhesion signal transduction is triggered by clustering adhesion 

molecules such as integrins and cadherins when adhesion molecules on 

cell membrane recognize specific adhesion ligands on extracellular 

matrix or adjacent cells [17-19]. Integrins, major adhesion molecules, 

are known as transmembrane receptors and dynamically link to actin 

cytoskeleton [20, 21]. Integrins provide the communication between the 

cells and their surrounding environment such as extracellular matrix or 

other cells through modulating outside-in or inside-out signal pathway 

[22, 23]. These processes play important roles in regulating cellular 
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shape, migration and cell cycle as well as cell survival and differentiation. 

It has been reported that integrins clustering during the early cell 

adhesion activates small GTPase RhoA (RhoA), thereby Rho-associated 

kinase (ROCK) is upregulated. The activation of RhoA-ROCK signal 

pathway is essentially required for the formation of focal adhesion and 

stress fiber, which are the typical markers of appropriate cell attachment 

to substrates [24-27]. ROCK is known to induce the formation of stress 

fibers and focal adhesions by deactivating myosin light chain phosphatase 

(MLCP) and phosphorylating myosin light chain [28-30] and to stabilize 

actin filaments and increases their number by phosphorylation-

dependent activation of LIM kinase (LIMK) [31]. Then, it is generally 

believed that cell proliferation is directly related to the extent of cell 

spreading and dependent on the developments of stress fibers and focal 

adhesions which is activated by ROCK. 

 

3.  Purpose of the study 



 5

Different from the general belief that cell proliferation is closely 

associated with development of stress fibers and focal adhesions of 

which development is upregulated by ROCK [24-27], it has been 

reported that proliferation and migration of osteoblasts were markedly 

improved after Rho-associated kinase (ROCK) inhibition on hydrophobic 

surfaces although its molecular mechanism is not known [14]. The ROCK 

signaling molecule was shown to have anti-apoptotic effects in human 

embryonic stem cells [32]. In these stem cells that grow in suspension 

and where adhesion signaling is null, ROCK inhibition enhances their 

survival and efficiency of the embryonic stem cell clonal expansion [32]. 

From these previous reports, it is hypothesized that activation of ROCK 

may inhibit the proliferation of the anchorage-dependent cells with poor 

adhesion signaling and conversely, inhibition of ROCK may rescue the 

low proliferation of the cells in which adhesion signaling is poor. Thus, 

this study was designed to confirm such hypothesis by investigating the 

mechanism by which the poor adhesion of cells to substrates activates 
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ROCK and related signaling pathways to upregulate cell proliferation. It 

would be important to understand anchorage dependence of metastatic 

cells in cancer biology and of stem cells in tissue engineering. 
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II. MATERIALS AND METHODS 

1.  Model substrates  

For this study, various surface conditions were applied. Hydrophobic 

substrate and calcium phosphate apatite substrate were used for 

culturing cells on the surface condition of weak cell adhesion. Poly-

HEMA substrates were used for suspension culture. Hydrophilic tissue 

culture plates were used for positive control. 

 

Polystyrene cell culture dishes (Corning, Corning, NY) with water 

contact angles of 56°were used for culturing cells on hydrophilic (HPL) 

substrates. Polystyrene bacteriological dishes (SPL Life Sciences, Seoul, 

Korea) with water contact angles of 85°were used for culturing cells on 

hydrophobic (HPB) substrates.  

 

Polyhydroxyethyl methacrylate (poly-HEMA) plates were used for 

culturing cells in suspension. A solution of poly-HEMA (Sigma-Aldrich, 
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St. Louis, MO) mixed in ethanol was poured onto polystyrene 

bacteriological dishes. After the poly-HEMA had dried, the same 

procedure was repeated once followed by extensive washing with 

phosphate buffered saline (PBS)[1, 33]. 

 

Transparent thin films of poorly crystalline calcium phosphate apatite 

(PCA) were prepared using previously described methods[5, 34, 35]. 

Briefly, phosphate-buffered solution (PBS, pH 7.2) containing 2.5 mM 

Ca2+ prepared at 1°C was poured into untreated polystyrene culture 

dishes (Corning, Corning, NY) at 1°C. Then the dishes were placed in a 

42°C incubator for 35-45 min to coat the surfaces with a PCA thin film 

and used for cell culture after sterilization with 70% ethanol. The PCA 

thin films were observed using field emission-scanning electron 

microscopy (FE-SEM) (S-4700, Hitachi, Tokyo, Japan) after sputter-

coating with gold-palladium. The physico-chemical properties of the 

PCA thin film have been described in detail previously in Ref.[5, 34, 35]. 
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2.  Cell culture and reagents 

Mouse pre-osteoblast MC3T3-E1 cells (clone 4; ATCC, Manassas, 

VA) were cultured in -MEM (WelGENE Inc., Seoul, Korea) 

supplemented with 10% fetal bovine serum (FBS, GIBCO BRL, Carlsbad, 

NY), 100 U/ml penicillin, and 100 mg/ml streptomycin (GIBCO BRL, 

Carlsbad, NY) and were grown at 37 °C in 95% air and 5% CO2. 

MC3T3-E1 cells were differentiated into functional osteoblasts by 

culturing them in osteogenic  -MEM containing 100 nM dexamethasone 

(Sigma-Aldrich, St. Louis, MO), 50 µg/ml ascorbic acid (Sigma-Aldrich, 

St. Louis, MO), and 10 mM -glycerophosphate (Sigma-Aldrich, St. 

Louis, MO). The following specific pharmacological reagents were used 

to regulate cell signaling: LY-294002 (Sigma-Aldrich, St. Louis, MO) 

for phosphatidylinositol 3-kinase (PI3K) inhibition, cell-permeable C3 

transferase (C3) (Cytoskeleton, Denver, CO) for RhoA inactivation, 

Pasteurella multocida toxin (PMT) (Sigma-Aldrich, St.Louis, MO) and  

lysophosphatidic acid (LPA) (Sigma-Aldrich, St. Louis, MO) for RhoA 
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activation, potassium bisperoxo(1,10-phenanthroline)oxovanadate 

(bpV(Phen)) (Calbiochem, La Jolla, CA) for phosphatase and tensin 

homolog (PTEN) inhibition, Y-27632 (Tocris Cookson, Avonmouth, UK) 

for ROCK inhibition, and FAK inhibitor 14 (Tocris Cookson, Avonmouth, 

UK) for focal adhesion kinase (FAK) inhibition. The HPB substrates 

were precoated with small amounts of fibronectin (Sigma-Aldrich, St. 

Louis, MO), an adhesion ligand, to facilitate the transfection of siRNA or 

various constructs. 

 

3.  Cell proliferation assay 

The numbers of MC3T3-E1 cells that grew for the determined time 

periods were assessed with the CCK-8 proliferation assay (Dojindo, 

Kumamoto, Japan). The CCK-8 analysis was performed following the 

manufacturer’s protocol. 

 

4.  Immunoblotting 
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The cells were lysed with a lysis buffer (Cell Signaling Technology, 

Beverly, MA) composed of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 

mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 

1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin, 1 mM 

PMSF and a complete protease inhibitor cocktail tablet (Santa Cruz 

Biotechnology, Santa Cruz, CA). After high-speed centrifugation of the 

cell lysates, the protein concentrations of the supernatants were 

determined by the Bradford assay (Bio-Rad, Hercules, CA). The 

proteins were run on sodium dodecyl sulfate polyacrylamide (SDS-

PAGE) gels and transferred to polyvinylidene fluoride membranes. The 

membranes were blocked with 5% skim milk in TBS-T buffer (100 mM 

Tris-HCl pH 7.5, 150 mM NaCl, and 0.1% Tween-20). They were 

incubated with primary antibodies overnight at 4 °C and then with 

secondary antibodies in 5% skim milk in TBS-T for 1 h at room 

temperature. The blots were developed using the horseradish peroxidase 

(HRP) chemiluminescent substrate reagent kit (Invitrogen, Carlsbad, CA). 



 12

The following antibodies were used: phospho-AKT (Ser 473) (Cell 

Signaling Technology, Beverly, MA), AKT (Cell Signaling Technology, 

Beverly, MA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Cell Signaling Technology, Beverly, MA), RhoA (Cell Signaling 

Technology, Beverly, MA), PTEN (Cell Signaling Technology, Beverly, 

MA), phospho-PTEN (Ser380, Thr382/383) (Cell Signaling Technology, 

Beverly, MA), phospho-Paxillin (Tyr118) (Cell Signaling Technology, 

Beverly, MA), FAK (Cell Signaling Technology, Beverly, MA), phospho-

FAK (Tyr397) (Cell Signaling Technology, Beverly, MA), ROCK-1 (Cell 

Signaling Technology, Beverly, MA), RhoA (Cytoskeleton, Denver, CO), 

phospho-non-muscle myosin light-II (ser 19) (Millipore Co., Bedford, 

MA), PTEN (Santa Cruz Biotechnology, Santa Cruz, CA), ROCK-1 (BD 

Biosciences, San Diego, CA), bete-actin (Cell Signaling Technology, 

Beverly, MA), p27Kip1 (Cell Signaling Technology, Beverly, MA), 

p21Waf1/cip1 (Cell Signaling Technology, Beverly, MA), Cyclin D1 

(Calbiochem, La Jolla, CA) and HRP-conjugated secondary antibodies 
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(Cell Signaling Technology, Beverly, MA). 

 

5.  Confocal laser microscopic observation 

The cells were fixed with 4% paraformaldehyde in PBS for 30 min and 

then permeabilized in 0.2% Triton X-100 in PBS for 20 min. After the 

cells were blocked with 2% bovine serum albumin in PBS, the actin 

filaments were stained with rhodamine-labeled phalloidin (Invitrogen, 

Carlsbad, CA). The stained cells were observed with confocal laser 

microscopy (Olympus FV-300, Tokyo, Japan). 

 

6.  RhoA activity assay 

The level of GTP-loaded RhoA was determined using the G-LISA 

RhoA activation assay kit (Cytoskeleton, Denver, CO) according to the 

manufacturer’s instructions. Because the expression level of RhoA varied 

depending on the type of substrate, equal amounts of proteins from each 

experimental group were used in the G-LISA RhoA activation assay to 
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obtain values for the total amount of RhoA activity per cell.  

 

7.  Immunoprecipitation 

The cells were lysed with a lysis buffer containing 20 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 

mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 

1 µg/ml leupeptin, 1 mM PMSF and a complete protease inhibitor cocktail 

tablet. The cell lysates were subject to high speed centrifugation. The 

supernatants were incubated with an antibody and 20 ml of protein A/G-

Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h at 

4 °C. The immunocomplexes were pelleted and washed three times 

with cold lysis buffer. The proteins were released from the beads by 

boiling in SDS sample buffer. The samples were analyzed by 

immunoblotting methods. 

 

8. Transient transfection and siRNA transfection 
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MC3T3-E1 cells were seeded on the HPB substrates coated with 

fibronectin (50 ng/ml) overnight prior to the transient transfection of 

each plasmid using the PolyJetTM in vitro DNA transfection reagent 

(Signagen, Ijamsville, MD) according to manufacturer’s instructions. 

The expression of each plasmid was confirmed by cell shape changes, 

immunoblot analyses, or fluorescence analyses. The transfection 

efficiency was approximately 40-50% (data not shown). The following 

plasmids (Addgene, Cambridge, MA) were used: pCDNA3-EGFP 

(Addgene ID 13031), pCDNA3-EGFP-RhoA-Q63L (constitutively 

active RhoA, Addgene ID 12968), pCDNA3-EGFPRhoA- T19 N 

(dominant negative, Addgene ID 12967), and pCDNA3-GFP-PTEN 

(Addgene ID 10759). For RNA interference (RNAi) experiments, 

MC3T3-E1 cells were seeded onto the HPL substrates or the HPB 

substrates, which were coated with fibronectin (50 ng/ml) to promote 

minimal adhesion while inhibiting cell proliferation, and the cells were 

then allowed to settle and grow overnight. The cells were transfected 
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with siRNAs for RhoA, ROCK1, PTEN, and FAK (Santa Cruz 

Biotechnology, Santa Cruz, CA) using siRNA transfection reagent (Santa 

Cruz Biotechnology, Santa Cruz, CA) according to manufacturer ’ s 

instructions. 

 

9. Caspase-3 activation assay 

The caspase-3 activity was determined using a ApoAlert Caspase-3 

Colorimetric Assay Kit (Clontech, Palo Alto, CA). 

 

10. Cell viability assay 

Calcein AM solution (2 µM)(Sigma, St. Louis, MO) and Ethidium 

homodimer(1 µM) (Sigma, St. Louis, MO) were used for analyzing 

viability of cells. Each solution was co-treated in cell culture medium 

and was incubated for 30-60 min. 

 

11.  Statistical analysis 
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Each experimental value represents the mean ± the standard 

deviation of at least three samples. The statistical analyses were 

performed with the t-test or one-way analysis of variance with posthoc 

multiple comparisons. A P-value of <0.05 was considered statistically 

significant. 
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III. RESULTS 

1.  Cells on HPB substrates 

1.1. Anchorage dependence of cell growth 

The cells cultured on the hydrophobic bacteriological culture plates 

showed similar characteristics to cells grown on substrates that generate 

weak cell adhesion signaling. The cells cultured on HPB substrates 

spread less and proliferated slowly. Compared with the cells cultured on 

the hydrophilic cell culture plates, the cells grown on the bacteriological 

culture plates exhibited low phosphorylation levels of FAK, which is a 

key signaling molecule associated with cell adherence to substrates [36, 

37], and low phosphorylation levels of AKT, which is involved in cell 

cycle progression [38, 39] [Fig.1 A-D]. This dependence of cell growth 

on anchorage was further confirmed when the plates were precoated 

with various amounts of fibronectin to vary the strength of cell adhesion. 

The rate of proliferation and the phosphorylation levels of FAK and AKT 

directly correlated with the amount of fibronectin that was used to coat 
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the substrates before the cells were plated [Fig. 1 E-G]. These results 

indicate that low activity of the cells cultured on the HPB substrates is 

caused by the low adhesion strength to the HPB substrates. 
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Fig. 1 Activity of MC3T3-E1 cells is dependent on adhesion strength.  
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Cell activity was examined in the cells grown on hydrophobic 

bacteriological culture plates (HPB) with weak adhesion strengths or 

hydrophilic cell culture plates (HPL) with high adhesion strengths (A - 

D). Cell activity was also examined in the cells grown on HPB substrates 

precoated with fibronectin in various amounts to provide the cells with 

different adhesion strengths (E – F). (A) Cells were cultured on the HPL 

substrates or HPB substrates for 24 h. The fixed cells were treated with 

rhodamine-phalloidin to examine the development of actin filaments 

under confocal laser microscopy (red). (B - C) Cells were grown on the 

HPL or HPB substrates for 24 h. The levels of phosphorylated FAK or 

Akt were assessed by immunoblotting using specific antibodies. (D) Cells 

were cultured on the HPL or HPB substrates for two days. Relative cell 

proliferation rates were then determined by the cell number generated 

by the cell counting kit (CCK-8). The data are expressed as the mean ± 

SD. n = 3 culture dishes. *, P < 0.05 compared with cells grown on HPL 

substrates. (E) Cells were cultured for two days on the HPB dishes that 
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were precoated with the indicated amounts of fibronectin (FN). 

Substrates were blocked with albumin (5% v/v) after being coated with 

fibronectin. Relative cell proliferation rates were then determined by the 

cell number generated by the cell counting kit (CCK-8). The data are 

expressed as the mean ± SD. n = 3 culture dishes. P < 0.05 when all of 

the cells grown on the FN-coated HPB, except for those grown on 50 

ng/ml FN-coated HPB, were compared with the control cells grown on 

plates without fibronectin coating. (F - G) Cells were grown for 24 h on 

the HPB dishes that were precoated with the indicated amounts of 

fibronectin. The phosphorylation levels of FAK (F) and Akt (G) in cells 

at various adhesion states were assessed by immunoblotting analysis 

using specific antibodies. The level of GAPDH was assessed to confirm 

an equal loading of cell lysate. 

 

 

1.2 RhoA and ROCK in the anchorage dependence of cell growth 
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Consistent with the conjecture that the RhoA-ROCK-PTEN pathway 

may reduce the proliferation rate of poorly attached cells, the activity of 

RhoA was higher in the cells slowly proliferating on the HPB substrates 

than those normally proliferating on the HPL substrates [Fig. 2A]. The 

expression level of RhoA was also upregulated in the cells cultured on 

the HPB substrates [Fig. 2B]. An inverse relationship between RhoA 

activity and the cell adhesion strength further confirmed that cell 

adhesion to the substrates suppresses RhoA activity [Fig. 2C]. The 

expression level of RhoA also increased with decreasing amounts of 

fibronectin that had been precoated onto the substrates [Fig. 2D]. Next, 

the activity of ROCK was examined. ROCK is a well-known downstream 

effector of RhoA [28, 40], by assessing the phosphorylation level of 

myosin light chain (MLC) [28]. Consistent with the assumption, MLC 

phosphorylation levels were higher in the cells cultured on the HPB 

substrates compared with the cells cultured on the HPL substrates, 

indicating that ROCK activity is higher in the cells that were weakly 
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attached to the substrates [Fig. 2E]. The expression level of ROCK was 

also upregulated in the cells cultured on the HPB substrates compared 

with the cells on the HPL substrates [Fig. 2F]. These results indicate 

that RhoA-ROCK is activated in the cells that are poorly attached to the 

substrates. 
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Fig. 2 Expression and activity of RhoA and ROCK are upregulated when 

cell adhesion to the substrate is weak.   
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(A) The total cellular RhoA activity of MC3T3-E1 osteoblasts was 

determined in the cells cultured on HPL or HPB substrates for two days. 

Equal amounts of cell lysate were used for the G-LISA RhoA activation 

assay. The data are expressed as the mean ± SD. n = 3 culture dishes. *, 

P < 0.05 when compared with cells grown on HPL substrates. (B) The 

cells were grown on HPL or HPB dishes for two days, and then RhoA 

expression levels were determined by immunoblotting using the anti-

RhoA antibody. (C) The cells were grown for two days on HPB 

substrates precoated with the indicated amounts of fibronectin (FN). 

Total cellular RhoA activity of cells was determined with the G-LISA 

RhoA activation assay with equal amounts of cell lysate. The data are 

expressed as the mean ± SD. n = 3 dishes. The p-value was less than 

0.05 for comparisons between any two groups. (D) The cells were 

grown on the HPB substrates precoated with the indicated amounts of 

fibronectin. RhoA expression levels were determined in the cells cultured 

for two days by immunoblotting using the anti-RhoA antibody. (E) ROCK 
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activity was determined by assessing levels of phospho-myosin light 

chain (p-MLC). The cells were cultured on poly-HEMA substrates for 

suspension culture (SUS), HPL, or HPB substrates for 3 h. The 

expression levels of p-MLC were determined by immunoblotting using a 

specific antibody raised against phospho-non-muscle myosin-light 

chain II. (F) The cells were grown on the HPL or HPB substrates for two 

days, and then ROCK expression was determined by immunoblotting 

using the anti-ROCK antibody. GAPDH levels were monitored for equal 

loading of the cell lysate (B and D - F). 
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Next, the activities of RhoA and ROCK were inhibited to determine if 

their activities are sufficient to regulate adhesion-dependent cell 

proliferation. The inhibition of ROCK by a pharmacological inhibitor, Y-

27632, reversed the low proliferation rate of the cells cultured on the 

HPB substrates [Fig. 3A. Interestingly, the inhibition of ROCK did not 

further increase the proliferation rate of the cells cultured on the HPL 

substrates, where cells had proliferated rapidly. On the HPB substrates, 

the inhibition of RhoA by the specific inhibitor C3 rescued the normal 

proliferation rate of the cells, whereas the activation of RhoA by the 

specific activator PMT further decreased the proliferation rate of the 

cells [Fig. 3B]. These results indicate that a low activity of RhoA-ROCK 

is a prerequisite for cellular proliferation and that activation of RhoA-

ROCK limits the proliferation rate. The cells on the HPB substrates 

spread without the development of stress fibers after treatment with Y-

27632 [Fig. 3C and D]. 
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Fig. 3 Inhibition of RhoA or ROCK increases the proliferation rate of 

MC3T3-E1 cells on the HPB substrates.  

(A) The cells were grown on HPL or HPB substrates in the absence or 
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presence of Y- 27632 (10 µM) to inhibit ROCK activity. The relative cell 

proliferation rates were determined by the cell number generated with 

the cell counting kit (CCK-8). The data are expressed as the mean ±SD. 

n = 3 dishes. *, P < 0.05 when compared with the untreated HPB group. 

(B) The cells were grown for two days on the HPB substrates in the 

presence of cell-permeable exoenzyme C3 (100 ng/ml) to inhibit RhoA 

or Pasteurella multocida toxin (PMT) (50 ng/ml) to activate RhoA. The 

relative cell proliferation rates were determined by assessing the cell 

number with the cell counting kit (CCK-8). The data are expressed as 

the mean ± SD. n = 3 dishes. The p-value was less than 0.05 for 

comparisons between any two groups. (C and D) The cells were cultured 

on the HPL or HPB substrates in the absence or presence of Y-27632 

(10 µM) to inhibit ROCK for 24 h. The cells were observed by phase 

contrast microscopy (C). Fixed cells were treated with rhodamine-

phalloidin to examine development of actin filaments (red) under confocal 

laser microscopy (D). 
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Next, the AKT phosphorylation levels were examined in response to 

the variation in RhoA or ROCK activity because AKT phosphorylation is 

necessary for cell cycle progression [38, 39]. Concomitant with the 

supposition, the AKT phosphorylation levels, which were low in the cells 

grown on the HPB substrates, were increased when RhoA activity was 

inhibited by transfection of cells with siRNA targeting RhoA or C3 

treatment. AKT activity was upregulated upon the overexpression of a 

dominant negative form of RhoA [Fig. 4A-C]. In contrast, the 

transfection of cells with constitutively active RhoA and the activation of 

RhoA by PMT treatment downregulated AKT phosphorylation [Fig. 4A 

and C]. The inhibition of ROCK activity with Y-27632 treatment or the 

transfection of siRNA specific for ROCK also increased AKT 

phosphorylation in the cells cultured on the HPB substrates [Fig. 4C and 

D]. These results indicate that activated RhoA-ROCK downregulates 

AKT phosphorylation when adhesion of the cells to the substrate is poor.  
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Fig. 4 Inhibition of RhoA or ROCK reverses the low phosphorylation levels 

of Akt in MC3T3-E1 cells grown on the HPB substrates.  

(A) The cells were transiently transfected with pCDNA3-EGFP 

(transfection control), pCDNA3-EGFP-RhoA T19N (dominant negative 
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RhoA), or pCDNA3-EGFP-RhoA Q63L (constitutively active RhoA) and 

further cultured for 24 h. Then, the cell lysate of each group was 

immunoblotted to assess phosphorylation levels of Akt using the anti-p-

Akt antibody. (B) Akt phosphorylation of cells grown on the HPB 

substrates for 48 h after transfection with control siRNA (scramble) or 

with siRNA targeting RhoA (si-RhoA) was assessed. (C) The cells were 

cultured on the HPB substrates for two days. The level of Akt 

phosphorylation was assessed after the sample groups were treated with 

Y-27632 (10 µM), C3 (200 ng/ml), or PMT (50 ng/ml) for 3 h. NT 

indicates the non-treated group. (D) Akt phosphorylation of cells grown 

on the HPB substrates for 48 h after transfection with control siRNA 

(scramble) or siRNA targeting ROCK (si-ROCK) was assessed. (A - D) 

Growth factor signaling was activated by treating cells with fibroblast 

growth factor 2 (FGF2) (50 ng/ml) to activate Akt for 5 min before 

harvesting the cell lysate. GAPDH levels were monitored for equal 

loading of cell lysate. 
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1.3. PTEN in the anchorage dependence of cell growth 

Recently, ROCK has been reported to regulate PTEN to control cell 

migration [41, 42]. However, the mechanisms for the control of PTEN by 

cell adhesion remain unclear. Therefore, in this study, it was investigated 

whether PTEN is a downstream effector of RhoA-ROCK that regulates 

AKT phosphorylation in cells that weakly adhere to the HPB substrates. 

PTEN activity, which can be assessed at the expression and 

phosphorylation levels [41-45]was upregulated in the cells grown on the 

HPB substrates when compared with those on the HPL substrates [Fig. 

5A]. It was further confirmed that this inverse dependence of PTEN 

activity on the strength of cell adhesion by observing a decreasing level 

of PTEN activity according to the increase in the amount of fibronectin, 

which was precoated at varying doses onto the substrate surfaces to 

increase the cell adhesion strength [Fig. 5B]. The inhibition of RhoA by 

siRNA or the transfection of cells with a dominant negative form of RhoA 

also downregulated the activity of PTEN, which was upregulated in the 
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cells cultured on the HPB substrates. The activation of RhoA by the 

transfection of cells with constitutively active RhoA upregulated the 

activity of PTEN [Fig. 5C and D]. In addition, the activity of PTEN was 

downregulated after ROCK activity was inhibited by treatment with Y-

27632 [Fig. 5E]. The activation of PTEN by ROCK seems to occur by 

direct association of two molecules. The immunoprecipitation results 

showed that PTEN and ROCK associated more in the cells cultured on 

the substrates with lower adhesion strength, such as HPB substrates, 

than in cells cultured on HPL substrates [Fig. 5F] and substrates 

containing a lower amount of precoated fibronectin [Fig. 5G]. The 

inhibition of ROCK activity caused a decrease in the association of PTEN 

and ROCK [Fig. 5H]. These results clearly show that activation of the 

RhoA-ROCK-PTEN signaling pathway is strongly upregulated with the 

decreasing strength of cell adhesion to substrates. Furthermore, the 

downregulation of the activity of PTEN, a downstream effector of RhoA-

ROCK, upregulated the activity of AKT. The reduction of PTEN levels by 
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siRNA upregulated the phosphorylation of AKT, which was also 

downregulated in the cells cultured on the HPB substrates [Fig. 5I]. 
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Fig. 5 Downregulation of PTEN activity, which is upregulated by activated 
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RhoA-ROCK, activates Akt in MC3T3-E1 cells grown on the HPB 

substrates. 

(A) The cells were cultured on the HPL or HPB substrates for two days. 

The cell lysate of each group was immunoblotted to assess expression or 

phosphorylation levels of PTEN using anti-p-PTEN or anti-PTEN 

antibodies. (B) The cells were cultured for two days on HPB substrates 

that had been precoated with various amounts of fibronectin (FN). The 

cell lysate of each group was immunoblotted to assess the expression or 

phosphorylation levels of PTEN using anti-p-PTEN or anti-PTEN 

antibodies. (C) The cells were cultured on the HPB substrates and 

transfected with control siRNA (scramble) or with siRNA targeting RhoA 

(si-RhoA) for 48 h. The cell lysate of each group was immunoblotted to 

assess expression levels of PTEN and RhoA using anti-PTEN or anti-

RhoA antibodies, respectively. (D) The cells were transiently 

transfected with pCDNA3-EGFP (transfection control), pCDNA3-

EGFP-RhoA T19N (dominant negative RhoA), or pCDNA3-EGFP-RhoA 
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Q63L (constitutively active RhoA) and further cultured for 24 h. Then, 

the cell lysate of each group was immunoblotted to assess expression 

levels of PTEN using the anti-PTEN antibody. (E) The cells grown on 

the HPB substrates were incubated with or without Y-27632 (10 µM) 

for 24 h. Then, the cell lysate of each group was immunoblotted to 

assess expression levels of PTEN using the anti-PTEN antibody. (F) 

The cells were grown on the HPL or HPB substrates for 24 h. Then, the 

cell lysate of each group was analyzed by immunoprecipitation methods 

using anti-p-PTEN and anti-ROCK1 antibodies. (G) The cells were 

grown for 24 h on HPB substrates that had been precoated with various 

amounts of fibronectin. Then, the cell lysate of each group was analyzed 

by immunoprecipitation methods using anti-p-PTEN and anti-ROCK1 

antibodies. (H) The cells were grown on the HPL or HPB substrates for 

5 h. The cells grown on the HPB substrates were incubated with or 

without Y-27632 (10 µM) for 3 h. Then, the cell lysate of each group 

was analyzed by immunoprecipitation methods using anti-PTEN or anti-
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ROCK1 antibodies. GAPDH levels were monitored for equal loading of 

samples. (I) Akt phosphorylation was assessed in the cells grown on the 

HPB substrates for 48 h after transfection with control siRNA (scramble) 

or with siRNA targeting PTEN (si-PTEN). 
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1.4 Crosstalk between the RhoA-ROCK-PTEN pathway and 

phosphatidylinositol 3-kinase in regulating cell proliferation 

Next, it was examined if the regulation of AKT phosphorylation by the 

RhoA-ROCK-PTEN pathway is dependent on PI3K. It is well-

established that PTEN antagonizes the effects of phosphatidylinositol 3-

kinase (PI3K) to phosphorylate AKT by dephosphorylating PIP3 to 

create PIP2 [38, 46, 47]. In this study, the cells were treated with 

inhibitors of PI3K (LY-294002), RhoA (C3), ROCK (Y-27632), or 

PTEN (bpV(Phen)) and confirmed that the RhoA-ROCK-PTEN pathway 

downregulates AKT phosphorylation by antagonizing the effect of the 

growth factor-stimulated activation of PI3K [Fig. 6A-C]. Thus inhibiting 

the RhoA-ROCK-PTEN pathway reversed the downregulation of cell 

proliferation by inhibition of PI3K [Fig. 6D-F]. 
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Fig. 6 Inhibition of RhoA, ROCK, or PTEN upregulates Akt phosphorylation 
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and cell proliferation, which are reversed by PI3K inhibition in MC3T3-E1 

cells grown on the HPB substrates.  

(A - C) The cells were cultured for two days on the HPB substrates. 

The cells were then treated with C3 (200 ng/ml) to inhibit RhoA, Y-

27632 (10 µM) to inhibit ROCK, or bpV(Phen) (5 µM) to inhibit PTEN in 

the presence or absence of LY-294002 (10 µM) to inhibit PI3K. The 

cells were treated with each specific inhibitor for 3 h. Then, the cell 

lysate of each group was immunoblotted to assess the phosphorylation 

levels of Akt using the anti-p-Akt antibody. Growth factor receptor 

signaling was activated by treating cells with FGF2 (50 ng/ml) to activate 

Akt for 5 min before the cell lysate was prepared. GAPDH levels were 

monitored for equal loading of cell lysate. (D - F) The cells were 

cultured for three days on the HPB substrates. Then, the cells were 

treated with C3 (200 ng/ml) to inhibit RhoA (D), Y-27632 (10 µM) to 

inhibit ROCK (E), bpV(Phen) (1 µM) to inhibit PTEN (F) in the presence 

or absence of LY-294002 (10 µM) to inhibit PI3K. The cells were 
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treated with each specific inhibitor for three days. Then, the relative cell 

proliferation rates were determined by assessing the cell number with 

the cell counting kit (CCK-8). NT, Y, or LY indicate the non-treated, 

Y-27632-treated, and LY-294002-treated groups, respectively. The 

data are expressed as the mean ± SD. n = 3 dishes. The p-value was 

less than 0.05 for comparisons between any two groups. 
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1.5 The role of FAK in the anchorage dependence of cell growth 

It has been suggested that FAK is associated with the progression of 

the cell cycle in anchorage dependent cells[48]. Anchorage-independent 

growth of cancer cells is related to the activation or overexpression of 

FAK [19, 49, 50]. In this study, it was found that the phosphorylation of 

FAK at Tyr397 was lower in the cells grown on the HPB substrates than 

in the cells grown on the HPL substrates [Fig. 1C]. Therefore, it was 

investigated that the involvement of FAK in the molecular switch for 

anchorage dependence. Cell adhesion signaling was blocked by the 

treatment of cells with FAK inhibitor 14 or siRNA knockdown of FAK in 

cells grown on the hydrophilic tissue culture plates, where cell 

proliferation was normal. The inhibition of FAK with FAK inhibitor 14 or 

siRNA caused the cells to detach from the substrate or delayed cell 

proliferation, whereas ROCK inhibition rescued this activity [Fig. 7A]. 

FAK inhibition increased phosphorylation of MLC indicating increased 

ROCK activity [Fig. 7B] as well as PTEN activity, which was reversed 



 46

by the inhibition of ROCK [Fig. 7C]. In addition, FAK inhibition decreased 

AKT phosphorylation, but, consistent with the assumption, the inhibition 

of RhoA (by C3), ROCK (by Y-27632), or PTEN (by bpV(Phen)) 

rescued the phosphorylation of AKT [Fig. 7D]. ROCK inhibition also 

reversed the slow cell proliferation rate caused by FAK inhibition [Fig. 

7E]. Thus, all of these data indicate that low FAK activity fails to 

suppress the activity of the RhoA-ROCK-PTEN pathway in cells that 

are weakly attached to substrates. 
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Fig. 7 The low activity of MC3T3-E1 cells induced by FAK inhibition is 
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reversed by inhibiting the activity of RhoA-ROCK-PTEN on the HPL 

substrates.  

(A) The cells were cultured on the HPL substrates for three days in the 

presence of FAK inhibitor 14 (3 µM) to inhibit FAK with or without Y-

27632 (20 µM) to inhibit ROCK. In addition, the cells on the HPL 

substrates were transfected with siRNA targeting FAK. After 18 h of 

transfection, the cells were treated with Y-27632 (10 µM) to inhibit 

ROCK. Then, cells were further cultured for three days before 

observation by phase contrast microscopy. (B) MLC phosphorylation of 

cells grown on the HPL substrates for 72 h after transfection with 

control siRNA (scramble) or with siRNA targeting FAK (si-FAK) was 

assessed. (C) The cells were cultured with FAK inhibitor 14 (1 µM) or 

Y-27632 (10 µM) on the HPL substrates for 24 h. The cell lysate of 

each group was immunoblotted to assess the expression level of PTEN 

using the anti-PTEN antibody. (D) The cells grown on HPL substrates 

were treated with various combinations of FAK inhibitor 14 (1 µM), Y-
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27632 (10 µM), C3 (200 ng/ml) or bpV(Phen) (5 µM) for 3 h as 

indicated in the figure. The cell lysate of each group was immunoblotted 

to assess the phosphorylation levels of Akt and FAK using the anti-p-

Akt and anti-p-FAK antibodies, respectively. Growth factor receptor 

signaling was activated by treating cells with FGF2 (50 ng/ml) to activate 

Akt for 5 min before harvest of the cell lysate. (B - D) GAPDH levels 

were monitored for equal loading of cell lysate. (E) The cells on the HPL 

substrates were transfected with siRNA targeting FAK. After 18 h of 

transfection, the cells were treated with Y-27632 (20 µM) to inhibit 

ROCK. The cells in the control groups were not treated with Y-27632. 

The cells were further cultured for three days. Relative cell numbers 

were determined with the cell counting kit (CCK-8). The data are 

expressed as the mean ± SD. n = 3 culture dishes. *, P < 0.05 when 

compared to si-control or si- FAK + Y samples. 
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2. Cells in suspension 

2.1 Culture of cells in suspension 

The regulation of ROCK and PTEN activities by cell adhesion was 

further confirmed in NIH 3T3 fibroblasts, which were cultured in the 

absence of cell adhesion on poly-HEMA substrates. More ROCK-PTEN 

complex was formed in the fibroblasts cultured in suspension on the 

poly-HEMA substrates than in the cells grown on the tissue culture 

dishes [Fig. 8A]. The inhibition of ROCK decreased the activity of PTEN, 

which was demonstrated by a decrease in the amount of PTEN 

associated with ROCK [Fig. 8A] or the amount of phosphorylated PTEN 

[Fig. 8B]. AKT phosphorylation was also increased by ROCK inhibition in 

the cells cultured in suspension on poly-HEMA substrates [Fig. 8B]. 

The knockdown of RhoA with siRNA decreased the phosphorylation of 

PTEN and upregulated AKT phosphorylation [Fig. 8C]. These results 

further indicate that the RhoA-ROCK-PTEN pathway is a molecular 

switch for anchorage dependence 
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Fig. 8 The role of RhoA-ROCK-PTEN in anchorage dependence was 

confirmed using NIH 3T3 fibroblasts grown over poly-HEMA substrates.  

(A) Fibroblast cells were replated onto HPL substrates or poly-HEMA 
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substrates to abolish cell adhesion and cultured for 3 h. Cells plated onto 

poly-HEMA substrates were incubated in the absence or presence of Y-

27632 (10 µM). Then, the cell lysate of each group was analyzed by 

immunoprecipitation methods using anti-PTEN or anti-ROCK1 

antibodies. The levels of GAPDH were monitored for equal loading of 

samples. (B) Fibroblasts grown on the poly-HEMA substrates were 

incubated with or without Y-27632 (10 or 20 µM) for 3 h. The cell 

lysate of each group was immunoblotted to assess the phosphorylation 

levels of AKT and PTEN using anti-p-AKT or anti-p-PTEN antibodies. 

(C) Fibroblasts grown on the HPL substrates were transfected with 

control siRNA (scramble) or siRNA targeting RhoA (si-RhoA) and 

further cultured for 48 h. Then, the cells were replated onto poly-HEMA 

substrates and incubated for 5 h. The cell lysate of each group was 

immunoblotted to assess phosphorylation levels of AKT and PTEN using 

anti-p-AKT or anti-p-PTEN antibodies, respectively. (B and C) 

Growth factor receptor signaling was activated by treating the cells with 
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FGF2 (50 ng/ml) to activate Akt for 5 min before harvest of the cell 

lysates. GAPDH levels were monitored for equal loading of samples. 
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2.2 The effect of ROCK inhibition in weak adhesion signal-induced 

cell apoptosis.  

Weak cell adhesion signal induced by the HPB and the Poly-HEMA 

surface activated apoptotic pathway such as caspase-3 and finally 

induced cell death. ROCK inhibition by Y-27632 decreased cell death on 

the HPB surface for long-term culture (Fig. 9A). The inhibition of 

RhoA-ROCK-PTEN signal pathway also downregulated caspase-3 

activity, which is the most critical molecule in apoptotic progress, 

induced by the HPB surface or Poly-HEMA (Fig. 9B and C). 

Next, the effect of ROCK inhibition on the cell viability was measured 

under weak adhesion-induced apoptotic conditions such the HPB surface 

and Poly-HEMA surface. ROCK inhibition improved cell viability for 

suspension condition (Fig. 9D and E). Particularly, the cell viability was 

dramatically increased by ROCK inhibition under long–term culture with 

anoikis stress (Fig. 9F and G). 
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Fig . 9 ROCK inhibition by Y-27632 inhibits weak cell adhesion signal-

induced cell apoptosis.  
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(A) MC3T3-E1 cells were grown with or without Y-27632 (20 µM) 

on the HPB surface for 5 days. The cells grown on the HPL surface were 

used as control. Cell viability was analyzed by Live/Dead assay. Green 

color and red color indicate live cells and dead cells respectively. (B) 

The cells were incubated with y-27632 (20 µM), C3 (200 ng/ml) or bpV 

(1 µM) on the HPB surface for 3days. Active caspase-3 was measured 

by immunoblotting using anti-cleaved caspase-3 antibody. (C) The cells 

were incubated with or without Y-27632(20 µM) on Poly-HEMA 

surface for suspension culture for 24hr. Caspase-3 activity was 

assessed using ApoAlert caspase-3 activity assay kit. (D and E) 

NIH3T3 cells were incubated with or without Y-27632 for 24h on the 

Poly-HEMA surface. Cell viability assay was performed by CCK-8 kit. 

(F and G) MC3T3-E1 cells were cultured for 1 week upon suspension 

condition with or without Y-27632. And then, the cells were replated on 

the HPL surface. CCK-8 kit was used for measuring cell viability. 

 



 57

2.3 Reattachment of cells to substrates 

The dependence of the activation of the RhoA-ROCK-PTEN pathway 

on the strength of cell adhesion was further confirmed by reattaching the 

detached cells to the substrates. The high RhoA activity of the detached 

cells decreased upon reattachment to the substrate [Fig. 10A]. However, 

RhoA activity remained higher in the cells plated onto the HPB 

substrates than those seeded onto the HPL substrates [Fig. 10B]. The 

activities of ROCK and PTEN were also higher in the cells plated onto 

the HPB substrates, where FAK and paxillin were phosphorylated to 

lower extents than in the cells seeded onto the HPL substrates [Fig. 

10C]. The pretreatment of the detached cells with the FAK inhibitor 

failed to lower ROCK and PTEN activities upon reattachment to the HPL 

substrates [Fig. 10D]. Thus, these results indicate that FAK-mediated 

adhesion signaling is too low to downregulate the activity of the RhoA-

ROCK-PTEN pathway in cells that are weakly attached to the substrates. 
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Fig. 10 Detached cells that are reattached to the substrate demonstrate 

changes in the activities of RhoA, ROCK, and PTEN during cell adhesion. 

(A) Cells replated onto the HPL substrates were harvested at the 
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indicated time points up to 3 h after the cells had been seeded. Then, 

equal amounts of cell lysates were used for the G-LISA RhoA activation 

assay. The data are expressed as the mean ± SD. n = 3 dishes. (B) The 

cells were replated onto the HPL or HPB substrates and harvested after 

1 h. Equal amounts of cell lysates were used for the G-LISA RhoA 

activation assay. The data are expressed as the mean ± SD. n = 3 dishes. 

The p-value was less than 0.05 for comparisons between any two 

groups. (C) The cells were replated onto the HPL or HPB substrates and 

then harvested at the indicated time points. The cell lysate of each group 

was immunoblotted to assess the phosphorylation levels of PTEN, MLC, 

FAK, and paxillin using anti-p-PTEN, anti-p-MLC, anti-p-FAK and 

anti-p-paxillin antibodies, respectively. (D) The cells were replated 

onto the HPL substrates in the absence or presence of FAK inhibitor 14 

(1 µM) to inhibit FAK and then harvested at the indicated time points. 

Cell lysates of each group were immunoblotted to assess the 

phosphorylation levels of FAK, PTEN and MLC using anti-p-FAK, anti-
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p-PTEN, anti-PTEN and anti-p-MLC antibodies, respectively. (C – D) 

GAPDH levels were monitored for equal loading of cell lysate. 
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Next, spreading of cell was further examined during the early cell 

attachment. Cell spreading was accompanied with loosening circular F-

actin bundles which compactly filled the small and globular cells seeded 

to the substrates [Fig. 11A and B]. Cell attachment to the HPB 

substrates was improved by inhibiting RhoA or ROCK activity [Fig. 11C 

- E]. The cells transfected with constitutively active RhoA did not 

spread up to 24 h of culture on the HPL substrates [Fig. 11F and G]. 

ROCK activity remained high in the cells seeded to the HPB surface, 

whereas it decreased in the cells plated to the HPL surface [Fig. 11H]. 

These data indicate that cell spreading during the cell attachment to the 

substrates accompanies with unwinding F-actin bundles which have been 

tightly packed upon cell detachment from the substrates by RhoA-ROCK 

activation. Therefore, downregulation of RhoA-ROCK activity by 

adhesion signal may be required for cells to spread on the substrates 

during the early cell attachment. 
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Fig 11. Downregulation of RhoA-ROCK activity is essential for cell to 

spread during the early cell adhesion to the susbtrates. (A) 

Immunohistochemical observation of MC3T3-E1 cells which were 

cultured on the HPL substrates for 1 h. Cells were fixed and stained with 
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rhodamine-phalloidin for F-actin. (B) The spreading area of cells during 

the initial attachment were measured using Image J program. (C) Cells 

were plated with or without Y-27632 treatment on HPL or HPB. After 

3h culture, the cells were fixed and stained with rhodamine-phalloidin 

for F-actin. (C) Cells were plated with or without Y-27632 treatment on 

HPL or HPB. After 3h culture, cell number was measured by CCK-8 kit. 

(E) Cell number was measured by CCK-8 kit after 6 h culture of cells on 

the HPB surface with Y-27632, C3 or LPA treatment. (F) The cells 

transfected with pCDNA3-EGFP-RhoA Q63L (constitutively active 

RhoA) were replated onto the HPL substrates for 24h. Then the cells 

were fixed and stained with rhodamine-phalloidin for F-actin. The green 

color indicates the cell which expresses constitutively active RhoA. (F) 

To determine the spreading area of MC3T3-E1 cells expressing EGFP-

RhoA- Q63L during the early cell adhesion, the cell sizes were 

measured by Image J program for the cells cultured for 3h. (H) Cells 

were seeded onto the HPL or HPB surface with or without Y-27632 
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treatment. After 24h culture, the level of p-MLC was assessed by 

immunoblotting to determine ROCK activity indirectly. 
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3. Cells on PCA Substrates 

3.1  Proliferation and spreading of osteoblasts 

MC3T3-E1 cell proliferation rate was slow on the calcium phosphate 

apatite (PCA) surface. After 3 days of culture, the cell number on the 

PCA surface was about 30% of that grown on regular tissue culture 

plastic HPL surface [Fig. 12B]. Microscopic examination of the cultured 

cells showed that osteoblasts spread less on the PCA surface. The cells 

had characteristically less cytoplasm around the nucleus and extended 

several slender and long cell processes on the PCA surface compared to 

the cells cultured on the HPL surface [Fig. 12C]. Extent of cell spreading 

is known to be dependent on the developments of stress fibers and focal 

adhesions[24-27, 51]. In the previous studies, actin filaments in the 

stress fibers were stained with phalloidin-FITC and focal adhesions 

were stained with anti-vinculin antibody to examine the possibility that 

the low cell proliferation rate on PCA surface may be due to poorly 

developed stress fibers and focal adhesions. Many stress fibers that link 
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focal adhesions were clearly visible in cells grown on the HPL surface, 

but in cells grown on PCA surface only diffuse staining of cytoplasm by 

phalloidin occurred without characteristic actin strands, indicating that 

stress fibers and focal adhesions did not develop well on the PCA 

surface . 
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Fig. 12 Proliferation of osteoblasts is slow and the cell spreading is poor  

on the PCA surface.  

(A) FE-SEM view of the PCA surface. x 10,000. (B) Proliferation of 
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osteoblasts determined by CCK-8 method and expressed as the relative 

number of MC3T3-E1 cells cultured for three days on the HPL (tissue 

culture plate) or the PCA (poorly crystalline calcium phosphate 

apatite)surfaces. Data expressed as mean ± SD. n=3 culture dishes. *, P< 

0.05  (C) Phase contrast microscopy of osteoblasts cultured for one day 

on HPL or PCA.  
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3.2  Effects of ROCK inhibition on cell proliferation and spreading 

It have previously been reported that inhibition of ROCK markedly 

enhances adhesion and proliferation of osteoblasts grown on hydrophobic 

surfaces where adhesion signaling of osteoblasts is weakly generated 

[14] similar to the cells grown on PCA thin film in the present study. 

Therefore, further study was performed by introducing previous aspects. 

The effects of ROCK inhibition were tested on osteoblast proliferation 

and the cell morphologic changes. Treatment with 10 µM Y-27632 for a 

specific inhibitor of ROCK, C3 for Rho inhibition or LPA for Rho 

activation for 3 days in osteoblasts cultured on the PCA surface 

markedly enhanced the proliferation rate and induced cell spreading 

except for the cell treated with LPA [Fig. 13 A-C]. 
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Fig. 13 Rho and ROCK inhibition upregulates cell proliferation in MC3T3-

E1 osteoblasts grown on the PCA surface.  (A) MC3T3-E1 cells were 
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incubated with C3 (0.1 µg/ml), Y-27632 (10 µM) or LPA (10 µM). After 

24h, the cells were observed. (B) Cell proliferation on PCA was 

enhanced in the presence of 10 µM of Y-27632 and 0.1 µg/ml of C3 

during 3 days of culture. Data expressed as mean ± SD. n=3 culture 

dishes. *, P<0.05 compared to respective untreated controls. (C) The 

cells were incubated with or without Y-27632 on the PCA and Calcein 

AM was added for live cell. Cell morphology on PCA were observed by 

phase contrast microscopy and fluorescent Microscopy 
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3.3  Effects of ROCK inhibition on Akt 

To investigate the molecular mechanism of ROCK inhibition in cell 

proliferation, the effects of ROCK inhibitor Y-27362 was determined on 

the phosphorylation of Akt, a key protein kinase that controls cell-cycle 

progression[52]. Increased proliferation of osteoblasts grown on PCA 

surface following ROCK inhibition increased the level of phosphorylated-

Akt [Fig. 14A and B]. Akt is a downstream effector of 

phosphatidylinositol 3-kinase (PI3K) that increases cellular 

concentration of phosphatidylinositol-3,4,5-triphosphate (PIP3), binding 

of which to the pleckstrin homology domain of Akt membrane localizes 

the enzyme for phosphorylation-dependent activation [38, 46, 53].  

Pharmacologic inhibition of PI3K is expected to block activation of Akt. 

Indeed, treatment with LY-294002, a specific inhibitor of PI3K, largely 

blocked the Y-27632-dependent proliferation in osteoblasts and 

markedly reduced the phosphorylation of Akt [Fig. 14A and B]. Together 

with data presented above, the results of this experiment indicate that 
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osteoblasts grown on PCA surface generate weak adhesion signaling and 

have reduced cell proliferation and downregualted Akt phosphorylation 

which limits cells to progress into the cell cycle. 
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Fig. 14 ROCK inhibition of MC3T3-E1 osteoblasts increases cell 

proliferation, Akt activity on the PCA surface.  

(A) Effects of ROCK and PI3K inhibitions on cell proliferation of 
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osteoblasts on PCA. Relative cell proliferation was determined in the 

presence and absence of 10 µM Y-27632 (ROCK inhibitor, Y) and 10 µM 

LY-294002 (PI3K inhibitor, LY). Data expressed as mean ± SD. n=3 

culture dishes. The p-value was less than 0.05 between comparison of 

any two groups except for NT and Y+LY. NT: non-treated control. (B) 

Effect of ROCK inhibition and PI3K inhibition on Akt phosphorylation in 

osteoblasts on PCA. Three hours prior to harvest of cells grown for 24 

hr on PCA surface, osteoblasts were treated with and without Y-27632 

(10 µM) and/or LY-294002 (10 µM). Growth factor receptor was 

activated with FGF2 (50 ng/ml) for 5 min before harvest and 

immunoblotted for Akt.   
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3.4  Effects of RhoA on cell proliferation 

Inhibition of ROCK promoted spreading of osteoblast on PCA surface 

and cell proliferation. ROCK is involved in a wide range of different 

cellular processes as a downstream effector protein of the Rho family of 

GTPases which is one of the major regulators of cytoskeleton and cell 

adhesion-related structures intracellularly [29, 30, 54, 55]. To confirm 

signaling upstream of ROCK, RhoA activity was investigated in 

osteoblasts grown on PCA surface. RhoA signaling was robust in 

osteoblasts grown on the PCA surface. Total cellular RhoA was elevated 

more than two-fold in osteoblasts on the PCA surface compared to the 

cells on the HPL surface where the stress fibers and focal adhesions 

were well developed [Fig. 15A]. Immunoblotting with anti-Rho antibody 

also confirmed the striking increase of RhoA levels in osteoblasts grown 

on the PCA compared to those grown on HPL surface [Fig. 15B]. In 

addition, Akt phosphorylation was higher in HPL-grown cells than PCA-

grown cells, consistent with the idea that cell signaling that control cell 
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proliferation is downregulated in osteoblasts grown on the PCA surface 

[Fig. 15C].  

To confirm that the increased total cellular RhoA activity 

downregulates cell proliferation, the osteoblasts were transfected with 

constitutively active RhoA (EGFP-RhoA Q63L) or dominant negative 

RhoA (EGFP-RhoA T19N) forms and determined the levels of Akt 

phosphorylation in the transfectants grown on PCA surface. 

Overexpression of dominant negative RhoA increased Akt 

phosphorylation in MC3T3-E1 osteoblasts on the PCA surface, whereas 

transfection with constitutively active RhoA decreased Akt 

phosphorylation [Fig. 15D], in agreement with the notion that increased 

cellular RhoA activity leads to down-regulation of signaling molecules of 

the cell proliferation-dependent pathway such as Akt. In addition, siRNA 

knockdown of cellular RhoA levels increased Akt phosphorylation in cells 

grown on PCA surface (Fig. 15E). Furthermore, pharmacological 

inactivation of RhoA by preincubation of cells with cell-permeable C3 
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transferase (200 ng/mL) also increased Akt phosphorylation [Fig. 15F], 

and importantly increased the rate of cell proliferation when the 

osteoblasts were co-cultured in the presence of C3 for three days [Fig. 

15H]. In contrast, specific activation of RhoA by LPA decreased Akt 

phosphorylation [Fig. 15G] and marginally decreased the relative 

proliferation compared to untreated controls group [Fig. 15I] in 

osteoblasts cultured on PCA surface. These results demonstrate an 

inverse correlation between RhoA activity and cell proliferation, and 

these data are consistent with the notion that activated RhoA/ROCK 

signaling pathway restrains the cell cycle progression of osteoblasts 

cultured on the PCA surface. 
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Fig. 15 Akt activity and cell proliferation are associated with high total 
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cellular RhoA activity on the PCA surface.  

(A) Total cellular RhoA activity of MC3T3-E1 osteoblast was 

determined in cells cultured for two days. Equal amount of cell lysate 

proteins were used in G-LISA RhoA activation assay. Data expressed as 

mean ± SD. n=4 culture dishes. *, P< 0.05. (B) RhoA expression is 

upregulated on PCA compared to HPL surface as determined by 

immunoblot using anti-RhoA antibody. (C) Akt phosphorylation 

determined by immunoblotting cells grown on the HPL or PCA surface. 

(D) Effects of overexpression of dominant negative or constitutively 

active RhoA on cells grown on the PCA surface. Cells were transiently 

transfected with pCDNA3-EGFP, pCDNA3-EGFP-RhoA T19N 

(dominant negative), or pCDNA3-EGFP-RhoA Q63L (constitutively 

active) and immunoblotted after 24 h. (E) Akt phosphorylation of 

osteoblasts grown on the PCA surface after transfection with control 

siRNA (scramble) or with siRNA targeting RhoA (si-RhoA) and 

immunoblotted after 48 h. Growth factor receptor was stimulated with 
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FGF-2 (50 ng/ml) to activate Akt for 5 min before cell lysis (C – E). 

GAPDH was monitored for equal loading of samples. (F and G) Effects of 

RhoA inactivation by C3 (200 ng/ml) (F) and/or RhoA activation by LPA 

(10 µM) (G) on Akt phosphorylation. ROCK was inhibited with Y-27632 

(10 µM). Phosphorylated Akt was measured by immunoblotting after 3 h 

treatment. Growth factor receptor was activated by treating cells with 

FGF2 (50 ng/ml) to activate Akt for 5 min before harvesting cell lysates. 

(H and I) Effect of RhoA inhibition (H) and RhoA activation (I) on cell 

proliferation. Cell proliferation determined by CCK-8 method after three 

days with and without C3 (200 ng/ml), LPA (10 µM) and/or Y-27632 

(10 µM). Data expressed as mean ± SD. n = 4 culture dishes. The p-

value was less than 0.05 when any two groups were compared within 

respective experiments (H and I). NT: non-treated 
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3.5  Effects of PTEN on cell proliferation 

Recently, PTEN phosphatase, a tumor suppressor protein was shown 

to be one of downstream effectors of ROCK [41, 56]. PTEN also inhibits 

Akt activity by dephosphorylating PIP3 into PIP2[43, 46, 57], 

counteracting PI3K that activate Akt. The role of PTEN was examined in 

the regulation of cell proliferation on the PCA surface. Activation level of 

PTEN was assessed by immunoblotting with anti-PTEN antibody or 

anti-phosphospecific-PTEN antibody. Phosphorylation prevents 

degradation of PTEN and is essential for PTEN stability [38, 39].  In 

this study, both antibodies showed similar results. Total cellular PTEN 

phosphorylation was clearly enhanced in cells cultured on the PCA 

surface compared to those cells cultured on the HPL surface [Fig. 16A]. 

Pharmacological inhibition of PTEN by treatment with bpV(Phen) 

(bisperoxo(1,10-phenanthroline)oxovanadate) increased Akt 

phosphorylation in cells cultured on the PCA surface [Fig. 16B]. The 

increased cell proliferation and Akt phosphorylation following ROCK 
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inhibition was largely reversed by specifically inhibiting PI3K activity 

[Fig. 16B] with LY-294002. Furthermore, inhibition of PTEN with 

bpV(Phen), similar to ROCK inhibition, promoted cell proliferation of 

osteoblasts grown on PCA surface [Fig. 16C], indicating that activation 

of PTEN restrains cell proliferation. Pharmacologically inhibiting both 

PTEN and ROCK together increased cell proliferation more than treating 

cells with PTEN inhibitor only [Fig. 16C]. In contrast, overexpression of 

PTEN with GFP-PTEN plasmid in osteoblasts cultured on PCA surface 

decreased Akt phosphorylation levels [Fig. 16D].  

Next, the control of PTEN activity was examined by its two upstream 

regulators, RhoA and ROCK. Overexpression of dominant negative RhoA 

decreased PTEN activity in MC3T3-E1 osteoblast cells on the PCA 

surface, whereas transfection of constitutively active RhoA increased 

PTEN activity [Fig. 16E]. In addition, treatment of cells with si-RhoA to 

knockdown endogenous RhoA expression in osteoblasts decreased PTEN 

activity [Fig. 16F].  Finally, ROCK inhibition using Y-27632 also 
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decreased PTEN activation of cells on the PCA surface [Fig. 16G]. 

These results indicate that proliferation of osteoblasts grown on the PCA 

surface is restrained by the activated RhoA/ROCK/PTEN signaling 

pathway. 
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Fig. 16  PTEN leads to decreased Akt activity and cell proliferation in 
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MC3T3-E1 osteoblasts grown on PCA surface.  

(A) Expression and phosphorylation of PTEN measured by 

immunoblotting cells grown for two days on HPL or PCA surfaces. (B) 

Effects of PTEN and PI3K inhibitions on Akt phosphorylation on 

osteoblasts grown on PCA surface. For 3 h, PTEN inhibitor bpV(phen) 

(500 nM) and/or PI3K inhibitor LY-294002 (10 µM) were added into the 

culture media before harvesting cells for immunoblotting. Growth factor 

receptor was activated with FGF-2 (50 ng/ml) for 5 min before cell lysis. 

(C) Effects of PTEN inhibition on cell proliferation. Cells were treated 

with bpV(phen) (500 nM), and/or Y-27632 (10 µM) for three days or 

were non-treated (NT). Data expressed as mean±SD. n=4 culture 

dishes. The p-value was less than 0.05 when any two groups were 

compared. (D) Effects of PTEN overexpression on Akt phosphorylation 

and its modulation by ROCK inhibition of osteoblasts grown on the PCA 

surface. GFP-PTEN was transiently transfected a day before cell 

harvest. ROCK was inhibited by adding Y-27632 (10 µM) to the culture 
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medium 3 h before harvesting cells for immunoblotting. Growth factor 

receptor was activated with FGF-2 (50 ng/ml) for 5 min before 

harvesting cell lysates. (E) Effects of overexpression of dominant 

negative or constitutively active RhoA on PTEN expression in cells 

grown on PCA. Cells were transiently transfected with pCDNA3-EGFP, 

pCDNA3-EGFP-RhoA T19N (dominant negative), or pCDNA3-EGFP-

RhoA Q63L (constitutively active) and analyzed by immunoblot after 24 

h. (F) PTEN and RhoA expression in osteoblasts grown on PCA for 48 h 

after transfection with control siRNA (scramble) or with siRNA targeting 

RhoA (si-RhoA). (G) ROCK inhibition decreases PTEN levels in cells 

grown on PCA. Expression and phosphorylation levels of PTEN were 

measured by immunoblotting after harvest of osteoblasts treated with 

and without Y-27632 (10 µM) for 24 h. GAPDH was monitored for equal 

loading of samples. 
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4. Cells on hydrophobic POLY –-CAPROLACTONE 

PCL is one of the major scaffolds used for tissue engineering. PCL 

highly displays hydrophobic features similar to most of the scaffolds. 

Abnormal cell spreading on the PCL surface was completely rescued by 

ROCK inhibition [Fig. 17A and B]. Increased cell activities by ROCK 

inhibition was also evident in MC3T3-E1 cells grown on the PCL surface 

similar to those of the HPB surface. 
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Fig. 17. ROCK inhibition by Y-27632 induces cell spreading in MC3T3-

E1 cells grown on the PCL surface. The cells were incubated with or 

without Y-27632 on the PCL surface for 24h. The cells were stained 

with rhodamine-phalloidin for F-actin and the cell spreading sizes were 

analyzed by image J program. 
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IV. DISCUSSION 

In the present study, it was demonstrated that the RhoA-ROCK-

PTEN pathway is a molecular switch for anchorage dependence; its 

activity inversely correlates with the ability of cells to grow on 

suboptimal surfaces. When cells were poorly attached to the substrates 

such as HPB substrate and PCA substrate, the RhoA-ROCK-PTEN 

pathway was highly activated, downregulating AKT phosphorylation, 

which is required for cell proliferation [38, 39]. Thus, the ability of 

growth factors to stimulate cell proliferation was interrupted by the 

activation of the RhoA-ROCK-PTEN pathway in the cells exhibiting 

little adhesion signaling. To further confirm that proliferation is regulated 

by activation of the RhoA-ROCK-PTEN pathway under insufficient 

adhesion signals, cells were grown on normal cell culture dishes and it 

was found that this pathway was upregulated when the activity of the 

adhesion signaling associated FAK protein was inhibited. Additionally, it 

was confirmed that this pathway is a molecular switch for anchorage 
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dependence by examining the activity of this pathway in the cells grown 

on poly-HEMA substrates, to which cells cannot attach. The cells 

suspended over poly-HEMA substrates showed a high activity of this 

pathway.  

This study clearly showed that high ROCK activity inhibits cell 

proliferation; the slow cell proliferation rate was rescued by ROCK 

inhibition with a specific inhibitor or transfection of siRNA-targeting 

ROCK in the cells that adhered poorly to substrates. The molecules 

linking cell adhesion to ROCK activity then were explored to further 

elucidate the pathway controlling the anchorage dependence of cell 

growth. The RhoA was a strong candidate for the mediator of cell 

adhesion signals and ROCK activation because it is a well-known 

upstream activator of ROCK [52, 58], and previous studies showed that 

RhoA activity is high when cell adhesion or integrin activation is poor 

[59-61]. Concomitant with the assumption, RhoA activity was dependent 

on adhesion strength. Its activity was higher in the cells that attached 
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poorly to HPB or PCA substrates. Furthermore, cell behaviors changed 

similarly when either RhoA or ROCK was inhibited. AKT phosphorylation 

and cell proliferation, which had both been decreased in the cells that 

were poorly attached to substrates, were increased when either RhoA or 

ROCK was inhibited. Downregulating RhoA activity by the transfection of 

siRNA-targeting RhoA, the transfection of a dominant negative RhoA 

construct, or the treatment of the cells with the RhoA inhibitor C3 all 

rescued proliferation in the cells that were grown on the poorly adherent 

substrates. These results indicate that RhoA is upstream of ROCK in a 

molecular switch that is dependent on cell adhesion strength and 

regulates cell proliferation rates. Recently, the RhoA-ROCK module has 

been suggested to control cellular functions such as adhesion, migration, 

proliferation and differentiation in addition to its well-known role in 

organizing the cytoskeleton[14, 41, 42]. 

To further investigate the relationship between adhesion strength 

and signal transduction, PTEN was focused on as a downstream effector 
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of the RhoA-ROCK pathway. PTEN which is a tumor suppressor 

downregulates the activity of AKT, which controls cell proliferation, 

apoptosis and migration [38, 39, 62-64]. PTEN is associated with 

control of the cell cycle; it is a well-known AKT regulator and a tumor 

suppressor that is mutated in various tumors [65-67], and it is 

associated with apoptotic death due to loss of cell adhesion [30, 67, 68]. 

ROCK has been shown to directly bind and activate PTEN to suppress 

inflammatory cell migration [69]. RhoA-ROCK is suggested to regulate 

chemotaxis by stimulating the activity of PTEN upon the formation of a 

RhoA-ROCK-PTEN complex [41]. Thus, the RhoA-ROCK pathway 

appears to regulate cell proliferation by regulating PTEN rather than 

other well-known downstream effectors, such as MLC, myosin light 

chain phosphatase, and LIM kinase, which are involved in the formation 

of stress fibers and increasing cellular contractility[28, 70]. Concomitant 

with the assumption, PTEN activity and the molecular association of 

ROCK and PTEN are dependent on cell adhesion strength, clearly 
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showing that PTEN is a member of the molecular switch for anchorage 

dependence. Furthermore, the increase in PTEN activity by inhibition of 

RhoA or ROCK activity indicates that PTEN is a downstream effector of 

RhoA-ROCK. Thus, AKT phosphorylation and cell proliferation can be 

upregulated by inhibiting PTEN as well as RhoA or ROCK.  

The protein kinase B, Akt, is an important signaling molecule in cell 

proliferation and apoptosis[38, 39, 71]. Akt plays a role in the cell cycle 

progression by decreasing the expression of p21 and p27 as well as 

increasing cyclin D1[62, 72, 73]. In this study, Akt was used as a marker 

to confirm cell cycle progression when the RhoA-ROCK-PTEN pathway 

was inhibited in osteoblasts. RhoA activation by LPA treatment 

decreased Akt phosphorylation, whereas RhoA inhibition by C3 treatment 

increased Akt phosphorylation. Inhibiting RhoA and ROCK simultaneously 

increased Akt phosphorylation more than the inhibition of each molecule 

individually. ROCK inhibition upregulated Akt phosphorylation regardless 

of the activation or inhibition of RhoA which is upstream of ROCK. These 
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results indicate that inhibition of RhoA-ROCK-PTEN signaling increases 

cell proliferation by up-regulating Akt. PTEN increases intracellular 

levels of phosphatidylinositol-4,5-biphosphate (PIP2) by 

dephosphorylating phosphatidylinositol-3,4,5-triphosphate (PIP3)[43, 

46, 57] and leads to the inhibition of Akt. Therefore, high activation of 

PTEN in cells on the PCA surface would restrict the cell cycle 

progression by limiting the activation of Akt through reduction of PIP3 

levels.  In the present study, the inhibition of RhoA-ROCK 

downregulated PTEN and the subsequent accumulation PIP3 by growth 

factor-stimulated PI3K, permitted progression and entry into the cell 

cycle and cell proliferation. 

For upstream signaling to RhoA and ROCK, FAK was a good 

candidate for the link between cell adhesion and RhoA activity. FAK, 

which is phosphorylated at Tyr-397 upon cell adhesion [36, 37], has 

been shown to downregulate RhoA activity in various ways [71, 74-79]. 

FAK decreases RhoA activity by upregulating p190RhoGAP [74-76]. 
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The inhibition or deletion of FAK increases RhoA activity [74-77, 79, 

80]. Thus, in this study, low FAK activity may have caused the higher 

RhoA activity levels in the cells that adhered poorly to substrates than 

the cells that adhered well to substrates. An inverse relationship 

between level of FAK phosphorylation at Tyr-397 and RhoA activity 

also indicates that inadequate activation of FAK fails to suppress RhoA 

activity. Treating cells with inhibitors of RhoA or ROCK reversed the 

FAK-induced decrease in AKT phosphorylation, confirming a 

suppressive role of FAK on the activity of the RhoA-ROCK pathway. In 

addition, ROCK activation by FAK inhibition or transfection of siRNA-

targeting FAK further shows an inverse relationship between FAK 

activity and RhoA-ROCK activity. These data indicate that RhoA-ROCK 

activity is increased because FAK is not activated and thus cannot 

downregulate RhoA activity of poorly adhering cells. 

In this study, the development of actin fibers did not correlate with 

cell proliferation. The inhibition of the RhoA-ROCK pathway improved 
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cell proliferation rates without the development of stress fibers in the 

cells cultured on HPB or PCA substrates. These results seem to contrast 

with a number of reports showing that the development of actin fibers, 

for which the activation of the RhoA-ROCK pathway is required, is 

needed for cell cycle progression [24, 26, 81-83]. In addition to the 

effect on cell proliferation, the inhibition of the RhoA-ROCK pathway did 

not significantly affect the proliferation rate in the cells cultured on HPL 

substrates, although the actin stress fibers were disrupted. The results 

of this study also show that ROCK activity was upregulated when the 

cells were seeded on HPB or PCA substrates, cultured in suspension, or 

unable to transduce adhesion signals after FAK inhibition. This 

upregulation occurred without the development of stress fibers, although 

there was an upregulation of phosphorylated MLC, which is one of 

requirements for the development of stress fibers. These results suggest 

that the RhoA-ROCK pathway may control the cell cycle and the 

development of stress fibers separately. It is hypothesized that the 
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RhoA-ROCK pathway may function as a safeguard to exclude cells 

grown in inappropriate conditions by restricting their cellular activity 

rather than the development of stress fibers if cell adhesion is poor.  

Calcium phosphate apatite is a typical biomaterial used as a bone 

substitute or a coating substrate over biomaterials, such as titanium 

fixtures, to enhance bone regeneration [34, 84], and on which 

osteoblasts differentiate [35]. A shortcoming of calcium phosphate 

apatite as a biomaterial, however, is the slow proliferation of osteoblasts 

on this surface. It has shown previously that osteoblasts do not 

proliferate well on the thin film of calcium phosphate apatite because 

growth factor signaling and adhesion signaling do not adequately cross-

talk to activate the mitotic signaling pathway [5]. Even in the presence of 

strong growth factor stimulation, osteoblasts proliferate slowly on the 

calcium phosphate apatite surface where osteoblasts develop poor stress 

fibers and focal adhesions owing to insufficient activation of cell adhesion 

signaling pathways [5]. In the present study, data of this study suggest 



 101

that suppression of RhoA-ROCK-PTEN signaling pathway using 

pharmacological tools is an effective means to enhance cell proliferation. 

Slow proliferation of osteoblasts grown on the PCA surface is associated 

with high activation of RhoA-ROCK-PTEN pathway and the slow 

osteoblast proliferation was largely overcome by net down-regulation of 

the RhoA-ROCK-PTEN pathway using various pharmacological agents. 

Evidently, the physico-chemical properties of calcium phosphate apatite 

thin film that impede cell cycle progression and therefore their utility as 

a biomaterial substrate may be surmounted if intracellular signaling is 

properly regulated in the cultured osteoblasts. This study clearly shows 

that targeting intracellular signal transduction pathways through 

pharmacological inhibition of RhoA-ROCK-PTEN pathway rather than 

the surface modifications of the engineered biomaterials is a novel 

molecular means for controlling cell activity. The RhoA-ROCK-PTEN 

signaling pathway may have significant potential in tissue engineering 

and regenerative medicine and warrants further investigations in vivo. 
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V. CONCLUSION 

This study clearly shows that RhoA-ROCK-PTEN activity is 

upregulated to downregulate the growth factor-induced phosphorylation 

of AKT in conditions of poor adhesion signaling as depicted in Fig 18. 

Suppression of this pathway that mediates the effects of cell adhesion 

strength on cell proliferation rescues normal proliferation rates without 

involving other signaling pathways. Suppressing this signaling pathway 

would be a simple way to manipulate anchorage-dependent cells where 

activity is downregulated because of inappropriate substrate conditions. 

Thus, low cell proliferation rates on the biomaterials such as polymers or 

calcium phosphate substrates used in tissue engineering can be easily 

upregulated by inhibiting the RhoA-ROCK-PTEN pathway. Furthermore, 

the elucidation of the molecular mechanism of anchorage dependence 

may have significant implications for understanding the behavior of 

cancer cells that evade anchorage dependence and for controlling cells in 

regenerative medicine.  
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Fig. 18 A diagram illustrating how anchorage-dependent cells grown on 
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the substrates of poor adhesion are constrained in Akt phosphorylation by 

high activation of the RhoA-ROCK-PTEN pathway.  

Crosstalk between growth factor receptor (receptor tyrosine kinase: 

RTK) and adhesion receptor (integrin; ) signaling through the RhoA-

ROCK-PTEN pathway regulates Akt phosphorylation and cell 

proliferation. In the cells attached firmly to the substrates, adequate 

adhesion signaling downregulates RhoA-ROCK-PTEN signaling through 

FAK activation to permit Akt phosphorylation in response to growth 

factor stimulation. However, poorly adhering cells, such as those grown 

on the HPB or PCA substrates, fail to downregulate the RhoA-ROCK-

PTEN pathway. The increased PTEN activity downregulates PIP3 levels 

by antagonizing the ability of PI3K to increase PIP3 levels in response to 

growth factor stimulation. Therefore, Akt cannot be activated to trigger 

cell cycle progression because PIP3 levels are decreased. However, the 

treatment of cells with C3, Y-27632, or bpV(Phen) can reverse the slow 

proliferation rate of the cells grown on the HPB substrates by inhibiting 
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the activities of RhoA, ROCK, or PTEN, respectively 
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 국문 초록 

 

혈액에 떠있는 혈구세포나 전이 능력을 가진 종양세포를 제외한 대부분의 

세포는 기질이나 인접한 세포에서 충분한 부착신호를 제공받지 못하면 충분한 

성장인자 신호가 제공됨에도 불구하고 세포증식률이 감소하며, 기질로부터 

완전히 분리되면 결국 죽게 되는 부착의존성(anchorage-dependency)의 

특징을 보인다. 이와 같이 세포부착신호는 세포의 생존과 증식 같은 세포 

활성을 유지하는데 있어서 필수적인 신호이다. 그럼에도 불구하고, 아직까지 

세포의 이러한 부착의존성에 대한 분자기작은 완전히 밝혀져 있지 못한 

실정이다. 본 연구는 정상 세포가 기질로부터 적절한 부착신호를 받지 못했을 

경우 대표적으로 나타나는 현상인 낮은 세포 증식률과 관련하여 이러한 

현상을 조절하는 분자 기전을 좀 더 근본적으로 이해하는데 목적을 두었다.   

본 실험 연구를 통해 세포 증식과 같은 세포 활성도는 세포의 기질 부착 

강도와 비례적으로 나타났고, 이와는 정반대로 Small GTPase RhoA (RhoA) 

의 활성도는 세포의 기질 부착 강도에 따라 역으로 상관 관계를 보이는 것이 

확인 되었다. 이러한 RhoA 활성조절은 부착 신호가 약한 표면에서 증식하는 
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세포의 증식률에 서로 반비례적으로 영향을 미치는 것을 확인되었다. 

추가적으로 약한 기질 부착 세포에서 높아진 RhoA 활성은 그것의 대표적인 

하위 분자 (down-stream Molecule) 인 Rho-associated, coiled-coil 

containing protein kinase (ROCK) 의 활성을 높였고, 단계적으로 ROCK 

분자의 하위 분자 중 하나인 Phosphatase and Tensin Homologue Deleted 

on Chromosome 10 (PTEN) 의 활성과 그것의 레벨 또한 높이고 있다는 

것이 확인되었다. 요약하자면, 세포의 기질 부착강도에 따라서 

흥미롭게도 RhoA, ROCK, PTEN 세포 신호 전달 축의 활성이 상당히 

역동적으로 조절 되고 있었다. 특히 PTEN 는 잘 알려진 강력한 종양 억제 

분자로, 일반적으로 성장인자에 의해 활성화 되는 RTK(Receptor Tyrosine 

Kinases)-PI3K(Phosphatidylinositol 3-kinases)-AKT 세포 신호 전달 

축을 억제하여 비정상적인 세포의 생존과 증식을 조절하는 역할로 보고 

되어지고 있다. 본 연구 결과를 바탕으로 부착 신호가 약한 경우 강하게 

활성화 된 RhoA-ROCK-PTEN 세포 신호 전달로 인해 세포 증식에 있어 

필수적이라 할 수 있는 RTK-PI3K-AKT 신호전달 축이 원활하게 작동하지 
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못하게 되고, 결과적으로 정상적인 세포 증식이 이루어 지지 못하고 있음을 

확인하였다.  

추가적으로 이러한 세포 부착 신호에 있어 RhoA 활성을 조절하는 게 

아마도 Focal Adhesion Kinase (FAK) 에 의한 것으로 관찰 되었다.  FAK 

분자는 세포 부착 정도를 나타내어 주는 마커(Marker)로 세포가 기질에 부착 

시 매개로 작용하는 integrin 에 의해 직접적으로 활성화 되는 

분자(Molecule)이다. 이러한 FAK 은 이전 다른 연구 보고들에서 RhoA 의 

상위 억제자 중에 하나인 p190RhoGAP 을 활성화 시켜 RhoA 를 간접적으로 

억제한다고 알려져 있다.  본 연구 결과 세포와 기질의 부착이 적절히 이루어 

지면 FAK 의 활성이 높아지면서 빠르게 RhoA 의 활성 낮추는 반면, 

부적절한 세포-기질 부착이 이루어지는 조건에서는 충분한 FAK 의 활성이 

높아지지 못해 RhoA 의 활성이 적절하게 억제 되지 하는 것이 확인 되었다. 

결론적으로 RhoA-ROCK-PTEN 신호 체계를 억제하면 부착신호가 약한 

표면인데도 불구하고 놀랍게도 정상표면에서의 세포와 유사한 정도까지 AKT 

활성과 세포 증식이 향상 되었다. 이상의 결과들로 비추어 RhoA-ROCK-

PTEN 세포 신호 전달 축은 세포의 부착 신호가 미약한 경우 강하게 활성화 
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되어 세포 활성을 억제하는 세포의 부착 의존성을 제어하는 분자 스위치임을 

가리킨다.  
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