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Specific regulation and activation of focal adhesion kinase (FAK) are thought to be

important for focal adhesion formation, and activation of Rho-kinase has been suggested

to play a role in determining the effects of FAK on the formation of stress fibers and focal

adhesions. To clarify the role of FAK in stress fiber formation and focal adhesion

organization, we examined the formation of new stress fibers and focal adhesions by

activation of Rho-kinase in FAK knockout (FAK3/3) fibroblasts. FAK3/3 cells were elliptical in

shape, and showed reduced numbers of stress fibers and focal adhesions in the central

part of the cells along with large focal adhesions in the peripheral regions. Activation of

Rho-kinase in FAK3/3 cells transiently increased the actin filaments in the cell center, but

these did not form typical thick stress fibers. Moreover, only plaque-like structures as the

origins of newly formed focal adhesions were observed in the center of the cell.

Furthermore, introduction of an exogenous GFP-labeled FAK gene into FAK3/3 cells resulted

in increased numbers of stress fibers and focal adhesions in the center of the cells, which

showed typical fibroblast morphology. These results indicated that FAK plays an important

role in the formation of stress fibers and focal adhesions as well as in regulation of cell

shape and morphology with the activation of Rho-kinase.
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26 Abstract

27 Specific regulation and activation of focal adhesion kinase (FAK) are thought to be important for 

28 focal adhesion formation, and activation of Rho-kinase has been suggested to play a role in 

29 determining the effects of FAK on the formation of stress fibers and focal adhesions. To clarify 

30 the role of FAK in stress fiber formation and focal adhesion organization, we examined the 

31 formation of new stress fibers and focal adhesions by activation of Rho-kinase in FAK knockout 

32 (FAK3/3) fibroblasts. FAK3/3 cells were elliptical in shape, and showed reduced numbers of stress 

33 fibers and focal adhesions in the central part of the cells along with large focal adhesions in the 

34 peripheral regions. Activation of Rho-kinase in FAK3/3 cells transiently increased the actin 

35 filaments in the cell center, but these did not form typical thick stress fibers. Moreover, only 

36 plaque-like structures as the origins of newly formed focal adhesions were observed in the center 

37 of the cell. Furthermore, introduction of an exogenous GFP-labeled FAK gene into FAK3/3 cells 

38 resulted in increased numbers of stress fibers and focal adhesions in the center of the cells, which 

39 showed typical fibroblast morphology. These results indicated that FAK plays an important role 

40 in the formation of stress fibers and focal adhesions as well as in regulation of cell shape and 

41 morphology with the activation of Rho-kinase.
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42

43 Introduction

44 Actin filaments are the major components of the actomyosin contractile systems in 

45 eukaryotic cells, and function as regulators of cell movement. Activation of the Rho family of 

46 small G proteins and their downstream effector molecules (WASP/WAVE family protein and 

47 Arp2/3 complex) is accompanied by marked changes in polymerization and depolymerization of 

48 actin molecules (Uruno et al. 2001). These changes result in dynamic alterations in stress fibers, 

49 lamellipodia, and filopodia, which control cell morphology and movement. 

50 Various physiological phenomena, including wound healing and the invasion and 

51 metastasis of cancer cells, are considered to be controlled by the actomyosin systems in many 

52 types of cells. When cultured on a glass surface, the plasma membrane of the cell begins to move 

53 in from the distal end to the leading edge. Actin cytoskeleton depolymerization deforms the 

54 morphology of the cell membrane, such that focal adhesions between the extracellular matrix 

55 and intracellular proteins move forward to the leading edge of the cell. On the other hand, stress 

56 fibers and focal adhesions are destroyed at the rear of the cell. Thus, a web-like structure is 

57 formed when the cell moving in the front portion of the cell. Such dynamic changes in the 
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58 membrane structure and organelles within cells associated with cell motility require changes in 

59 cytoskeletal proteins, such as actin filaments and microtubules, which are involved in the control 

60 of membrane transport.

61 When moving directionally, cultured cells show highly polarized localization of receptors 

62 and adhesion molecules, such as integrin. Integrin is a focal adhesion protein that connects the 

63 extracellular matrix to the inside of the cells. Integrins are transmembrane proteins that exist as 

64 dimers of an ³-chain and ³-chain that act as signaling molecules between the extracellular matrix 

65 and plasma membrane in focal adhesions.

66 Endocytosis of integrins is actively causing stiff rather in front of the cell, although such 

67 a phenomenon at the rear of the cell are not observed. Turnover of focal adhesions by 

68 endocytosis or exocytosis of this integrin molecule involved in cell adhesion is necessary for cell 

69 movement (Paul et al. 2015; Ridley et al. 2003). These localization properties are controlled by 

70 focal adhesion kinase (FAK) and its associated substrates, such as members of the Src family of 

71 tyrosine kinases (Ridley et al. 2003).

72 Rho (Ras homology) protein is a GTPase involved in signal transduction. Activation of 

73 the Rho protein is known to regulate the organization of actin filaments in cells, including the 
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74 formation of stress fibers and focal adhesions (Amano et al. 1997; Ridley & Hall 1992). Some of 

75 these Rho associated proteins are Rho kinases (also called ROKalpha or ROCK II) (Ishizaki et al. 

76 1996; Leung et al. 1995; Matsui et al. 1996), the myosin binding subunit of myosin phosphatase 

77 (MBS) (Kimura et al. 1996), p 140 mDia (Watanabe et al. 1997), protein kinase N (Amano et al. 

78 1996a). Contraction of actomyosin can be regulated by kinases in two ways. The first involves 

79 phosphorylation of the myosin binding subunit of myosin phosphatase (MBS), then followed by 

80 the phosphorylation of the myosin light chain, result in the contraction of stress fibers in smooth 

81 muscle cells (Amano et al. 1998; Kureishi et al. 1997) and fibroblasts (Amano et al. 1998; 

82 Chihara et al. 1997).

83 The cell-substrate interface, which is called a focal adhesion or adhesion plaque, plays an 

84 essential role in many biological behaviors, such as cell migration, wound healing, and 

85 angiogenesis. These areas are composed of typical focal adhesion constituent proteins, such as 

86 vinculin, paxillin, talin, alpha-actinin, and integrin (Burridge 2017; Burridge & Chrzanowska-

87 Wodnicka 1996). Some signal transduction proteins, such as FAK, c-Src, Rho A, and integrin, 

88 are also localized along with these constituent proteins in close association with focal adhesions. 

89 These observations suggest that the focal adhesions play roles not only in connection between 
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90 the plasma membrane of the cell and substrate, but also in signal transduction from outside to the 

91 inside of the cell.

92 Focal adhesions recognize the boundary between the plasma membrane and suitable 

93 extracellular matrix proteins, together with the stress fibers, and such focal adhesions also 

94 determine the cell orientation and polarity. Although fibroblastic cells select specific substrates 

95 for typical cell-substrate adhesion, the mechanisms underlying initial contact with the specific 

96 substrate and the regulation of stress fibers are still unclear. 

97 Focal adhesion and related cell scaffold proteins connect between the extracellular matrix 

98 and the cytoskeleton within the cell. Small focal adhesion-like structures are localized at the 

99 front of the leading edge of cultured fibroblasts. The signals are then transmitted to Src family 

100 kinases (SFK), such as Fyn and c-Src. FAK is then activated and undergoes autophosphorylation, 

101 and a phosphorylation of Paxillin and Cas is accelerated, and elements in the SH2 domain (Crk, 

102 Nck and Grb2) gather there, and then a big complex of the protein of well-developed focal 

103 adhesions are formed. The fine filamentous actin that made the stress fibers in fibroblastic cells, 

104 which is a starting point is formed to ask a signaling to a tyrosine phosphorylation of cortactin 

105 which controls polymerizing of actin and transfer a signal down to a Rho family G protein. As a 
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106 result, the cell shows stable attachment to the substrate, and cells begin to migrate on the 

107 substrate. Cell migration requires continual formation and destruction of the focal adhesions.

108 FAK is a cytoplasmic tyrosine kinase that plays an important role in the integrin-

109 mediated signal transduction pathway (Parsons 2003; Schlaepfer & Mitra 2004; Schlaepfer et al. 

110 2004). Integrin-mediated cell adhesion leads to FAK activation and autophosphorylation in 

111 various cell types. Activated FAK is associated with several Src homology domain-containing 

112 signaling molecules, including the Src family kinases, the p85 subunit of PI3K, phospholipase C, 

113 and Grb 7 (Parsons 2003). FAK binding to Src family kinases leads to phosphorylation of 

114 several other substrates, including FAK (Schaller & Parsons 1994), p130Cas (Vuori et al. 1996). 

115 The interaction of FAK with these signaling molecules has been shown to induce several 

116 downstream signaling pathways that regulate cell spreading and migration, cell survival, and cell 

117 cycle progression (Parsons 2003; Schlaepfer & Mitra 2004).

118 The regulation of FAK and Rho-kinase activities is well characterized, it is not easy to 

119 determine the cooperative roles of FAK and Rho-kinase in the formation of stress fibers and 

120 focal adhesions. Local accumulation and activation of focal adhesion kinase (FAK) is thought to 

121 be important for the formation and destruction of focal adhesions, and FAK is expected to be 
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122 involved in the generation of stress fibers and focal adhesions by Rho-kinase activity. We used 

123 FAK-knockout fibroblasts (FAK3/3) to clarify the function of FAK at the time of stress fiber and 

124 focal adhesion formation, to examine the stress due to Rho-kinase activation and its associated 

125 novel formation of stress fibers and focal adhesions. These observations suggested that with the 

126 known involvement of Rho in the regulation of local adhesions, changes in Rho activity may be 

127 responsible for the abnormal behavior of FAK null mutant cells. The control of Rho-kinase 

128 changes in the absence of FAK, and these changes in Rho-kinase activity may account for some 

129 of the influence of FAK on the cytoskeleton.

130

131

132 Methods

133 Cell culture

134 Fibroblasts (NIH3T3) were cultured in a 1:1 mixture of Dulbecco9s modified Eagle9s 

135 medium and nutrient mixture (F-12; Gibco, Grand Island, NY), pH 7.4, containing 50 units/mL 

136 of penicillin, 50 µg/mL of streptomycin, and 10% fetal bovine serum (Gibco). The cells were 

137 maintained at 37°C in a humidified 5% CO2 atmosphere.
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138 FAK3/3 cells derived from an embryonic (E) 8.0-day-old mouse embryo with null 

139 mutations in both the FAK gene and p53 gene were obtained from ATCC (CRL-2644; American 

140 Type Culture Collection, Manassas, VA) (Ilic et al. 1995).

141

142 Antibodies and fluorescent reagents

143 Monoclonal anti-vinculin (Sigma, St. Louis, MO), monoclonal alpha-actinic (Sigma), 

144 monoclonal anti-paxillin (BD Biosciences, Franklin Lakes, NJ), polyclonal anti-focal adhesion 

145 kinase (FAK: Takara, Shiga, Japan), polyclonal anti-tyrosine -phosphorylated Src (pY-418) 

146 (BioSource, San Jose, CA) and polyclonal anti-tyrosine-phosphorylated FAK (pY-397) 

147 antibodies (BioSource) were purchased from the sources shown. FITC-labeled phalloidin for 

148 staining of actin filaments was also purchased from Cytoskeleton (Denver, CO). FITC 

149 (Cytoskeleton) and rhodamine labeled-phalloidin (Molecular Probes, Eugene, OR) for staining 

150 of actin filaments were also purchased from the sources shown. 

151

152 Rho-kinase inhibitor

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.3297v1 | CC BY 4.0 Open Access | rec: 29 Sep 2017, publ: 29 Sep 2017



153 The Rho-kinase inhibitor, Y-27632 (Uehata et al. 1997) was purchased from Tocris 

154 (Bristol, UK). Recovery experiments were performed by treating cells with Y-7632 for 1 hour, 

155 followed by washing with fresh medium, and the process of recovery was recorded under total 

156 internal reflection fluorescence microscopy as described in our previous study (Katoh et al. 

157 2001a).

158

159 Immunofluorescence microscopy

160 Cultured cells were fixed with 1% paraformaldehyde in PBS for 30 minutes and treated 

161 with 0.05% Triton X-100 in PBS for 5 minutes for permeabilization. The cells were then treated 

162 with 10% normal goat serum for 1 hour at room temperature, and stained with monoclonal anti-

163 FAK (1:100)(Takara, Tokyo, Japan), monoclonal anti-alpha-actinin (Sigma), monoclonal anti-

164 vinculin (Sigma), polyclonal anti-tyrosine -phosphorylated FAK (pY-418; BioSource) antibody, 

165 or polyclonal anti-tyrosine-phosphorylated Src (pY-418; BioSource) for 60 minutes. After 

166 washing in PBS for 20 minutes, the fixed specimens were incubated with fluorescein-conjugated 

167 goat anti-rabbit or anti-mouse IgG. Some samples were double stained with anti-FAK. Some 

168 samples were stained with FITC (Cytoskeleton) or rhodamine-labeled phalloidin (Molecular 
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169 Probes) for staining of actin filaments. Samples were then observed by total internal reflection 

170 fluorescent microscopy (TIRFM; Olympus, Tokyo, Japan).

171

172 GFP-FAK and GFP-FRNK expression, and total internal reflection fluorescence 

173 microscopy

174 The cultured cells were transfected with pTagRFP-FAK (Evorogen, Moscow, Russia) or 

175 p-EGFP-FRNK (a kind gift from Dr. C. Damask, UCSF) using Tfx-50 reagent (Promega, 

176 Madison, WI). Transfected cells were selected with G-418 (Roche, Penzberg, Germany), plated 

177 on glass-bottomed culture dishes, and placed on a temperature-controlled stage at 37°C 

178 (Matsunami, Tokyo, Japan). To clearly observe the cell-substrate interface, cells were observed 

179 by total internal reflection fluorescence microscopy (TIRFM; Olympus).

180

181

182 Results

183 Forms of stress fibers and focal adhesions in FAK3/3 fibroblasts

184
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185 Stress fibers are a truly contractile apparatus, which can generate isometric tension in 

186 cells (Katoh 1998). This is possible only because both end of the stress fibers are anchored to the 

187 surface of the substrate via local adhesions. We identified two types of stress fibers: those 

188 located at the peripheral portion of the cell, called peripheral stress fibers, and those located at 

189 the central portion of the cell. Rho-kinase activity is necessary for organization of the central 

190 stress fibers. On the other hand, the activities of peripheral stress fibers were mainly affected by 

191 myosin light chain kinase, but not Rho-kinase (Katoh et al. 2001a).

192 Bundles of actin filaments on the cental portion of the cell seems to regulate the 

193 activation of Rho-kinase and it generates sustained tension within the cell. On the other hand, the 

194 stress fibers observed in the peripheral portion of the cell are regulated by the MLCK and 

195 generate fast and strong tension within the cell (Katoh et al. 2001b). The peripherally located 

196 stress fibers and centrally located stress fibers differ in their width. The stress fibers located at 

197 the periphery of the cell are thicker than the centrally located stress fibers. Among these, focal 

198 adhesions located at the cell periphery are larger than focal adhesions in the central portion of the 

199 cell. Together, both the central and peripheral stress fibers work together to generate a balanced 

200 condition in the cells. Well-developed stress fibers are observed in both peripheral and central 
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201 portions of normal fibroblasts (Figure 1a). On the other hand, in FAK3/3 cells, the stress fibers 

202 running peripherally are well developed, but the number of stress fibers running in the central 

203 portion is very low (Figure 1 b and c). Focal adhesions of the peripheral part of the cell are 

204 significantly enlarged, but the focal adhesions in the central part are small and only a few focal 

205 adhesions were observed (Figure 1 d and e). No staining with anti-FAK antibody was observed 

206 in FAK3/3 cells (Figure 1f).

207

208 Total internal reflection fluorescence microscopy (TIRFM) imaging of FAK3/3 fibroblasts 

209 with GFP-FRNK and RFP-FAK genes introduced fibroblasts

210

211 FAK is a non-receptor type protein tyrosine kinase and is involved in signaling from 

212 points of integrin condensing adhesions, thus mediating cell adhesion to the extracellular matrix. 

213 It has been reported that the signal transmitted by FAK is involved in the survival of adhesion-

214 dependent cells and is very important for efficient cell migration in response to growth factor 

215 receptor and integrin stimulation.
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216 FAK knockout (FAK3/3) cells showed larger focal adhesions and thicker stress fibers in 

217 the cell periphery compared to normal fibroblasts. However, there were very few focal adhesions 

218 and stress fibers in the central portion of the cell in FAK3/3 fibroblasts. To confirm that FAK 

219 itself regulates the organization of centrally located focal adhesions and stress fibers, both GFP-

220 tagged wild-type FAK gene and GFP-tagged gene encoding FAK-related non-kinase (FRNK) 

221 were introduced into the cells. FRNK genes do not have a kinase domain, and therefore FRNK 

222 gene expression acts as an inhibitor of FAK kinase regulation (Nolan et al. 1999). 

223 Mutant GFP-FRNK (Figure 2a) and RFP-FAK (Figure 2b) were introduced into FAK3/3 

224 fibroblasts, and the cells were observed by total internal reflection fluorescence microscopy 

225 (TIRFM). In cells transfected with GFP-FRNK, strong expression was observed in the peripheral 

226 focal adhesions, but only slight expression was observed in the central part (Figure 2a). Cells 

227 into which RFP-FAK had been introduced were well spread, the focal adhesions in the periphery 

228 were almost the same size as those in wild-type cells, and the size and number of focal adhesions 

229 in the central part were increased.

230

231 Changes in focal adhesions in FAK3/3 fibroblasts
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232 FAK3/3 cells showed enlarged focal adhesions at the cell periphery, and a reduction in 

233 number of focal adhesions. FRNK also regulates focal adhesions, and inhibits migration of 

234 embryonic fibroblasts, endothelial cells, and aortic smooth muscle cells (Richardson & Parsons 

235 1996). The changes in focal adhesion size and number in FAK3/3 fibroblasts transfected with 

236 GFP-FRNK after reactivation of Rho-kinase were examined. 

237 Figure 3 shows the effects of inhibition and reactivation of Rho-kinase on focal adhesions 

238 located at the cell periphery. GFP-FRNK was introduced into FAK3/3 fibroblasts, followed by 

239 treatment with Rho-kinase inhibitor for 1 hour (Figure 3; 0 minutes). They were then washed 

240 with fresh medium and inhibitors were removed, which resulted in the activation of Rho-kinase. 

241 Cells were examined by time-lapse photography using TIRFM. In cells transfected with GFP-

242 FRNK, morphological changes in focal adhesions due to Rho-kinase activation were hardly 

243 observed. No changes were observed in the structure of focal additions in either the peripheral or 

244 central portion of the cells (Figure 3; 0%3%75 minutes; see also Supplemental-1.avi for live 

245 imaging). 

246

247 Changes in actin filaments by Rho-kinase
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248 The changes in actin filaments by Rho-kinase in FAK3/3 fibroblasts transfected with GFP-

249 actin were also examined (Figure 4). Cells were transfected with GFP-actin to observe stress 

250 fibers, and actin filaments at the central portion of cells were observed and recorded by TIRFM. 

251 GFP-actin was introduced into FAK3/3 fibroblasts, followed by treatment with the Rho-kinase 

252 inhibitor, Y-27632, for 1 hour to reduce Rho-kinase activity, and images were obtained with 

253 TIRFM. (Figure 4; 0 minutes). The inhibitor was then removed by washing with fresh medium, 

254 and Rho-kinase was reactivated and examined by TIRFM (Figure 4; 4%3%91 minutes). After 

255 removing the inhibitor, the reticulated actin filaments localized in the central portion of the cell 

256 were seen to gradual increase in number within about 45 minutes (Figure 4; 45 minutes). 

257 Interestingly, however, they did not form bundles of actin filaments, and gradually disappeared 

258 at the central portion of the cell (Figure 4; 61%3%91 minutes). No new organization of stress fiber 

259 at the center of the cells was observed (Figure 4; 91 minutes). See also Supplemental-2a.avi and 

260 see also Supplemental-2b.avi for live imaging.

261

262 Novel formation of focal adhesions by activation of FAK
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263 The focal adhesions localized at the center of wild-type cells were not formed in FAK3/3 

264 cells (Figure 2a). Very few bundles of actin filaments were observed in the central portion of the 

265 knockout mutant cells. Transfection of RFP-labeled wild-type FAK into FAK3/3 fibroblasts 

266 resulted in the formation of new focal adhesions in both the peripheral and central portions of the 

267 cell (Figure 2 b), and bundles of well developed stress fibers were observed at the central portion 

268 of the cell (data not shown), as observed in normal fibroblasts.

269 After introduction of RFP-labeled wild-type FAK (RFP-FAK) into FAK3/3 fibroblasts 

270 followed by treatment with Rho-kinase inhibitor for 1 hour, small focal adhesion-like structures 

271 were observed in the central portion of the cells (Figure 5; 0 minutes). The inhibitor was 

272 removed by washing with fresh medium, and Rho-kinase was reactivated. The focal adhesions 

273 gradually increased in size, and well-developed focal adhesions were seen (Figure 5; 3%3%73 

274 minutes). These observations indicated that the wild-type FAK gene rescued FAK3/3 both 

275 physically and morphologically. See also Supplemental-1.avi for live imaging.

276

277 Tyrosine-phosphorylation of c-Src and FAK in FAK3/3 fibroblasts
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278 Binding to Src family kinases leads to phosphorylation of FAK. Binding of integrins to 

279 the extracellular matrix causes phosphorylation of FAK at Tyr-397, which is thought to be an 

280 autophosphorylation site (Calalb et al. 1995; Kornberg et al. 1991; Schaller et al. 1994). Once 

281 FAK 397 is tyrosine-phosphorylated, Tyr-397 generates high affinity binding for SH2 domain-

282 containing proteins, such as Src family kinase (Chen & Guan 1994; Schaller et al. 1994). On the 

283 other hand, the kinase domain of c-Src contains a tyrosine residue (pY-418) that is 

284 autophosphorylated when activated, and therefore the active form of c-Src could be detected 

285 using anti-c-Src (pY-418). Tyrosine -phosphorylation of c-Src and FAK were observed in FAK3

286 /3 fibroblasts transfected with RFP-FAK (Figure 6). FAK3/3 fibroblasts (Figure 6 a and c) 

287 transfected with RFP-FAK were stained with anti-tyrosine-phosphorylated c-Src (pY-418) 

288 antibody (Figure 6 b) and anti-tyrosine-phosphorylated FAK (pY-397) antibody (Figure 6 d). 

289 The cells spread well, and their morphology was similar to that of wild-type fibroblasts. RFP-

290 FAK was found in focal adhesions in the peripheral and central parts of the cell, and 

291 phosphorylated c-Src and phosphorylated FAK were observed in focal adhesions. When RFP-

292 FAK was transfected into FAK3/3, anti-Src pY418 staining was observed in both the peripheral 

293 and central focal adhesions (Figure 6 b). When RFP-FAK-transfected cells were stained with 
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294 anti-FAK pY-397, staining was also observed in both the peripheral and central focal adhesions 

295 (Figure 6 d). These results were similar to those observed in wild-type fibroblastic cells, 

296 indicating that the active forms of c-Src and FAK are localized in both the peripheral and central 

297 portions of the cells.

298

299 Tyrosine-phosphorylation of c-Src and FAK in FAK3/3 fibroblasts transfected with GFP-

300 FRNK

301 FAK3/3 fibroblasts (a and c) transfected with GFP-FRNK were stained with anti-tyrosine-

302 phosphorylated c-Src (pY-418) antibody (Figure7 b) and anti-tyrosine -phosphorylated FAK 

303 (pY-397) antibody (Figure 7 d). Cells transfected with EGFP-FRNK did not spread and 

304 remained round in shape. Focal adhesions were located only at the cell periphery, as shown in 

305 Figure 2a. Although GFP-FRNK was observed more often in the periphery of the cell (Figure 7 a 

306 and c), phosphorylated c-Src (Figure 7 b) and phosphorylated FAK (Figure 7 d) were hardly 

307 found in the focal adhesions in the cell periphery or in the center of the cell.

308

309 Discussion
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310

311 Tyrosine-phosphorylation of certain types of protein involved in signal transduction 

312 mechanisms in cells occur when these proteins are activated or inactivated. The level of tyrosine-

313 phosphorylation associated with activation or inactivation of tyrosine-phosphorylation reflects 

314 the local levels of signal transduction activity. In cells in culture, it is well known that the 

315 phosphotyrosine-proteins are highly accumulated at focal adhesions, reflecting the highly 

316 specific area of signal transduction. 

317 Expression of the non-kinase domain of FAK, FRNK, in the cell seems to regulate the 

318 organization of the central but not peripheral stress fibers. GFP-FRNK, which acts as an inhibitor 

319 of FAK, significantly reduces the number and size of central stress fibers and focal adhesions in 

320 FAK3/3 cells. Previous studies performed in our laboratory indicated that Rho-kinase-dependent 

321 reconstitution of stress fibers occurs along small focal adhesion-like structures located in the 

322 center of adherent fibroblasts. The accumulation and bundling of actin filaments initially occur 

323 along small focal adhesion-like structures (Katoh et al. 2007). The initial accumulation of focal 

324 adhesion-like structures seems to be regulated by the activation of Rho-kinase. Moreover, the 

325 organization of focal adhesion-like structures in the central portion of the fibroblast precedes the 
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326 organization of stress fibers (Katoh et al. 2007). The results of the present study indicated that 

327 the organization of focal adhesion-like structures preceding the organization of newly forming 

328 stress fibers is tightly regulated by the activation of FAK, together with the activation of Rho-

329 kinase. The mechanisms underlying the co-regulation of Rho-kinase activation and the activation 

330 of FAK in organization of focal adhesions and associated stress fibers have not yet been 

331 elucidated. 

332

333 Rho GTPases control the association of actin filaments with the plasma membrane

334 Recently, it was reported that the Rho GTPases control the association of actin filaments 

335 with the plasma membrane. The GTP-binding proteins belonging to the Ras superfamily, which 

336 regulate filamentous actin organization, are closely associated with the plasma membrane. Rho 

337 activation causes direct or indirect phosphorylation of myosin light chain, resulting in stress fiber 

338 assembly. Both ends of the stress fibers are attached to the focal adhesions, and phosphorylation 

339 of myosin light chain generates diametral tension in the cell (Katoh et al. 1998). On the other 

340 hand, activation of Rac induces the organization of lamellipodia along the leading edge of the 

341 cell. 
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342

343 FAK3/3 cells showed an elliptical shape

344 FAK3/3 cells were elliptical in shape with reduced numbers of stress fibers and focal 

345 adhesions in the central part of the cell and the formation of a large focal adhesion in the 

346 peripheral part. Activation of Rho-kinase in FAK3/3 cells transiently increased the number of 

347 actin filaments in the cell center, but they did not form typical stress fibers, and gradually 

348 disappeared over time. Furthermore, when the full-length FAK gene labeled with RFP was 

349 introduced into FAK3/3 cells, the cells spread, the numbers of stress fibers and focal adhesions 

350 localized in the center of the cell were increased, and the cells showed the typical fibroblast 

351 morphology. Moreover, phosphorylated FAK (pY-397) and phosphorylated c-Src (pY-418) were 

352 localized in focal adhesions. On the other hand, when GFP-FRNK was introduced into FAK3/3 

353 cells, there were no changes in the cell morphology or in the formation of stress fibers and focal 

354 adhesions at the center of the cell. These results indicated that FAK and c-Src play important 

355 roles in the formation of novel stress fibers and focal adhesions accompanying the activation of 

356 Rho-kinase and in the maintenance of cell morphology.
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357 The kinase domain of c-Src includes a tyrosine residue (Y418) that undergoes 

358 autophosphorylation on activation. Another region of c-Src close to the C-terminus contains a 

359 tyrosine residue (Y527) that is related to the regulation of activity. In the resting cell, most of 

360 Y527 in c-Src is phosphorylated and it has a compact structure with low activity due to 

361 binding with its own SH2 domain (Xu et al. 1997; Young et al. 2001). When the 

362 phosphorylated Y527 residue of c-Src is dephosphorylated, the intramolecular bond is broken 

363 resulting in a change to a flexible structure, and another protein is bound to the SH2 and SH3 

364 domains that have become free and the function is exhibited. Thus, c-Src activity and function 

365 can be controlled by tyrosine-phosphorylation and structural changes due to binding between 

366 proteins inside and outside of the molecule. The phosphorylation of Y527 in c-Src is mediated 

367 by another tyrosine kinase, C-terminal Src kinase (Csk) (MacAuley et al. 1993; Nada et al. 

368 1991; Nada et al. 1993).

369 In fibroblasts, when Rho-kinase is activated intracellularly, a new small plaque-like 

370 structure is formed on the basal plane of the cell, which gradually becomes larger and changes to 

371 a typical focal adhesion structure. That is, due to the action of Rho-kinase, the plaque-like 

372 structure as the origin of the focal adhesion is formed and actin fibers newly accumulate and 
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373 increase in number as the starting point and form stress fibers at the central portion of the cell 

374 (Katoh et al. 2007). In addition, on treatment with a myosin inhibitor, only the focal adhesion-

375 like structure grew within the cells, and formation of stress fibers was not observed. These 

376 observations strongly suggested that Rho-kinase plays an important role not only in the 

377 formation of stress fibers but also in the regulation of focal adhesion formation (Katoh et al. 

378 2007; Katoh et al. 2008).

379 FAK activation involves integrin receptors gathered and binding to extracellular matrix 

380 (ECM) proteins, which may include FAK dimerization (Lee et al. 1992). This involves FAK 

381 autophosphorylation of Y397, binding of Src-family kinase to phosphorylated sites, Src-

382 mediated phosphorylation of the FAK kinase domain activation loop (Y576/577), resulting in 

383 active FAK-Src complex formation (Roy-Luzarraga & Hodivala-Dilke 2016; Sulzmaier et al. 

384 2014; Yoon et al. 2015). Inactivation of FAK using GFP-FRNK was found here to enhance 

385 peripherally located stress fibers and focal adhesions, but no such effect was observed in the 

386 central portion of the cell, as observed in FAK3/3 cells. Rho-kinase activation in FAK3/3 cells was 

387 accompanied by increases in the number of actin filaments located in the central portion of the 

388 cell, but they did not form typical stress fibers (Figure 4). This observation strongly suggested 
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389 that both FAK and Rho-kinase activation are needed to organize the central stress fibers in 

390 fibroblastic cells. Central stress fibers and focal adhesions are expected to generate sustained 

391 tension within the fibroblast, and thus the organization of central stress fibers seems to control 

392 fine-tuned tension within the cell. 

393 This study indicated that FAK knockout cells (FAK3/3) showed an elliptical shape, 

394 decreased numbers of stress fibers and focal adhesions in the central part of the cell, and the 

395 formation of a large focal adhesion in the peripheral part of the cell. Activation of Rho-kinase in 

396 FAK3/3 increased the number of thin actin filaments in the central portion of the cell, but these 

397 did not become typical stress fibers, and the actin filaments gradually disappeared at the center. 

398 Furthermore, when the full-length wild-type FAK gene labeled with RFP was introduced into 

399 FAK3/3, the cell spreads normally and the stress fibers and focal adhesions localized in the center 

400 of the cell increased in both number and size, and the cells showed the typical fibroblast 

401 morphology. Moreover, localization of tyrosine-phosphorylated FAK (pY-397) and 

402 phosphorylated c-Src (pY-418) was clearly observed in the focal adhesions. On the other hand, 

403 when GFP-FRNK was introduced into FAK3/3, there were no changes in the cell morphology or 

404 in the formation of stress fibers and focal adhesions at the center of the cell. These results 
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405 indicated that FAK and c-Src play important roles in the formation of stress fibers and focal 

406 adhesions accompanying the activation of Rho-kinase, and maintenance of cell morphology.

407

408 Conclusion

409 Activation of Rho-kinase in FAK3/3 cells transiently increased the actin filaments in the cell 

410 center, but these did not form typical thick stress fibers. Only plaque-like structures as the origins 

411 of newly formed focal adhesions were observed in the center of the fibroblast. Introduction of an 

412 exogenous GFP-labeled FAK gene into FAK3/3 cells resulted in increased numbers of stress 

413 fibers and focal adhesions in the center of the fibroblasts, which showed normal fibroblast 

414 morphology. Above results indicated that FAK plays important roles in the formation of stress 

415 fibers and focal adhesions as well as in regulation of cell shape and morphology with the 

416 activation of Rho-kinase.

417

418
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540 Figure legends

541

542 Figure 1. Stress fibers and focal adhesions distributed in FAK3/3 fibroblasts

543 In FAK3/3, the stress fibers were seen around the cell, but the number of stress fibers in the center 

544 was small (b; rhodamine-labeled phalloidin staining, c; anti-alpha-actinin staining). The focal 

545 adhesions were well developed in the peripheral part, but the number of focal adhesions in the 

546 central part was small (d, anti-vinculin staining; e, anti-paxillin staining). In normal fibroblasts 

547 well-developed stress fibers were observed in the center of the cells (a, rhodamine-labeled 

548 phalloidin staining). No staining with anti-FAK antibody was observed in FAK3/3 (f) on 

549 conventional epifluorescence microscopy. 

550

551 Figure 2. TIRFM image of FAK3/3 fibroblasts transfected with GFP-FRNK and RFP-FAK 

552 FAK3/3 fibroblasts were transfected with GFP-FRNK (a) and RFP-wild-type FAK (b), and 

553 examined by TIRFM. In GFP-FRNK-transfected cells, strong expression was observed in focal 

554 adhesions in the peripheral area, but only slightly in the central area (a). The cells transfected 

555 with RFP-FAK showed spreading, the focal adhesions in the periphery were almost the same 
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556 size as in normal cells, and the size and number of focal adhesions in the central part were 

557 increased on conventional epifluorescence microscopy.

558

559 Figure 3. Changes in focal adhesion of FAK3/3 fibroblasts transfected with GFP-FRNK by 

560 Rho-kinase inhibitor treatment

561 GFP-FRNK was introduced into FAK3/3 fibroblasts, and the cells were then treated with the Rho-

562 kinase inhibitor, Y-27632, for 1 hour. The Rho-kinase inhibitor was then removed by washing 

563 with fresh medium, and Rho-kinase was reactivated. In cells transfected with GFP-FRNK, 

564 morphological changes in focal adhesions due to Rho-kinase activation were hardly observed. 

565 No changes were noted in the structure of plaque at the center of the cell. Time-lapse image by 

566 TIRFM.

567

568 Figure 4. Changes in actin filaments in FAK3/3 fibroblasts transfected with GFP-actin after 

569 Rho-kinase inhibitor treatment 

570 GFP-actin was introduced into FAK3/3 fibroblasts, and the cells were then treated with Rho-

571 kinase inhibitor for 1 hour. The inhibitor was removed, and Rho-kinase was reactivated. After 
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572 removing the inhibitor, the reticulated actin filaments localized in the central part increased in 

573 number (0%3%57 minutes), but did not converge and eventually disappeared (61%3%91 minutes). No 

574 new organization of stress fibers was observed. Time-lapse images by TIRFM.

575

576 Figure 5. Organization of focal adhesions by FAK3/3 fibroblasts transfected with RFP-FAK 

577 after Rho-kinase inhibitor treatment 

578 RFP-FAK was introduced into FAK3/3 fibroblasts, and cells were treated with Rho-kinase 

579 inhibitor for 1 hour. The inhibitor was then removed, and Rho-kinase was reactivated. Small 

580 focal adhesion-like structures localized in the center of the cell increased in both number and size, 

581 and eventually became well-matured focal adhesions. Time-lapse imaging by TIRFM.

582

583 Figure 6. Phosphorylation of c-Src and FAK in FAK3/3 fibroblasts transfected with RFP-

584 FAK

585 FAK3/3 fibroblasts (a and c) transfected with RFP-FAK were stained with anti-phosphorylated c-

586 Src (pY-418) antibody (b) and anti-phosphorylated FAK (pY-397) antibody (d). The cells spread 

587 well and their morphology was similar to that of wild-type fibroblasts. RFP-FAK was found in 
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588 focal adhesions in both peripheral and central parts of the cell, and tyrosine-phosphorylated c-Src 

589 (pY-418) and tyrosine-phosphorylated FAK (pY-397) were observed in focal adhesions. * 

590 Indicates the cells not transfected with RFP-FAK. Conventional epifluorescence microscopy.

591

592 Figure 7. GFP-FRNK transfected cells (a and c) were stained with anti-tyrosine -

593 phosphorylated c-Src (b) and anti-tyrosine-phosphorylated FAK (d).

594 GFP-FRNK was observed more often in the periphery of the cell (a and c). Tyrosine-

595 phosphorylated c-Src (b) and tyrosine-phosphorylated FAK (d) were hardly found in the focal 

596 adhesions in the cell periphery or in the center of the cell. Conventional epifluorescence 

597 microscopy.

598

599
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Figure 1

Stress fibers and focal adhesions distributed in FAK3/3 fibroblasts.

In FAK3/3, the stress fibers were seen around the cell, but the number of stress fibers in the

center was small (b; rhodamine-labeled phalloidin staining, c; anti-alpha-actinin staining).

The focal adhesions were well developed in the peripheral part, but the number of focal

adhesions in the central part was small (d, anti-vinculin staining; e, anti-paxillin staining). In

normal fibroblasts well-developed stress fibers were observed in the center of the cells (a,

rhodamine-labeled phalloidin staining). No staining with anti-FAK antibody was observed in

FAK3/3 (f) on conventional epifluorescence microscopy.

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 2

TIRFM image of FAK3/3 fibroblasts transfected with GFP-FRNK and RFP-FAK.

FAK3/3 fibroblasts were transfected with GFP-FRNK (a) and RFP-wild-type FAK (b), and

examined by TIRFM. In GFP-FRNK-transfected cells, strong expression was observed in focal

adhesions in the peripheral area, but only slightly in the central area (a). The cells

transfected with RFP-FAK showed spreading, the focal adhesions in the periphery were

almost the same size as in normal cells, and the size and number of focal adhesions in the

central part were increased on conventional epifluorescence microscopy.
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Figure 3

Changes in focal adhesion of FAK3/3 fibroblasts transfected with GFP-FRNK by Rho-kinase

inhibitor treatment.

GFP-FRNK was introduced into FAK3/3 fibroblasts, and the cells were then treated with the

Rho-kinase inhibitor, Y-27632, for 1 hour. The Rho-kinase inhibitor was then removed by

washing with fresh medium, and Rho-kinase was reactivated. In cells transfected with GFP-

FRNK, morphological changes in focal adhesions due to Rho-kinase activation were hardly

observed. No changes were noted in the structure of plaque at the center of the cell. Time-

lapse image by TIRFM.

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 4

Changes in actin filaments in FAK3/3 fibroblasts transfected with GFP-actin after Rho-

kinase inhibitor treatment.

GFP-actin was introduced into FAK3/3 fibroblasts, and the cells were then treated with Rho-

kinase inhibitor for 1 hour. The inhibitor was removed, and Rho-kinase was reactivated. After

removing the inhibitor, the reticulated actin filaments localized in the central part increased

in number (0 3 57 minutes), but did not converge and eventually disappeared (61 3 91

minutes). No new organization of stress fibers was observed. Time-lapse images by TIRFM.
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Figure 5

Organization of focal adhesions by FAK3/3 fibroblasts transfected with RFP-FAK after Rho-

kinase inhibitor treatment.

RFP-FAK was introduced into FAK3/3 fibroblasts, and cells were treated with Rho-kinase

inhibitor for 1 hour. The inhibitor was then removed, and Rho-kinase was reactivated. Small

focal adhesion-like structures localized in the center of the cell increased in both number and

size, and eventually became well-matured focal adhesions. Time-lapse imaging by TIRFM.
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Figure 6

Phosphorylation of c-Src and FAK in FAK3/3 fibroblasts transfected with RFP-FAK.

FAK3/3 fibroblasts (a and c) transfected with RFP-FAK were stained with anti-phosphorylated c-

Src (pY-418) antibody (b) and anti-phosphorylated FAK (pY-397) antibody (d). The cells

spread well and their morphology was similar to that of wild-type fibroblasts. RFP-FAK was

found in focal adhesions in both peripheral and central parts of the cell, and tyrosine-

phosphorylated c-Src (pY-418) and tyrosine-phosphorylated FAK (pY-397) were observed in

focal adhesions. * Indicates the cells not transfected with RFP-FAK. Conventional

epifluorescence microscopy.
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Figure 7

GFP-FRNK transfected cells (a and c) were stained with anti-tyrosine phosphorylated c-

Src (b) and anti-tyrosine phosphorylated FAK (d).
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