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22 Abstract

23 Rac proteins, members of the Rho family of small GTP-binding proteins, have been 

24 implicated in transducing a number of signals for various biological mechanisms, 

25 including cell cytoskeleton organization, transcription, proliferation, migration, and 

26 cancer cell motility. Among human cancers, Rac proteins are highly activated by either 

27 overexpression of the genes, up-regulation of the protein, or by mutations that allow the 

28 protein to elude normal regulatory signaling pathways. Rac proteins are involved in 

29 controlling cell survival and apoptosis. The effects of Rac inhibition by the Rac-specific 

30 small molecule inhibitor NSC23766 or by transfection of dominant negative Rac (Rac-

31 DN) were examined on three human-derived oral squamous cell carcinoma cell lines 

32 that exhibit different malignancy grades, OSC-20 (grade 3), OSC-19 (grade 4C), and 

33 HOC313 (grade 4D). Upon suppression of Rac, OSC-19 and HOC313 cells showed 

34 significant decreases in Rac activity and resulted in condensation of the nuclei and up-

35 regulation of c-Jun N-terminal kinase (JNK), leading to caspase-dependent apoptosis. In 

36 contrast, OSC-20 cells showed only a slight decrease in Rac activity, which resulted in 

37 slight activation of JNK and no change in the nuclei. Fibroblasts treated with 

38 NSC23766 also showed only a slight decrease in Rac activity with no change in the 

39 nuclei or JNK activity. Our results indicated that apoptosis elicited by the inhibition of 

40 Rac depended on the extent of decreased Rac activity and the malignant state of the 

41 squamous cell carcinoma. In addition, activation of JNK strongly correlated with 

42 apoptosis. Rac inhibition may represent a novel therapeutic approach for cancer 

43 treatment.

44 Keywords: Rac, apoptosis, JNK, anti-cancer therapy 
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46 Introduction

47  Rac proteins have been implicated in transducing a variety of signal pathways that are 

48 essential for cell function [1–4]. Upon stimulation by growth factors, Rac proteins are 

49 activated through a tightly regulated guanosine diphosphate/guanosine triphosphate 

50 (GDP/GTP) cycle. Activated Rac proteins are a key regulator of a number of cell 

51 activities, such as cell organization of the cytoskeleton, transcription, cell proliferation, 

52 cell migration, and cancer cell motility [5,6]. Rac proteins are also involved in 

53 controlling cell survival and apoptosis [7]. Activation of the Rac family induces a strong 

54 signal to activate cancer cells and related fibroblasts in the apoptosis mechanism [8–11]. 

55 In most human cancers, Rac proteins are highly activated by either overexpression of 

56 the gene, up-regulation of the protein, or mutations that allow the protein to elude 

57 normal regulatory signaling pathways [12–15]. However, the mechanisms of Rac 

58 GTPases and their relation to apoptosis require additional studies, which could 

59 contribute toward their development as therapeutic agents in cancer treatment.

60 Activation of c-Jun N-terminal kinase (JNK) by various stimulatory signals results in 

61 an apoptotic response via a number of its substrate effectors. Many studies have 

62 indicated that Rac is an upstream activator of JNK/c-Jun signaling [9,16,17] and others 

63 have recently reported that Rac can also suppress the JNK signaling pathway [10–18].

64 In the current study, we investigated the role of Rac in the malignant oral squamous 

65 carcinoma cell lines OSC-20, OSC-19, and HOC313. We found that apoptosis induced 

66 by the inhibition of Rac was dependent on the extent of decreased Rac activity and the 

67 malignant state of the squamous cell carcinoma. We also determined that activation of 

68 JNK strongly correlated with the induced apoptosis.

69
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70 Results

71 Characterization of three human-derived oral squamous cell carcinoma cell lines, 

72 OSC-20, OSC-19, and HOC313 cells

73 The three cell lines used in the current study, OSC-20, OSC-19, and HOC313 cells, 

74 were derived from human oral squamous cell carcinomas and each demonstrates 

75 different malignancy according to Yamamoto-Kohama’s (Y-K) classification [19]. 

76 OSC-20 cells are classified as grade 3, OSC-19 as grade 4C, and HOC313 as grade 4D. 

77 To characterize each cell type, the cells were cultured on microscope coverslips and 

78 stained with rhodamine-phalloidin. As shown in Fig 1A, OSC-20 cells formed 

79 lamellipodia, OSC-19 cells formed filopodia, and HOC313 cells formed abundant 

80 horizontal growth stress fibers with microspikes. To further investigate the 

81 characteristics of each cell, we then examined the cytoskeletal proteins of three cell 

82 lines. OSC-19 cells stained positive for E-cadherin and cytokeratin (Fig 1B). On the 

83 other hand, HOC313 stained positive for N-cadherin and vimentin (Fig 1B). As shown 

84 in Fig 1B, OSC-20 cells showed staining for E-cadherin and N-cadherin, cytokeratin, 

85 and vimentin. These results indicated that OSC-19 cells had epidermal characteristics 

86 and HOC313 cells had mesenchymal characteristics. OSC-20 cells were characterized 

87 as an intermediate between OSC-19 and HOC313 cells.

88

89 Fig 1. Characteristics of three human-derived oral squamous cell carcinoma cell 

90 lines, OSC-20, OSC-19, HOC313 cells, and fibroblasts. All cells were seeded onto 

91 coverslips and grown in DMEM containing 10% fetal bovine serum and 5% Nu-serum 

92 Growth Medium Supplement for 24 h and then stained with rhodamine-phalloidin to 

93 compare morphology. 
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94

95

96 Inhibition of Rac activity induced cell death in OSC-19 and HOC313 cells but not 

97 in OSC-20 cells or fibroblasts

98 Based on the molecular evidence that Rac activity increases as a mechanism of cancer, 

99 we hypothesized that inhibition of Rac might be detrimental to tumor cells. To test this 

100 hypothesis, we evaluated the effects of the selective Rac1 inhibitor NSC23766 on OSC-

101 20, OSC-19, and HOC313 cells. Impressively, OSC-19 and HOC313 cell lines treated 

102 with 100 μM NSC23766 for 24 h showed morphological changes indicative of cell 

103 death whereas the OSC-20 cell line failed to show morphological changes associated 

104 with cell death (Fig 2). Furthermore, similar to the OSC-20 cells, fibroblasts treated 

105 with 100 μM NSC23766 for 24 h also showed no cell death related morphology (Fig 2). 

106 We performed western blot analysis of pull-down assays for the whole Rac protein and 

107 a Rac effector domain to evaluate any changes or association differences in Rac activity 

108 among the three SCC cell lines and fibroblasts. Based on the results, the Rac expression 

109 in general was obvious in the OSC-20, OSC-19, and HOC313 cell lines and the Rac 

110 pull-down assay revealed a high level of Rac activity, more than that in the fibroblasts 

111 under the untreated condition (Fig 3). These data suggested that Rac was overexpressed 

112 and had a higher level of activity in OSC-20, OSC-19, and HOC313 cell lines compared 

113 with those in the fibroblasts. Moreover, a significant decrease in Rac activity was also 

114 observed in all the cell lines after treatment with NSC23766 (Fig 3). However, the 

115 extent of decreased Rac activity in OSC-19 and HOC313 cells was greater than that of 

116 OSC-20 cells and fibroblasts (Fig 3).

117

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted February 4, 2019. ; https://doi.org/10.1101/540591doi: bioRxiv preprint 

https://doi.org/10.1101/540591
http://creativecommons.org/licenses/by/4.0/


6

118

119 Fig 2. Phase-contrast micrographs demonstrating the effects of the selective Rac1 

120 inhibitor NSC23766 on OSC-20, OSC-19, HOC313, and fibroblast cells. All cells 

121 were treated with 100 μM NSC23766 for 24 h. OSC-19 and HOC313 cells showed 

122 morphological changes associated with cell death, in contrast to OSC-20 cells and 

123 fibroblasts, which did not demonstrate morphological changes. 

124

125 Fig 3. Western blot analyses of pull-down assays for the whole Rac protein and a 

126 Rac effector domain. The extent of decreased Rac activity in OSC-19 and HOC313 

127 cells was more significant than that in OSC-20 cells and fibroblasts. The three human-

128 derived oral squamous cell carcinoma cell lines (OSC-20, OSC-19, HOC313), and 

129 fibroblasts were treated with 0, 50, or 100 μM selective Rac1 inhibitor NSC23766 and 

130 incubated them for 9 h in serum followed by the transient transfection with the 

131 dominant negative Rac (Rac-DN) for 48 h. Pull down the GTP-loaded Rac from the 

132 total protein lysates was performed using a Rac1 Activation Kit (GST-human Pak1-

133 PBD) according to the manufacturer’s instructions. 

134

135

136 The type of cell death elicited by inhibition of Rac activity was apoptosis

137 After treating the SCC cells and fibroblasts with 100 μM NSC23766 to inhibit Rac 

138 activity and staining the nuclei with 4′,6-diamidino-2-phenylindole (DAPI) stain, we 

139 examined the cells under a microscope and checked their structure to determine whether 

140 the cell death had occurred due to necrosis or apoptosis. We observed morphological 

141 characteristics of apoptosis, such as cell shrinkage, nuclear condensation, and 
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142 fragmentation in the OSC-19 and HOC313 cells (Fig 4A). In contrast, these findings 

143 were not seen in the OSC-20 cells or fibroblasts after they were treated with the same 

144 procedure (Fig 4A). We also performed a cell death detection enzyme-linked 

145 immunosorbent assay (ELISA) to confirm our results regarding the apoptotic cell death 

146 (Fig 4B). The results revealed a significant 2–6-fold increase in apoptosis in OSC-19 

147 and HOC313 cells after treatment with NSC23766 compared to the control cells, OSC-

148 20 cells, and fibroblasts after treatment (p < 0.05). These results suggested that the 

149 inhibition of Rac activity by the Rac-specific small molecule inhibitor NSC23766 had a 

150 significant role in inducing apoptosis in the OSC-19 and HOC313 cells. To extend these 

151 findings, we performed additional investigations into the mechanism of inhibition of 

152 Rac activity. Briefly, the cells were transfected with an expression vector encoding a 

153 Myc-tagged Rac dominant negative mutant (Rac-DN) and the expression levels were 

154 measured in the treated cells. The Rac-DN transformed cell showed cell shrinkage, 

155 nuclear condensation, and fragmentation in the cell nuclei (Fig 4A). To confirm our 

156 results regarding apoptotic cell death in the transformed cells, we then performed cell 

157 death detection ELISA assay (Fig 4B). The amount of cell death resulting from 

158 apoptosis for the cells treated with Rac-DN appeared less than that observed for the 

159 cells treated with 100 μM NSC23766. Analytical evaluation of the results revealed a 

160 negative correlation, which was reasonable since the transfection efficiency was 

161 approximately 30–40% and a small amount of Rac activity was detected in Rac pull-

162 down assays of cells that underwent the transient expression with Rac-DN (Fig 3). 

163 Overall, these results suggested that the inhibition of Rac activity was likely to lead to 

164 the cell apoptosis in OSC-19 and HOC313 cells, which was in contrast to OSC-20 cells 

165 or fibroblasts in which no cell apoptosis was observed.
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166

167

168 Fig 4. DAPI staining of nuclei and cell death detection ELISA assay. (A) The three 

169 human-derived oral squamous cell carcinoma cell lines, OSC-20, OSC-19, and 

170 HOC313, and human fibroblasts were seeded onto round glass coverslips glass (105 

171 cells). The cells were experimentally treated and then fixed in 4% paraformaldehyde, 

172 washed, and stained with DAPI for 1 h at room temperature. The cells were treated with 

173 selective Rac1 inhibitor NSC23766 (100 μM) for 9 h, then underwent transient 

174 transfection with an expression vector of a dominant negative Rac (Rac-DN). 

175 Fibroblasts were treated with NSC23766 (100 μM) under the same conditions. (B) A 

176 cell death detection ELISA assay was performed according to the manufacturer’s 

177 instructions to confirm the results regarding the apoptotic cell death. 

178

179

180 Hyper-phosphorylation of JNK correlated with apoptosis induced by the inhibition 

181 of Rac

182 Studies have suggested that Rac acts as an upstream activator of JNK/c-Jun signaling 

183 [9,16,17], while others have suggested that Rac can also suppress the JNK pathway 

184 [10,18]. To expand our current studies related to the inhibition of Rac activity and its 

185 relation to apoptosis in OSC-19 and HOC313 cells, we investigated downstream 

186 signaling of the Rac pathway. We briefly inhibited the Rac activity by treating the cells 

187 with 100 μM NSC23766 for 9 h and the examined the phosphorylation of JNK. We 

188 detected hyper-phosphorylation of JNK, as assessed by a phospho-specific antibody 

189 (Fig 5A). In contrast, OSC-20 cells treated with 100 μM NSC23766 under the same 
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190 conditions showed only slight activation of JNK. Furthermore, there was no difference 

191 detected in JNK activity for fibroblasts after being treated under the same circumstances 

192 (Fig 5A).

193

194

195 Fig 5. (A) Western blot analysis of JNK using anti-JNK and pJNK polyclonal 

196 antibodies and a β-actin monoclonal antibody. Rac activity was inhibited by treating the 

197 human-derived oral squamous cell carcinoma cell lines OSC-19, OSC-20, and HOC313 

198 with 100 μM selective Rac1 inhibitor NSC23766 for 9 h followed by the transient 

199 transfection of the three cell lines with a dominant negative Rac (Rac-DN) for 48 h. The 

200 phosphorylation of JNK was examined. Fibroblasts were treated with NSC23766 (100 

201 μM) under the same conditions. (B) Phase-contrast micrographs. OSC-19 and HOC313 

202 cells were pretreated with JNK-specific inhibitor (20 μM SP600125) for 1 h before 

203 treatment with 100 μM NSC23766 for 24 h. (C) DAPI staining of nuclei to detect 

204 morphological changes. OSC-19 and HOC313 cells were seeded onto coverslips, the 

205 cells were experimentally treated, and fixed in 4% paraformaldehyde, washed and 

206 stained with DAPI for 1 h at room temperature. The DAPI-stained cells were then 

207 pretreated with JNK-specific inhibitor (20 μM SP600125) for 1 h before treatment with 

208 the 100 μM NSC23766 for 9 h. Cell death was detected by an ELISA assay according to 

209 the manufacturer’s instructions to confirm our results regarding the apoptotic cell death. 

210

211

212 To further confirm whether the inhibition of Rac activity in relation to apoptosis was 

213 mediated through a JNK-upregulation mechanism, we pretreated the OSC-19 and 
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214 HOC313 cells with the JNK-specific inhibitor SP600125 (20 μM) for 1 h prior to 

215 treating the cells with NSC23766 [19-20] and evaluated the effect on apoptosis. The 

216 cells failed to show hallmarks of cell-death, even after 24 h of incubation with 100 μM 

217 NSC23766 (Fig 5B). Treating the cells with SP600125 prevented the condensation and 

218 fragmentation of the cell nuclei and analysis using the cell death detection ELISA assay 

219 showed that apoptosis was decreased by approximately 50% (Fig 5C). In conclusion, 

220 these results suggested that the activation of JNK was more effective after inhibition of 

221 Rac activity in OSC-19 and HOC313 cells compared to OSC-20 cells and fibroblasts 

222 and was necessary for the induction of apoptosis. 

223

224 Discussion

225 In particular, several lines of evidence indicate that Rac proteins play crucial roles in 

226 several aspects of cell survival and apoptosis [7,21]. Therefore, inhibition of Rac using 

227 specific inhibitors may allow for the modulation of apoptosis [6]. In the current study, a 

228 couple key included: (a) inhibition of Rac activity and its mediated downstream 

229 signaling likely led to the cell apoptosis observed for the OSC-19 and HOC313 cells, 

230 but not for the OSC-20 cells or fibroblasts; (b) the activation of JNK signaling in OSC-

231 19 and HOC313 cells was associated with the inhibition of Rac activity and thereby to 

232 apoptosis. Consequently, activation of the Rac pathway may indicate the preservation of 

233 cancer cell progression and the selective inhibition of Rac activity may trigger apoptosis 

234 in cancer cells. Therefore, inducing apoptosis in cancer cells by inhibiting Rac activity 

235 may be exploited as a novel treatment for cancer. However, Rac activity was more 

236 readily suppressed in OSC-19 and HOC313 cells compared to OSC-20 cells and 

237 fibroblasts suggesting potential variation in response to treatment.
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238 One mechanism that requires additional elucidation is the regulation of JNK activity 

239 after suppression of Rac. Many studies have indicated that Rac acts as an upstream 

240 activator of JNK signaling in certain cells [9,16,17], while others have reported that Rac 

241 can suppress the JNK pathway [10,18]. In general, whether Rac positively or negatively 

242 regulates the JNK pathway may primarily depends on the specific cancer cell type.

243 It is important to emphasize that the hyper-phosphorylation of JNK was activated by 

244 the inhibition of Rac activity in OSC-19 and HOC313 cells by treating the cells with 

245 100 μM NSC23766, but this activation of JNK did not occur in OSC-20 cells or 

246 fibroblasts. Moreover, the suppression of JNK activity by treating the OSC-19 and 

247 HOC313 cells with a JNK-specific inhibitor induced similar effects on apoptosis as the 

248 direct inhibition of Rac. Taken together, these findings suggest that the activation of 

249 JNK was more effective after treatment to inhibit Rac activity in OSC-19 and HOC313 

250 cells compared to OSC-20 cells and fibroblasts and that JNK activation was necessary 

251 for induction of apoptosis.

252 In conclusion, results from our study suggest that the inhibition of Rac activity 

253 resulted in the hyper activation of JNK, which led to apoptosis in OSC-19 and HOC313 

254 cells, but not in OSC-20 cells or fibroblasts. Additional studies are needed to develop a 

255 better understanding of the apoptosis mechanism relative to the suppression of Rac 

256 activity and its related regulatory signal pathways. The end result of these efforts may 

257 lead to the development and design new strategic therapeutic approaches in the 

258 treatment of oral squamous cell carcinoma. 

259

260 Materials and Methods

261 Antibodies and chemicals
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262  Anti-Rac1 (23A8) and anti-β-actin (MAB 1501) monoclonal antibodies were purchased 

263 from [Upstate Biotechnology and Chemicon International, respectively (now Merck 

264 KGaA, and its affiliates), Darmstadt, Germany]. Both the anti-JNK and anti-phospho-

265 JNK (Thr183/Tyr185) polyclonal antibodies were purchased from R&D Systems, Inc. 

266 (Minneapolis, MN, USA). E-cadherin (36/E-Cadherin) and N-cadherin (32/N-Cadherin) 

267 were obtained from BD Biosciences (Becton Dickinson, Franklin Lakes, New Jersey, 

268 USA). Cytokeratin (AE1/3) and vimentin (V9) were purchased from Dako Agilent 

269 Technologies, Inc. (Santa Clara, CA, USA). Secondary antibodies were purchased from 

270 Cell Signaling Technology, Inc. (Danvers, MA, USA). The complementary DNA 

271 (cDNA) of the dominant negative N17Rac1 (Rac-DN), which encoded for a mutated 

272 amino acid 17 from Thr to Asn was provided by Dr. A. Hall (University College 

273 London, Laboratory for Molecular Cell Biology, UK). The expression plasmid was 

274 constructed as previously described [22].

275

276 Cell culture and cell treatment

277 Three human-derived oral SCC cell lines, OSC-20, OSC-19, and HOC313 were 

278 previously established and used in the study. OSC-20 cells are classified as grade 3 

279 using the Y-K classification regarding mode of invasion, OSC-19 cells are classified 

280 grade 4C, and HOC313 cells are classified as grade 4D. Fibroblasts cells were isolated 

281 from the lip skin of adult patients. All clinical studies were approved by the Ethics 

282 Committees of Osaka City University Hospital and Osaka University Dental Hospital. 

283 The cancer cells including the fibroblasts were cultured in Dulbecco’s modified Eagle’s 

284 medium (DMEM) supplemented with 10% fetal bovine serum, 5% Nu-serum Growth 

285 Medium Supplement (Oscient Pharmaceuticals Corp., Waltham, Massachusetts, USA), 
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286 and 2 mM L-glutamine at 37°C and 5% CO2 humidified atmosphere. The cells were 

287 typically passaged when they reached 85–90% confluency. The cells were seeded into 

288 6-well cell culture plates with 2 ml growth medium and any treatment was applied the 

289 following day. All inhibitors were added 1 h prior to treating the cells with NSC23766. 

290 Once the NSC23766 was added, the cells were incubated for 9 h. The dimethyl 

291 sulfoxide (DMSO) concentrations were maintained at equal concentrations in the 

292 control cells and in those receiving the inhibitors in the media. The DMSO 

293 concentration never exceeded 0.1%. The three SCC cell lines were transiently 

294 transfected with the expression plasmids using FuGENE HD transfection reagent 

295 (Roche Molecular Systems, Inc., Upper Bavaria, Germany) according to the 

296 manufacturer’s instructions as described in the online link.

297

298 Rac pull-down assay and western blotting

299 The three SCC cell lines (OSC-20, OSC-19, and HOC313) and the fibroblasts were 

300 treated with 0, 50, or 100 μM of NSC23766 and incubated for 9 h in serum. After 

301 treatment, the cells were transiently transfected with Rac-DN for 48 h. The cells were 

302 then lysed with 0.3 ml of a lysis buffer (25 mM Tris, pH7.5; 150 mM NaCl; 5 mM 

303 MgCl2; 1% NP-40; 1 mM DTT; and 5% glycerol), mixed well, and incubated at 4°C for 

304 5 min. The lysates were carefully clarified, the protein concentrations normalized, and 

305 the GTP-loaded Rac pulled down from the total protein lysates using a Rac1 Activation 

306 Kit (GST-human Pak1-PBD, Thermo Fisher Scientific, Waltham, MA, USA) according 

307 to the manufacturer’s instructions. The precipitates were washed and boiled and the 

308 proteins separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

309 (SDS-PAGE). The proteins were transferred from the gels onto nitrocellulose 
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310 membranes and quantified by anti-Rac1 immunoblotting. 

311 For western blot analysis, a RIPA Lysis Buffer system (Santa Cruz Biotechnology, 

312 Inc., Dallas, Texas, USA) was used to lyse the cells and generate the cell extracts. The 

313 lysates were clarified, the protein concentrations adjusted to standards amounts, and 

314 boiled in 3× sample buffer. The samples were separated by SDS-PAGE, the proteins 

315 were transferred onto nitrocellulose membranes. The membranes were subsequently 

316 blocked with 5% membrane blocking agent (skim milk) for 1 h incubated with the 

317 appropriate antibodies and then visualized using Amersham ECL Prime Western 

318 Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA).

319

320 Immunofluorescence staining

321 To detect the morphological changes of the nuclei, the cells were stained with DAPI. 

322 Briefly, OSC-20, OSC-19, HOC313, and fibroblast cells were seeded (105 cells) onto 

323 round glass coverslips, #1.5 thickness, 18 mm in 12-well tissue culture plates. The cells 

324 were experimentally treated as described above and then fixed in 4% paraformaldehyde, 

325 washed, and incubated with DAPI stain for 1 h at room temperature. After DAPI 

326 staining, the cells were stained with rhodamine-phalloidin for 1 h at room temperature, 

327 washed, and the cells adhering to the coverslips were mounted onto glass microscope 

328 slides using mounting medium. An Axiovert 200M Inverted microscope (Carl Zeiss, 

329 Germany) was used to visualize the cells and to capture the resulting fluorescent 

330 images.

331

332 Detection of apoptosis

333 To detect apoptosis, we used a cell death detection ELISA (Roche Molecular Systems, 
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334 Inc.), which is an analytical quantitative sandwich enzyme immunoassay technique that 

335 uses the interaction the mouse monoclonal antibodies with DNA and histone to detect 

336 internucleosomal fragmented DNA. The test was performed according to the 

337 manufacturer’s instructions.

338

339 Statistical analysis

340 Results were presented as the means ± standard deviations (SD), the means were 

341 compared, and the fold change (effect size) was measured after treatment. Paired 

342 observations were compared by paired t-test, hypothesis testing was done using 2-tailed 

343 distribution, and 95% confidence intervals were provided for the tests statistics. A p < 

344 0.05 was considered statistically significant for all tests. 
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