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14 Abstract

15

16 The aim of this study was to examine the anti-proliferation effect of 5,5-diphenyl-2-thiohydantoin (DPTH), an analogue of antiepileptic

17 drug phenytoin (5,5-diphenylhydantoin), on human umbilical vein endothelial cells (HUVEC) and its possible molecular mechanism

18 underlying. Here we demonstrated that DPTH at a range of concentrations (12.5–50 mM) dose- and time-dependently inhibited DNA

19 synthesis and decreased cell number in cultured HUVEC, but not human fibroblasts. DPTH was not cytotoxic at these concentrations.

20 [3H]Thymidine incorporation and flow cytometry analyses demonstrated that treatment of HUVEC with DPTH arrested the cell at the G0/

21 G1 phase of the cell cycle. Western blot analysis revealed that the protein level of p21 increased after DPTH treated. In contrast, the protein

22 levels of p27, p53, cyclins A, D1, D3 and E, cyclin-dependent kinase (CDK)2, and CDK4 in HUVEC were not changed significantly after

23 DPTH treatment. Immunoprecipitation showed that the formations of the CDK2–p21 and CDK4–p21 complex, but not the CDK2–p27

24 and CDK4–p27 complex, were increased in the DPTH-treated HUVEC. Kinase assay further demonstrated that both CDK2 and CDK4

25 kinase activities were decreased in the DPTH-treated HUVEC. Pretreatment of HUVEC with a p21 antisense oligonucleotide reversed the

26 DPTH-induced inhibition of [3H]thymidine incorporation into HUVEC. In conclusion, these data suggest that DPTH inhibits HUVEC

27 proliferation by increasing the level of p21 protein, which in turn inhibits CDK2 and CDK4 kinase activities, and finally interrupts the cell

28 cycle. The findings from the present study suggest that DPTH might have the potential to inhibit the occurrence of angiogenesis.

29 # 2003 Published by Elsevier Inc.30
31
32 Keywords: DPTH; Angiogenesis; p21; p53; Cyclin-dependent kinase; Endothelial cells
33

34 1. Introduction

35 Angiogenesis, the formation of new capillary blood

36 vessels as extensions of existing vessels, is a complex

37 process regulated by multiple stimulatory and inhibitory

38 factors [1]. In the physiological condition, the activity of

39stimulators and inhibitors of angiogenesis maintains it in

40balance. However, persistent and unregulated angiogenesis

41is often found to be a critical causal factor in many

42pathological conditions [2].

43The events that are thought to be essential for angiogen-

44esis include: local degradation of the basement membrane

45of the parent vessel, allowing protrusion of endothelial

46cells; outward migration of endothelial cells in tandem to

47form a capillary sprout; proliferation of endothelial cells

48within the sprout; and the formation of a lumen with

49subsequent branching. Angiogenesis is essential for many

50physiological processes and important in the pathogenesis

51of many disorders [1]. Normally, vascular proliferation

52occurs only during embryonic development, the female

53reproductive cycle and wound healing. In contrast, many
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54 pathological conditions (e.g. atherosclerosis, cancer, and

55 diabetic retinopathy) are characterized by persistent, unre-

56 gulated angiogenesis [2]. Control of vascular development

57 could permit new therapeutic approaches to these disor-

58 ders. During the past few years, experimental and clinical

59 investigators continue to search for new therapeutic stra-

60 tegies for preventing the occurrence of angiogenesis. One

61 approach, as pursued in this study, seeks to identify med-

62 icinal agents capable of retarding the cell cycle in the

63 vascular endothelial cells.

64 DPTH (Fig. 1), an analogue of antiepileptic drug phe-

65 nytoin (5,5-diphenylhydantoin, DPH), has been suggested

66 to be a potential hypolipidemic agent [3] and a potent

67 goitrogenic compound [4]. Structural difference is that 2-

68 oxo functionality of DPH is replaced as 2-thio of DPTH,

69 but their biological activity is very different. DPTH is

70 inactive as an anti-convulsant, and its prominent activities

71 were reported as being inhibitory against thyroxine-stimu-

72 lated response in mitochondria and being hypolipidemic

73 [5]. As far as anti-angiogenic activity is concerned, DPTH

74 has not been assessed yet.

75 This study was designed to investigate the inhibitory

76 effect of DPTH in HUVEC proliferation and its molecular

77 mechanism underlying. Here, we demonstrate that DPTH

78 dose-dependently inhibited the growth of HUVEC by

79 interrupting the transition of cell cycle from the G1 into

80 S phase. The DPTH-induced cell cycle arrest in HUVEC

81 occurred when the CDK2 and CDK4 activities were

82 inhibited just as the level of p21 protein increased.

83 2. Materials and methods

84 2.1. Materials

85 DPTH was synthesized as previously described [6].

86 Briefly, a mixture of benzil (2.1 g, 10 mmol) and thiourea

87 (0.8 g, 10.5 mmol) in 95% ethanol (15 mL) was added 8 M

88 aqueous KOH (3 mL) and the whole was heated for 2.5 hr

89 and then cooled. Thin layer chromatography (SiO2,

90 CH2Cl2) showed the disappearance of benzil. Concentrated

91 HCl was added to acidify the mixture at 08 and the resulted

92 precipitate was collected, washed with water and then

93 dried. Recrystallization with alcohol gave 2.53 g (94%)

94 yield, mp 237–2398 (Lit. 239–2408). HEPES, glycerol,

95 phenylmethylsulphonyl fluoride (PMSF), SDS, Nonident

96 P-40 (NP-40), and endothelial cell growth supplement

97(ECGS) were purchased from Sigma Chem. Medium

98199 (M199), trypsin-EDTA, and kanamycin were pur-

99chased from Life Technologies. Fetal bovine serum

100(FBS) was purchased from HyClone. Antibodies specific

101for cyclins, CDKs, and CKIs were purchased from Trans-

102duction Laboratories. An antibody specific for G3PDH was

103purchased from Biogenesis. Anti-mouse IgG conjugated

104alkaline phosphatase was purchased from Jackson Immuno

105Research Laboratories. 4-Nitro blue tetrazolium (NBT)

106and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) were

107purchased from Kirkegaard & Perry Laboratories. Protein

108assay agents were purchased from Bio-Rad.

1092.2. Cell culture

110HUVEC or human dermal microvascular endothelial

111cells (HDMVEC) were grown in M199 containing 10%

112FBS, ECGS (0.03 mg/mL) and kanamycin (50 U/mL) in a

113humidified 378 incubator. After the cells had grown to

114confluence, they were disaggregated in trypsin solution,

115washed with M199 containing 10% FBS, centrifuged at

116125 g for 5 min, resuspended, and then subcultured accord-

117ing to standard protocols. Cells from passages 5 to 9 were

118used.

1192.3. [3H]Thymidine incorporation

120The [3H]thymidine incorporation was performed as pre-

121viously described [7,8]. Briefly, HUVEC were applied to 24-

122well plates in growth medium (M199 plus 10% FBS and

123ECGS). After the cells had grown to 70–80% confluence,

124they were rendered quiescent by incubation for 24 hr in

125M199 containing 2% FBS. M199 supplemented with 10%

126FBS and 0.05% DMSO (control) or various concentrations

127of DPTH was added to the cells and the cultures were

128allowed to incubate for 21 hr. During the last 2 hr of the

129incubation with or without DPTH, [3H]thymidine was added

130at 1 mCi/mL (1 mCi ¼ 37 kBq). Incorporated [3H]thymi-

131N NaOH and measured in a liquid scintillation counter.

1322.4. Cell counting

133As a measurement of cell proliferation, the cells were

134seeded onto 6-well 1% gelatin-coated plates and grown in

135M199 supplemented with 10% FBS and ECGS. Media

136without (control) and with DPTH were changed daily until

137cell counting. At various times of incubation, cultures were

138treated with trypsin-EDTA and the released cells were

139counted in a Coulter apparatus.

1402.5. Viability assay

141Cell viability was estimated by a modified MTT [3-(4,5-

142dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide]

143assay as previously described [8]. Four samples were

144analyzed in each experiment.

Fig. 1. Chemical structure of DPTH.

2 C.-R. Shih et al. / Biochemical Pharmacology xxx (2003) xxx–xxx
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145 2.6. Protein preparation and Western blotting

146 To determine the expression levels of cyclins, CDKs,

147 CKIs, and G3PDH in HUVEC, the total proteins were

148 extracted and Western blot analyses were performed as

149 described previously [8,9]. Briefly, HUVEC were cultured

150 in 10 cm petri dishes. After reaching subconfluence, the cells

151 were rendered quiescent and then treated with various con-

152 centrations of DPTH for 21 hr, and then incubated in a

153 humidified incubator at 378. After incubation, the cells were

154 washed with PBS (pH 7.4), incubated with extraction buffer

155 (Tris 50 mM, pH 7.5, NaCl 150 mM, PMSF 1 mM, NP-40

156 1%, 0.1% SDS, 10 mg/mL Aprotinin and EDTA 10 mM) on

157 ice, and then centrifuged at 12,000 g for 30 min. The cell

158 extract was then boiled in a ratio of 3:1 with sample buffer

159 (Tris–HCl 250 mM, pH 6.8, glycerol 40%, b-mercaptoetha-

160 nol 20%, SDS 8% and bromophenol blue 0.04%). Electro-

161 phoresis was performed using 12% SDS-polyacrylamide gel

162 (2 hr, 110 V, 40 mA, 50 mg protein per lane). Separated

163 proteins were transferred to PVDF membranes (1 hr,

164 400 mA), treated with 5% fat-free milk powder to block

165 the nonspecific IgGs, and incubated for 1 hr with specific

166 antibody for cyclins, CDKs, CKIs, or G3PDH. The blot was

167 then incubated with anti-mouse or anti-rabbit IgG linked to

168 alkaline phosphatase (1:1000) for 1 hr. Subsequently, the

169 membrane was developed with NBT/BCIP as a substrate.

170 2.7. RNA extraction and RT–PCR

171 Total RNA was isolated from cultured HUVEC and

172 prepared by guanidinium isothiocyanate extraction and

173 centrifugation through cesium chloride. The mRNA levels

174 were detected by reverse transcription–polymerase chain

175 reaction (RT–PCR) technique as previously described [9].

176 The p21 cDNA amplication was performed by incubating

177 20 ng equivalents of cDNA in 100 mM Tris–HCl buffer, pH

178 8.3, containing 500 mM KCl, 15 mM MgCl2, 0.1% gelatin,

179 200 mM concentration of each dNTP, and 50 U/mL Super

180 Taq DNA polymerase with specific oligonucleotide primers:

181 50-AGGAGGCCCGTGAGCGAGCGATGGAAC-30 and

182 50-ACAAGTGGGGAGGAAGTAGC-30. The cDNA seq-

183 uence of GAPDH was also amplified as a control in the

184 same method using the following primers: 50-CCACC-

185 CATGGCAAATTCCATGGCA-30 and 50-TCTAGACGG-

186 CAGGTCAGGTCCACC-30. PCR products were analyzed

187 on 1.0% agarose gels. Thermal cycle conditions were as

188 follows: 1 cycle at 948 for 5 min, 30 cycles at 948 for 1 min

189 (for p21) or 45 s (for GAPDH), 558 for 1 min (for p21Cip1) or

190 598 (for GAPDH) for 45 s, 728 for 2 min (for p21) or 1 min

191 (for GAPDH), and 1 cycle at 728 for 10 min. PCR products

192 were analyzed on 1.8% agarose gels.

193 2.8. Immunoprecipitation

194 As previously described [8], CDK2 or CDK4 was

195 immunoprecipitated from 200 mg of protein by using

196anti-CDK2 or anti-CDK4 antibody (2 mg/mL) and protein

197A agarose beads (1/10 V). The precipitates were washed

198five times with washing buffer, and then resuspended in

199sample buffer (250 mM Tris–HCl, pH 6.8, 8% SDS, 40%

200glycerol, 20% b-mercaptoethanol, and 0.04% bromophe-

201nol blue) and incubated at 958 for 10 min before electro-

202phoresis to release the proteins from the beads.

2032.9. CDK kinase assay

204As previously described [8], CDK2 or CDK4 immuno-

205precipitates from DPTH-treated and control HUVEC were

206washed three times with lysis buffer and twice with kinase

207assay buffer [50 mM Tris–HCl, pH 7.4, 10 mM MgCl2, and

2081 mM dithiothreitol (DTT)]. Phosphorylation of histone H1

209(for CDK2) and glutathione-S-transferase/retinoblastoma

210(Gst-Rb) fusion protein (for CDK4) were measured by

211incubating the beads with 40 mL of ‘‘hot’’ kinase solution

212[0.25 mL (2.5 mg) histone H1, 0.5 mL [g-32P]ATP (10 mCi/

213mL), 0.5 mL 0.1 mM ATP, and 38.75 mL kinase buffer] at 378
214for 30 min. The reaction was stopped by boiling the sample

215in SDS sample buffer for 5 min. The products were analyzed

216by 10% SDS–PAGE. The gel was dried and visualized by

217autoradiography.

2182.10. Flow cytometry

219As previously described [10], the cells were seeded onto

22010-cm petri dishes and grown in M199 supplemented with

22110% FBS and ECGS. After the cells had grown to sub-

222confluence, they were rendered quiescent and challenged

223with 10% FBS. Then, after release using trypsin-EDTA,

224they were washed twice with PBS and fixed in 70% ethanol

225at 48. Nuclear DNA was stained with a reagent containing

226propidium iodine (8 mg/mL) and DNase-free RNase

227(100 mg/mL) and measured using a fluorescence-activated

228cell sorter (FACS).

2292.11. Statistical analysis

230Values represent the means � SEM. Three to four sam-

231ples were analyzed in each experiment. Comparisons were

232subjected to one-way ANOVA followed by Fisher’s least

233significant difference test. Significance was accepted at

234P < 0:05.

2353. Results

2363.1. Inhibition of [3H]thymidine incorporation and cell

237proliferation in HUVEC by DPTH

238To study the anti-proliferative effect of DPTH on the

239vascular endothelial cells, we examined changes in

240[3H]thymidine incorporation (a measurement of DNA

241synthesis) in response to DPTH treatment in subcultured

C.-R. Shih et al. / Biochemical Pharmacology xxx (2003) xxx–xxx 3
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242 HUVEC. As illustrated in Fig. 2a, treatment of HUVEC

243 with DPTH (12.5–50 mM) for 21 hr induced a decrease in

244 [3H]thymidine incorporation in a dose-dependent manner.

245 We further examined the effect of DPTH on cell number of

246 HUVEC. In the experiment of Fig. 2b, HUVEC were

247 cultured for 3 days with or without DPTH (12.5–

248 50 mM), and then the cells were harvested and counted.

249 These data showed that a reduced cell count was observed

250 in the DPTH-treated HUVEC as compared with DMSO-

251 treated cells. This DPTH-induced decrease in the cell

252 growth rate was dose-dependent, consistent with the inhi-

253 bitory effect of DPTH on [3H]thymidine incorporation.

254 The DPTH-induced decrease in the cell growth rate was

255 also observed in the other endothelial cells, HDMVEC

256 (Fig. 2c). In contrast, treatment of human fibroblasts with

257 DPTH (12.5–50 mM) for 3 days did not cause any sig-

258 nificant growth inhibition (Fig. 2f), suggesting the specific

259 effect of DPTH on HUVEC growth inhibition. However,

260 the continuous presence of DPTH is not necessary for its

261 anti-proliferation effect in vascular endothelial cells. As

262 illustrated in Fig. 2d, the HDMVEC were treated with

263DPTH for 1 day and then counted the number of cells after

2646 days. A dose-dependent inhibition of cell number was

265still observed. The DPTH-induced reduction in [3H]thy-

266to retardation of cell cycle or cell death. To confirm that the

267results of our studies of DNA synthesis and cellular pro-

268liferation in HUVEC were not due to cell death caused by

269DPTH treatment, we conducted viability assay by treating

270the cells with DPTH for 21 hr at the doses (12.5–50 mM)

271used in the studies of cell growth inhibition. MTT assays

272indicated that there was no significant difference in cell

273viability between control and DPTH-treated HUVEC

274(Fig. 2e), suggesting that there was an inhibitory effect

275of DPTH on the mechanisms for cell division in the

276subcultured HUVEC.

2773.2. Arrest of cell cycle in G0/G1phase by DPTH

278treatment

279To further investigate the cellular mechanism of the

280DPTH-induced growth inhibition, FACS analyses of

281DNA content in both DMSO- and DPTH-treated HUVEC
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Fig. 2. Effects of DPTH on [3H]thymidine incorporation and cell growth rate in subcultured HUVEC. (a) Dose-dependent inhibition of [3H]thymidine

incorporation in HUVEC by DPTH. (b and c) Dose-dependent inhibition of vascular endothelial cell growth by DPTH treatment. The HUVEC (b) or

HDMVEC (c) were treated with DMSO without or with various doses of DPTH for 3 days, and then the cells were harvested and counted. (d) Continuous

presence of DPTH is not necessary for its anti-proliferation effect in vascular endothelial cells. The HDMVEC were treated with DMSO without or with

various doses of DPTH for 1 day, and then counted the number of cells after 6 days. A dose-dependent inhibition of cell number was still observed. (e) There

was no significant difference in viability between control and DPTH-treated HUVEC. (f) Treatment with DPTH (12.5–50 mM) for 3 days did not affect cell

growth of human fibroblasts. Three to four samples were analyzed in each group, and values represent the means � SEM. Significance was accepted at

P < 0:05. (�) DPTH-treated group different from control group.

4 C.-R. Shih et al. / Biochemical Pharmacology xxx (2003) xxx–xxx
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Fig. 3. Retardation of cell cycle in HUVEC by DPTH. FACS analysis of DNA content was performed after 24 hr release from quiescence by incubation in

culture media supplemented with 10% FBS and 0.05% DMSO without (a) or with 50 mM DPTH (b). Results from a representative experiment are shown.

Percentage of cells at the G0/G1, S, or G2/M phase of the cell cycle was determined using established CellFIT DNA analysis software.

Fig. 4. Effect of DPTH on the protein levels of cyclins, CDKs and CKIs. Western blot analysis was performed to examine the changes of protein levels of

cyclins, CDKs, and CKIs in the DPTH-treated HUVEC. Proteins were extracted from the cultured HUVEC at 21 hr after DPTH treatment and probed with

proper dilutions of specific antibodies. (a) DPTH (12.5–50 mM) did not induce any significant change of the protein levels of cyclin A, D1, D3, and E, CDK2,

and CDK4. Results from a representative experiment are shown. (b) Treatment of HUVEC with DPTH (12.5–50 mM) for 21 hr dose-dependently increased

the protein levels of p21, but not p27 and p53. Results from a representative experiment are shown. Three samples were analyzed in each group, and values

shown in parentheses represent the means � SEM. Membrane was probed with anti-G3PHD antibody to verify equivalent loading. (c) The time course of p21

mRNA changes in HUVEC in response to 50 mM DPTH treatment. Values shown in parentheses represent the relative intensities (ratios of p21/GAPDH

mRNA in the HUVEC treated with DPTH vs. DMSO). RT–PCR products of GAPDH were used as an internal control. CDK, cyclin-dependent kinase.

C.-R. Shih et al. / Biochemical Pharmacology xxx (2003) xxx–xxx 5
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282 were conducted. Initially, the cells were switched to media

283 with 2% FBS for 24 hr to render them quiescent and to

284 synchronize their cell cycle activities. Then they were

285 returned to media with 10% FBS without or with DPTH

286 (50 mM). Figure 3 showed that after 24 hr treatment of

287 HUVEC with DPTH induced a significant accumulation of

288 cells at the G0/G1 phase of the cell cycle as compared with

289 the cell treated with vehicle, suggesting that the observed

290 growth inhibition effect of DPTH was due to an arrest of

291 DNA replication thereby inhibiting further progress in the

292 cell cycle.

293 3.3. Alterations in cell cycle activity by DPTH

294 treatment

295 To delineate the molecular mechanism of DPTH-

296 induced inhibition of HUVEC cell proliferation, we further

297 examined the levels of cell cycle regulatory proteins in the

298 DPTH-treated HUVEC. It has been generally believed that

299 progression of cell cycle activity is regulated by coordi-

300nated successive activation of certain CDKs. This CDK

301activation is in turn modulated by association with a

302number of regulatory subunits called cyclins, and with a

303group of CDK-inhibitory proteins designated CKIs.

304Accordingly, we examined the changes in cyclin and

305CDK protein level in the DPTH-treated HUVEC. As

306shown in Fig. 4a, treatment of HUVEC with DPTH for

30721 hr at a range of concentrations (12.5–50 mM), which

308caused the inhibition of [3H]thymidine incorporation and

309cell growth, did not induce any significant changes of the

310protein levels of cyclin A, cyclin D1, cyclin D3, cyclin E,

311CDK2 and CDK4, suggesting that DPTH-induced cell

312cycle arrest in HUVEC is not through alternations of the

313protein levels of cyclins and CDKs. Since the CDK activity

314can be also controlled by a group of CKIs, we further

315examined the changes of protein levels of p21 and p27, two

316known CKIs, in the DPTH-treated HUVEC. Figure 4b

317showed that the protein levels of p21, but not p27, were

318dose-dependently increased in the DPTH-treated HUVEC

319as compared with the DMSO-treated cells (control). Using

Fig. 5. Effect of DPTH on the formations of CKI–CDK complex and CDK kinase activity. (a) DPTH-induced upregulation of the formations of CDK2–p21

and CDK4–p21 complex in a dose-dependent manner. The formations of CDK2–p27 and CDK4–p27 complex were not affected significantly by DPTH

treatment. CDK2 was immunoprecipitated by anti-CDK2 antibody, and CDK2–p21 association was detected by anti-p21 antibody, whereas CDK2–p27

association was detected by anti-p27 antibody. CDK4 was immunoprecipitated by anti-CDK4 antibody, and CDK4–p21 association was detected by anti-p21

antibody, whereas CDK4–p27 association was detected by anti-p27 antibody. Results from a representative experiment are shown. Values shown in

parentheses represent the relative intensities (ratios of CDK–p21 or CDK–p27 complex in the HUVEC treated with DPTH vs. DMSO). (b) Treatment of the

HUVEC with DPTH dose-dependently decreased the CDK2 and CDK4 kinase activities. Results from a representative experiment are shown. The CDK2 and

CDK4 kinase activities were determined as described in Section 2. Values shown in parentheses represent the relative intensities (ratios of CDK2 or CDK4

kinase activity in the HUVEC treated with DPTH vs. DMSO). CDK, cyclin-dependent kinase.

6 C.-R. Shih et al. / Biochemical Pharmacology xxx (2003) xxx–xxx
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320 RT–PCR technique, we further demonstrated that treatment

321 of HUVEC with 50 mM DPTH for 3 hr induced an up-

322 regulation of p21 mRNA (Fig. 4c), suggesting that tran-

323 scriptional regulation was involved in the DPTH-induced

324 increase in p21 protein levels. The CKI exerts its inhibitory

325 effect on the kinase activity through binding to cyclin–CDK

326 complex. Accordingly, we further conducted immunopre-

327 cipitation assay to examine the effect of DPTH on the

328 formation of CDK–CKI complex. In the DPTH-treated

329 cells, the formations of the CDK2–p21 and CDK4–p21

330 complex, but not CDK2–p27 and CDK4–p27 complex,

331 were increased (Fig. 5a). To demonstrate that the increased

332 p21 protein is associated with inhibition of CDK activation,

333 we examined the CDK kinase activity. Figure 5b showed

334 that the assayable CDK2 and CDK4, kinase activities were

335 significantly decreased in the HUVEC treated with DPTH.

336 To further demonstrate that the increased p21 expression

337 observed in the DPTH-treated HUVEC correlated with G0/

338 G1 arrest, the experiment illustrated in Fig. 6 was con-

339ducted. Thus, in the sample labeled DPTH (for 50 mM

340DPTH-treated alone), the [3H]thymidine incorporation was

341decreased. Sample DPTH þ AS p21 was pretreated with a

342p21 antisense oligonucleotide (AS), which blocked the

343expression of p21 protein (Fig. 6a, right panel). Treatment

344of HUVEC with AS p21 or AS p27 alone did not cause any

345significant change in [3H]thymidine incorporation into

346HUVEC. Consequently, pretreatment of the HUVEC with

347AS p21 dose-dependently reversed the DPTH-induced

348decrease in [3H]thymidine incorporation (Fig. 6a, left

349panel). In contrast, pretreatment of HUVEC with AS

350p27 failed in preventing the DPTH-induced decrease in

351[3H]thymidine incorporation (Fig. 6b).

3524. Discussion

353Control of vascular development has been suggested to

354be new therapeutic approaches to many angiogenesis-

Fig. 6. Involvement of p21 in the DPTH-induced decrease of [3H]thymidine incorporation in HUVEC. Antisense p21 or p27 oligonucleotide was added to

HUVEC at a final concentration up to 10 nM at 16 hr before the cell was challenged with 10% FBS and 50 mM DPTH for additional 21 hr. The DPTH-

induced up-regulation of p21 protein was reduced by pre-treatment of the cells with p21 antisense oligonucleotide (a, right panel). Membrane was probed

with anti-G3PHD antibody to verify equivalent loading. The levels of p21 protein in each treatment after normalized with the levels of G3PDH protein were

shown in parentheses. Pretreatment of HUVEC with AS p21 (a, left panel), but not AS p27 (b), dose-dependently reversed the DPTH-induced decrease of

[3H]thymidine incorporation. Values represent the means � SEM. AS p21, antisense p21 oligonucleotide; AS p27, antisense p27 oligonucleotide.
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355 related disorders. In the present study, we demonstrated

356 that DPTH at a range of concentrations (12.5–50 mM)

357 inhibited DNA synthesis and decreased cell number in

358 cultured HUVEC in a dose- and time-dependent manner

359 (Fig. 2). These results were not due to cell death, indicating

360 that there was an inhibitory effect of DPTH on the mechan-

361 isms for cell division in the subcultured HUVEC. To our

362 knowledge, this is the first demonstration that DPTH

363 inhibits the growth of human vascular endothelial cells.

364 By flow cytometry analyses, we demonstrated that

365 DPTH treatment decreased DNA synthesis and arrested

366 the cells at the G0/G1 phase of the cell cycle (Fig. 3). It has

367 been suggested that the cell cycle is regulated by the

368 activation of specific CDKs and coordinated successive

369 activation of certain CDKs occurs late in the G1 phase and

370 is instrumental in the transition from the G1 to the S phase

371 [11,12]. This CDK activation is in turn modulated posi-

372 tively by their assembly with a series of regulatory subunits

373 called cyclins, and negatively by association with a group

374 of CDK-inhibitory proteins designated CKIs [13]. Cyclins

375 have been identified as cyclins A, D1, D3 and E, whereas

376 the most common CDKs are designated CDK2 and CDK4.

377 The formations of cyclin A–CDK2 and cyclin E–CDK2

378 complex occur late in the G1 phase as cells prepare to

379 synthesize DNA [14], and formation of the cyclin E

380 complex is a rate-limiting step in the G1/S transition

381 [15]. The basic mechanisms for cell cycle regulation

382 appear to be universal. In the present study, we demon-

383 strated that DPTH at a concentration of 50 mM, which

384 inhibited cell cycle arrest, did not induce any significant

385 changes of the protein levels of cyclins A, D1, D3 and E,

386 CDK2, and CDK4 in the HUVEC, indicating that the

387 action of DPTH on the growth of endothelial cells is not

388 through a mechanism to reduce the cyclins or CDKs.

389 Examination of the expression levels of CDK inhibitory

390 proteins, we found that treatment of HUVEC with DPTH

391 resulted in an increase in the protein level of p21, but not

392 p27. In accord with the established notion that p21 is one

393 known CDK inhibitor, we found that the formations of the

394 CDK2–p21 and CDK4–p21 complex, but not CDK2–p27

395 and CDK4–p27complex, were increased and the assayable

396 CDK2 and CDK4 kinase activities were decreased in the

397 DPTH-treated HUVEC. These findings suggest that DPTH

398 inhibits the CDK2 and CDK4 kinase activities through an

399 increase in p21 expression. The important role of p21 in the

400 DPTH-induced anti-proliferation in the HUVEC is con-

401 firmed by the antisense p21 oligonucleotide experiment

402 showing that pretreatment with a p21 antisense oligonu-

403 cleotide, but not p27 antisense oligonucleotide, reversed

404 the DPTH-induced inhibition in [3H]thymidine incorpora-

405 tion. Accordingly, we concluded that DPTH induced an

406 increase in p21 expression, which in turn inhibited the

407 CDK2 and CDK4 enzyme activities and led to the impair-

408 ment of HUVEC in the transition from the G1 to S phase.

409 How does DPTH act to regulate the level of p21 protein

410 remains unsolved in the present study? In response to a

41150 mM DPTH treatment for 18 hr, we observed that the

412level of p21 protein increased significantly (Fig. 4b). Inter-

413estingly, the level of p21 mRNA in HUVEC increased after

414a 3 hr exposure and then declined after 6 hr (Fig. 4c).

415Similarly, our previous study done in the 12-o-tetradeca-

416noylphorbol-13-acetate-treated COLO-205 cell line

417showed that the p21 mRNA level increased after 1 hr

418treatment with 12-o-tetradecanoylphorbol-13-acetate,

419peaked at 3 hr and then declined at 6 hr, whereas the level

420of p21 protein increased significantly after 6 hr exposure

421and peaked after 24 hr [9]. These data indicated that the

422half-life of p21 protein is much longer than its mRNA, or

423else a post-translational regulation might also be involved

424in the DPTH-induced increase in the p21 protein. Although

425we did not perform the time course experiment of DPTH-

426induced increases in the protein levels of p21, our data

427suggested that transcriptional regulation might be involved

428in the DPTH-induced increase in p21 protein levels. p21 is

429a transcriptional target of the tumor suppressor gene p53

430[16,17]. Expression of p53 in the cells can induce cell

431growth arrest through transcriptional activation of p21

432[18]. However, treatment of HUVEC with DPTH did

433not affect the expression level of p53 protein, suggesting

434that p53 protein is not involved in this process. To identify

435the primary target molecules of DPTH in regulating the

436p21 up-regulation, more experiments need to be done. In

437conclusion, the results from the present studies indicate

438that DPTH-induced cell cycle arrest in HUVEC occurred

439when the cyclin-CDK system was inhibited just as p21

440protein levels increased. The findings from the present

441studies suggest the potential applications of DPTH in the

442treatment of angiogenesis-related disorders.
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