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Abstract

Piceatannol (trans-3,4,3',5' -tetrahydroxystilbene) is a polyphenol detected in grapes, rhubarb, and sugarcane.
Although recent experimental data revealed that this compound is known to exhibit immunosuppressive and
antitumorigenic activities in several cell lines, the molecular mechanisms underlying anticancer activity are poor-—
ly understood. In the present study, we investigated possible further mechanisms by which piceatannol exerts
its anti-proliferative action in cultured human gastric cancer AGS cells. Piceatannol treatment resulted in the
inhibition of growth and G1 arrest of the cell cycle in a concentration-dependent manner, as determined by
MTT assay and flow cytometry analysis. The induction of G1 arrest by piceatannol was associated with the
modulation of cyclin-dependent kinases (Cdks) and cyclins, up-regulation of the expression of Cdk inhibitor
p21 (WAF1/CIP1) in both transcriptional and translational levels, and the inhibition of phosphorylation of retino—
blastoma proteins and E2F1 expression. In addition, piceatannol treatment caused a progressive decrease in
the expression levels of cyclooxygenase (COX)-2 without significant changes in the levels of COX-1, which
was correlated with a decrease in prostaglandin Ez synthesis.
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F 2 ATl 93 piceatannolS YA E Q] M EFTV]
0 apoptosis =5 53l GARZY F4& AT
Aoz 4HA Jou(10,12-17), M2 daxt 2L g
£ 71" FHe] Ha Y+ COXse Tdy AFH
prostaglandin Ex(PGEy) Al -l #3F AF= A9 o]F
o]z ni7k glok. B Aol A= 2E 2t piceatannol®] A
Aol &gk tofgt AFE e vk =, piceatannol-S
A 73 5 A E ) A lipopolysaccharide(LPS)dll 93 COX-29]
wa 2 PGE, A4S AFA A0, o= NF-«B 84 4|
9} AgAdo] AAJTHIL). B3 piceatannolol] 23 A B
M E ] A A|E telomerase BA A ste} AAA o] 9
o™ (19), T LA E 9 apoptosis §E+E anti-apoptotic
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sis-inducing ligand(TRAIL) A& FE-S 913 &8 715
Ax =25 AAE v} JAH21). B Ao A= piceatannol
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M| ZHHQE, piceatannol] X2| & ME=EE =X

B Ao AMEH AGS ¢ A ¥ (American Type Culture
Collection, Rockville, MD, USA)+ 10% fetal bovine se-
rum(FBS)oll 1% penicillin & streptomycin®] ¥+ 90
%< DMEM #j A (Gibco BRL, Grand Island, NY, USA)Z

Table 1. Oligonucleotides used in RT-PCR
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AMg-8Fe] 37°C, 5% CO» 271 3holl A v %3k th. Piceatan-
nol< Sigma Chemical Co.(St. Louis, MO, USA)olA +¢
3} dimethyl sulfoxide(DMSO)o 10 mM$] stock solution
o2 TUe & AFFEE WX 345t A
AGS A X9 F2 A= piceatannolQ] FFS ZAFEHY)
23t 6 well platedl]l AGS A|E 2 1x10902 B33t 24
A ZF 2k e 3IAIZ] & piceatannol S 48417 Fot X%
A EE Ao 2 3-(4,5-dimetylthiazol-2-y1)-2,5-diphenyl-

tetrazolium(MTT) assayS A A3}t

Flow cytometryE 0] &8t M=ZF7| 24

A A F5 59 piceatannol®] 48417 A #]® AGS A X ES
Eo} Cycle TEST PLUS(Becton Dickinson, San Jose, CA,
USA) solution A ¥ BE 2ellA 27t 1084 A2 &,
Cycle TEST PLUS solution C& # ]34 4°Coll A 10%-3F
AAEG T 2 & DNA flow cytometer(BD FACSCalibur)
E AREEt] A EF7]Y ZH2te] s " E = histograms &4
3T

Reverse chain reaction
(RT-PCR) 244

FA3 ZANA vjdE AGS A EE ) TRIzol reagent
(Invitrogen Co., Carlsbad, CA, USA)E 4°Coll A 1A)17F &<t
2]3le] RNAE #2133t £28]€ RNAS AHFs &, 2
Z+2] primer(Table 1), DEPC water 28]31 ONE-STEP
RT-PCR PreMix kit(Intron, Seoul, Korea)& %3 Master-
cycler gradient(Eppendorf, Hamburg, Germany)Z ©]-&3}
o TE3Yth 24 PCR A= E9 44 ztol& & 013}7] 4
3to] 1<TAE buffer® 1% agarose gelS 3+ welld 2z}

transcription-polymerase

mln F”

Name Sequence of primers

Cdk2 sence 5 -GCT-TTC-TGC-CAT-TCT-CAT-CG-3'
antisence 5" -GTC-CCC-AGA-GTC-CGA-AAG-AT-3'

Cdk4 sence 5'-ACG-GGT-GTA-AGT-GCC-ATC-TG-3’
antisence 5 -TGG-TGT-CGG-TGC-CTA-TGG-GA-3’

Cdk6 sence 5'-CGA-ATG-CGT-GGC-GGA-GAT-C-3’
antisence 5'-CCA-CTG-AGG-TTA-GAG-CCA-TC-3’

cyclin D1 sence 5" -TGG-ATG-CTG-GAG-GTC-TGC-GAG-GAA-3’
antisence 5" -GGC-TTC-GAT-CTG-CTC-CTG-GCA-GGC-3’

cyclin E sence 5" -AGT-TCT-CGG-CTC-GCT-CCA-GGA-AGA-3'
antisence 5 -TCT-TGT-GTC-GCC-ATA-TAC-CGG-TCA-3’

p53 sence 5'-GCT-CTG-ACT-GTA-CCA-CCA-TCC-3'
antisence 5" -CTC-TCG-GAA-CAT-CTC-GAA-GCG-3’

p21 sence 5'-CTC-AGA-GGA-GGC-GCC-ATG-3’
antisence 5'-GGG-CGG-ATT-AGG-GCT-TCC-3’

p27 sence 5'-AAG-CAC-TGC-CGG-GAT-ATG-GA-3’
antisence 5'-AAC-CCA-GCC-TGA-TTG-TCT-GAC-3’

COX-1 sence 5" -TGC-CCA-GCT-CCT-GGC-CCG-CCG-CTT-3’
antisence 5'-GTG-CAT-CAA-CAC-AGG-CGC-CTC-TTC-3’

COX-2 sence 5 -TTC-AAA-TGA-GAT-TGT-GGG-AAA-AT-3’
antisence 5" -AGA-TCA-TCT-CTG-CCT-GAG-TAT-CTT-3'

GAPDH sence 5'-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3’
antisence 5'-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-3’
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Z+9] primer®l 3] 33}l= PCR 4F&9o] DNA gel loading sol-
utions 41914 loading 3 F 50 Vol A 27958 3+
o W79 F o Z DNA #27F 9 gel& ethidium bro-
mide(EtBr) & ©]-&3te] g & UV 3stol| A =& o z}o]
= 31l e, glyceraldehyde-3-phosphate dehydro-
genase(GAPDH)E internal control2 AH&3} T,

Creizlol 2a| M7(YS H Westen blot 244

Piceatannol®] 2] ® MXEol| FG=F9] lysis buffer[25
mM Tris-Cl(pH 7.5), 250 mM NaCl, 5 mM EDTA, 1%
NP-40, 1 mM phenylmethylsulfonyfluoride, 5 mM dithio—
threitol] & H7F3te] 4°Col A 1A17F WH-&-A1Z1 $, 14,000 rpm
o= 308 AR ] 1 AT HE HSIAT TN
Ao Guld S sodium dodecyl sulphate(SDS)-polyacryl-
amide gelg o83ty H7|PYFo 2 E3ch E2E &
w28 383 acrylamide gel$ nitrocellulose membrane
(Schleicher and Schuell, Keene, NH, USA)S. 2 & o]A]7]
T AA A5 A28+ enhanced cheiluminoscence(ECL)
£ (Amersham Life Science Corp., Arlignton Heights, IL,
USA)E Z8A17] X-ray filmoll Z+3A17# EFcudo o
< B4t £ Ao AH8-E FAE2 Santa Cruz Bio-
technology Inc.(Santa Cruz, CA, USA)o A F+Y3tR o™,
immunoblotting S ¢ 3 peroxidase-labeled &= Amer-
shamell A 35ttt

Prostaglandin B2 &3

PGE; A% 54& 913l AH&-§ PGE: EIA kit= Cay-
man Chemicals(Ann Arbor, MI, USA)olA 43It
AGS M ¥ v}t 5% 9] piceatannolS 48417+ F<F X7
., AZdnt o] &-5to] PGE; EIA kitoll A€ Wyl e}
228t t}e ELISA reader® ©]&3F 420 nme &F34%=
3ol AxE ST

SAXME]

BEE APEYE o+ EFHARE BAEE T Sigma-
Plot2 o]&3}e] Student ttestE ©]83te] 5A7 F4
S At

Piceatannolofl 2|8t AGS MEZ2| T4 A

AGS Y IAIE ] 2] 1] X]= piceatannol®] TS F
AVl Yste] AGS Al E) piceatannolS 48417F F<t 28]
g %, MTT assays A A= Fig. 1A yehd npsh
2t} Fig. 1A% AFolA & = Ux°] 25 uM ©|3t] A&
=AM e gz vlste] & 2o)7F gl picea-
tannol 8] FX7} F7FE4E AGS YA E =SS
AzaF gAaEo] 75 M 2 100 uM A ol A= gl &2
H|3le] oF 50% % 75% H & A H At} = piceatannol©]
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Fig. 1. Inhibition of the cell growth and morphological
changes by piceatannol in AGS human gastric cancer cells.
(A) Cells were plated at 1x10° cells per 60-mm plate, and in-
cubated for 24 hr. The cells were treated with variable concen—
trations of piceatannol for 48 hr and the cell viability was meas—
ured by the metabolic-dye-based MTT assay. Results are ex—
pressed as the means+SD of three independent experiments. The
significance was determined by a Student’s #test ("p<0.05, com-
pared with control). (B) AGS cells were incubated with variable
concentrations of piceatannol. After 48 hr incubation, the cells were
sampled and examined under light microscopy. Magnification,
x200.

AT ol A H A NA A#F AGS A E = picea-
tannol M EE YgEFH o T MIEZ20] A LSS ¢
T UAATE b= piceatannol A FEI} FIHEFE
AGS Mx9 g3s Jeld HI¥ = FREE A H(Fig. 1B).

Piceatannolof| 2|8+ M=Z7| Gt arrest 7=

ANEzF7] 24 FHAA GAEE MEF7Y BIAG
sl 7|9l Ao Hojd 4 glom, B A7) A=E
F7] Al MzF7]) 24 FdAAe] Bd At B 4
x4 QA g ogk Ao gokg 4 ik A
xo] MEF7) 2HL 7+ FE #A3te v FAAE
o o&) =AML, 7|EF o2 M EF7] checkpoint 2 A
716 aFEolAE ¢ ZHJAAR] cyclinsell 9]t cy-
clin-dependent kinases(Cdks)®] €1&32¢ A3 B84
9 Cdk AsiAle] &d H=o wpe} 2 = o] [ Th(22). uhe}
] piceatannol®] 1 g]ell 2]3F AGS A E Q] Z21 A7} Al
F7] 54 A1719 AP AA e dBES A=A ARE
ZALaL7] 918t AGS AlEY] A EF7] F320) WA= pi-
ceatannol®] W& ZASIATE o] & A5t A H %
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Table 2. Effects of piceatannol on cell cycle distribution of
AGS cells

Piceatannol % of cells
(uM) Gl S G2/M
0 41.27 27.06 31.67
25 49.71 26.89 23.40
50 50.94 25.31 23.75
75 52.09 25.09 22.82
100 66.70 17.00 16.30

Exponentially growing cells were treated for 48 hr with in-
creasing concentration of piceatannol. The cells were collected
and stained with PI for flow cytometry analysis. Results are
expressed as average from two separate experiments.
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Fig. 2. Effects of piceatannol on the expression of Cdks and
cyclins in AGS cells. (A) After 48 hr incubation with picea-
tannol, total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with the indicated pri-
mers and the reaction products were subjected to electrophoresis
in a 1% agarose gel and visualized by EtBr staining. GAPDH
was used as an internal control. (B) The cells grown under the
same conditions as (A) were lysed and then cellular proteins were
separated by SDS-polyacrylamide gels and transferred onto ni—
trocellulose membranes. The membranes were probed with the
indicated antibodies. Proteins were visualized using an ECL de—
tection system. Actin was used as an internal control. The num-
bers represent the average densitometric analyses as compared
with GAPDH and actin, respectively.
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Fig. 3. Induction of p21 expression by piceatannol in AGS
cells. (A) After 48 hr incubation with piceatannol, total RNAs
were isolated and reverse-transcribed. The resulting cDNAs
were subjected to PCR with the p53, p21 and p27 primers and
the reaction products were subjected to electrophoresis in a 1%
agarose gel and visualized by EtBr staining. GAPDH was used
as an internal control. (B) The cells were lysed and then cellular
proteins were separated by SDS-polyacrylamide gels and trans—
ferred onto nitrocellulose membranes. The membranes were pro—
bed with the anti—pb3, anti-p21 and anti-p27 antibodies. Proteins
were visualized using an ECL detection system. Actin was used
as an internal control. The numbers represent the average densi—
tometric analyses as compared with GAPDH and actin, respec-
tively.
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Piceatannol (uM)

0 25 50 75 100

o § ..».--—-~‘<—pRB

1 1.00 1.01 0.95 0.92

| 4% B8 o == - |+ E2Ff
1 251 1.27 0.97 0.61
| = — <= — | < E2F4

1 097 0.96 0.97 0.94

|———'—'— ‘<— Actin

Fig. 4. Effects of piceatannol on the expression of pRB and
E2Fs in AGS cells. AGS cells were treated with the indicated
concentrations of piceatannol for 48 hr and collected. The cells
were lysed and then cellular proteins were separated by SDS-
polyacrylamide gels and transferred onto nitrocellulose membranes.
The membranes were probed with anti-pRB, anti-E2F1 and an-
ti-E2F4 antibodies. Proteins were visualized using an ECL de-
tection system. Actin was used as an internal control. The num-
bers represent the average densitometric analyses as compared
with actin.
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Fig. 5. Down-regulation of COX-2 expression and inhibition
of PGE: production in AGS cells after exposure to picea—
tannol. (A) AGS cells were treated with the indicated concen—
trations of piceatannol for 48 hr and collected. The cells were
lysed and total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with COX-1 and COX-2
primers and the reaction products were subjected to electro—
phoresis in a 1% agarose gel and visualized by EtBr staining.
GAPDH was used as an internal control. (B) After 48 hr incubation
with piceatannol, the cells were lysed and then cellular proteins
were separated by 10% SDS-polyacrylamide gels. Proteins were
visualized by Western blotting using anti-COX-1 and anti—
COX-2 antibodies, and ECL detection. Actin was used as an in-
ternal control. The numbers represent the average densitometric
analyses as compared with GAPDH and actin, respectively. (C)
Cells were treated with the indicated concentrations of picea-
tannol for 48 hr and collected. The PGE; accumulation in the me—
dium was determined by an EIA kit described in materials and
methods. Results are expressed as the means+SD of three in—
dependent experiments. The significance was determined by a
Student’s #test ('p<0.05, compared with control).

3} ). Piceatannoldll 9J3F AGS M|EZ 9] Gl arrest= Cdks
2 cyclins®] ¥He W3} 2 Cdk A A9 p21o] #&H g AA}
9 WS FFANAM FTAA LY, pRB A o] Q14ks} A
2 E2F19] &d A9} Aol AT ol picea-
tannol> COX-22] mRNA % el o] Bd-S A A 519
v COX-19] rddle S A 253k oH, piceatannol
o 9J3 COX-29] T A= PGE,Y AA A3lel #do]

of

kil

AR} B Ao A= piceatannolel] &3 M EF7] Gl
arrest o] COX-29] Mgy &g 2ty Ado] AS

o Aoltt.

=1
T

S1=

ot

=
[

1. Anderson WF, Umar A, Viner JL, Hawk ET. 2002. The role
of cyclooxygenase inhibitors in cancer prevention. Curr
Pharm 8. 1035-1062.

2. Gately S, Kerbel R. 2003. Therapeutic potential of selective
cyclooxygenase-2 inhibitors in the management of tumor
angiogenesis. Prog Exp Tumor Res 37 179-192.

3. Fujita H, Koshida K, Keller ET, Takahashi Y, Yoshimito
T, Namiki M, Mizokami A. 2002. Cyclooxygenase-2 pro—
motes prostate cancer progression. Prostate 53: 232-240.

4. Ferrigni NR, McLaughlin JL, Powell RG, Smith Jr CR. 1984.
Use of potato disc and brine shrimp bioassays to detect ac-
tivity and isolate piceatannol as the antileukemic principle
from the seeds of Euphorbia lagascae. J Nat Prod 47:
347-352.

5. Bavaresco L, Fregoni C, Cantu E, Trevisan M. 1999. Stilbene
compounds: from the grapevine to wine. Drugs Exp Cilin
Res 25: 57-63.

6. Roupe K, Teng XW, Fu X, Meadows GG, Davies NM. 2004.
Determination of piceatannol in rat serum and liver micro—
somes: pharmacokinetics and phase I and II biotransforma-
tion. Biomed Chromatogr 18: 486-491.

7. Geahlen RL, McLaughlin JL. 1989. Piceatannol (3,4,3'5'~
tetrahydroxy—trans-stilbene) is a naturally occurring pro-
tein—tyrosine Kinase inhibitor. Biochem Biophys Res Com—
mun 165: 241-245.

8. Ashikawa K, Majumdar S, Banerjee S, Bharti AC, Shishodia
S, Aggarwal BB. 2002. Piceatannol inhibits TNF-induced
NF-xB activation and NF-kB-mediated gene expression
through suppression of IkBa kinase and p65 phosphor—
ylation. J Immunol 169: 6490-6497.

9. Kumari AL, Ali AM, Das S, Pardhasaradhi BV, Varalakshmi
CH, Khar A. 2005. Role of STAT3 and NF-kB signaling
in the serum factor-induced apoptosis in AK-5 cells. Bio-
chem Biophys Res Commun 336: 860-867.

10. Barton BE, Karras JG, Murphy TF, Barton A, Huang HF.
2004. Signal transducer and activator of transcription 3
(STAT3) activation in prostate cancer: direct STAT3 in—
hibition induces apoptosis in prostate cancer lines. Mol
Cancer Ther 3: 11-20.

11. Su L, David M. 2000. Distinct mechanisms of STAT phos-
phorylation via the interferon—a/B receptor. Selective in—
hibition of STAT3 and STATS by piceatannol. J Biol Chem
275 12661-12666.

12. Ferreira MJ, Duarte N, Gyemant N, Radics R, Cherepnev
G, Varga A, Molnar J. 2006. Interaction between doxor—
ubicin and the resistance modifier stilbene on multidrug re-
sistant mouse lymphoma and human breast cancer cells.
Anticancer Res 26: 3541-3546.



13.

14.

15.

16.

17.

18.

19.

20.

21.

Piceatannol®l]l 2]3F AGS 214 <M ¥l Gl Arrest 2 Prostaglandin Ex 4432 <A

Kuo PL, Hsu YL. 2008. The grape and wine constituent
piceatannol inhibits proliferation of human bladder cancer
cells via blocking cell cycle progression and inducing
Fas/membrane bound Fas ligand-mediated apoptotic path-
way. Mol Nutr Food Res 52: 408-418.

Larrosa M, Tomas-Barberan FA, Espin JC. 2003. Grape
polyphenol resveratrol and the related molecule 4-hydrox—
ystilbene induce growth inhibition, apoptosis, S-phase ar—
rest, and upregulation of cyclins A, E, and Bl in human
SK-Mel-28 melanoma cells. J Agric Food Chem 51: 4576—
4584,

Larrosa M, Toméas-Barberan FA, Espin JC. 2004. The grape
and wine polyphenol piceatannol is a potent inducer of
apoptosis in human SK-Mel-28 melanoma cells. Eur J Nutr
43: 275-284.

Lee B, Lee EJ, Kim DI, Park SK, Kim W], Moon SK. 2009.
Inhibition of proliferation and migration by piceatannol in
vascular smooth muscle cells. 7oxicol In Vitro 23: 1284-
1291.

Wieder T, Prokop A, Bagci B, Essmann F, Bernicke D,
Schulze-Osthoff K, Dorken B, Schmalz HG, Daniel PT,
Henze G. 2001. Piceatannol, a hydroxylated analog of the
chemopreventive agent resveratrol, is a potent inducer of
apoptosis in the lymphoma cell line BJAB and in primary,
leukemic lymphoblasts. Leukemia 15: 1735-1742.

Jin CY, Moon DO, Lee KJ, Kim MO, Lee JD, Choi YH, Park
YM, Kim GY. 2006. Piceatannol attenuates lipopoly—
saccharide-induced NF-xB activation and NF-xB-related
proinflammatory mediators in BV2 microglia. Pharmacol
Res 54: 461-467.

Choi YH. 2008. Induction of S phase arrest of the cell cycle
by piceatannol is associated with inhibition of telomerase
activity in human leukemic U937 cells. J Lie Sci 18: 96-102.
Kim YH, Park C, Lee JO, Kim GY, Lee WH, Choi YH, Ryu
CH. 2008. Induction of apoptosis by piceatannol in human
leukemic U937 cells through down-regulation of Bcl-2 and
activation of caspases. Oncol Rep 19: 961-967.

Kang CH, Moon DO, Choi YH, Choi IW, Moon SK, Kim
WJ, Kim GY. 2011. Piceatannol enhances TRAIL-induced
apoptosis in human leukemia THP-1 cells through Spl-

22.

23.

24.

2.

26.

21.

28.

29.

30.

31

913

and ERK-dependent DR5 up-regulation. 7oxicol in Vitro
250 605-612.

Sherr CJ. 2000. The Pezcoller lecture: cancer cell cycles
revisited. Cancer Res 60: 3689-3695.

Lee YM, Lim DY, Cho HJ, Seon MR, Kim JK, Lee BY, Park
JH. 2009. Piceatannol, a natural stilbene from grapes, in-
duces G1 cell cycle arrest in androgen-insensitive DU145
human prostate cancer cells via the inhibition of CDK
activity. Cancer Lett 285: 166-173.

Fritzer-Szekeres M, Savinc I, Horvath Z, Saiko P, Pem—
berger M, Graser G, Bernhaus A, Ozsvar-Kozma M, Grusch
M, Jaeger W, Szekeres T. 2008. Biochemical effects of pi—
ceatannol in human HL-60 promyelocytic leukemia cells—
synergism with Ara-C. Int J Oncol 33: 837-892.

Girard F, Strausfeld U, Fernandez A, Lamb NJ. 1991. Cyclin
A is required for the onset of DNA replication in mamma-—
lian fibroblasts. Cell 67: 1169-1179.

Brandeis M, Hunt T. 1996. The proteolysis of mitotic cy—
clins in mammalian cells persists from the end of mitosi
until the onset of S phase. EMBO J 15: 5280-5289.
Elledge SJ, Harper JW. 1994. Cdk inhibitors: on the thresh-
old of checkpoints and development. Curr Opin Cell Biol
6: 847-852.

Morgan DO. 1995. Principles of CDK regulation. Nature
374: 131-134.

Son PS, Park SA, Na HK, Jue DM, Kim S, Surh Y]. 2010.
Piceatannol, a catechol-type polyphenol, inhibits phorbol
ester-induced NF-xB activation and cyclooxygenase-2 ex—
pression in human breast epithelial cells: cysteine 179 of
IKK( as a potential target. Carcinogenesis 31: 1442-1449.
Liu D, Kim DH, Park JM, Na HK, Surh Y]. 2009. Piceatannol
inhibits phorbol ester-induced NF-kB activation and COX-
2 expression in cultured human mammary epithelial cells.
Nutr Cancer 61: 855-863.

Djoko B, Chiou RY, Shee JJ, Liu YW. 2007. Characterization
of immunological activities of peanut stilbenoids, arach—
idin—1, piceatannol, and resveratrol on lipopolysaccharide-
induced inflammation of RAW 264.7 macrophages. J Agric
Food Chem 55: 2376-2383.

(2012 39 269 A< 20123 5Y€ 259 A9



