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Induction of S Phase Arrest of the Cell Cycle by Piceatannol is Associated with Inhibition of
Telomerase Activity in Human Leukemic U937 Cells. Yung Hyun Choi*. Department of Biochemistry,
Dongeui University College of Oriental Medicine and Department of Biomaterial Control, Dongeui University
Graduate School, Busan 614-052, South Korea - Piceatannol is a polyphenol that is found in abundant
quantities in grapes and wine. Although recent experimental data revealed the anti-cancer potency of
piceatannol, the molecular mechanisms underlying the antileukemic activity have not yet been studied
in detail. In the present study, we investigated further possible mechanisms by which piceatannol ex-
erts its anti-proliferative action in cultured human leukemia U937 cells. Exposure of U937 cells to pi-
ceatannol resulted in growth inhibition and induction of apoptosis as measured by MTT assay and
flow cytometry analysis, which was associated with S phase arrest of the cell cycle. Piceatannol treat-
ment markedly inhibited the activity of telomerase, and the levels of human telomerase reverse tran-
scriptase (hTERT) and telomerase-associated protein-1 (TEP-1), main determinants of the telomerase
enzymatic activity, were progressively down-regulated by piceatannol treatment in a dose-dependent
fashion. However, the levels of cyclooxygenases (COXs) expression and prostaglandin E2 (PGE2) re-
lease were not changed in piceatannol-treated U937 cells. Taken together, these findings provide im-
portant new insights into the possible molecular mechanisms of the anti-cancer activity of piceatannol.
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B 983 At A FHE a9t ok AHe ¢
a2y A} W VAR FAAGo] Yol HEAT
1t}[6,18]. Piceatannol (3,3 " A5 " -tetrahydroxy- trans-stil-
bene)2 resveratrol?] derivatives & 3}24 X%, g},
AT Tl 8ol $HrHol & ydroxystilbened] YZ o
E[319], HEE(R) A5 Euphorbia lagascaed) A 28 &
2] 5 2ATH8]. Piceatannol e A AL 714+ protein -
tyrosine kinase A& A 24 A B o]F[9], AA} =4
2121 nuclear factor kappa B (NF-kB)¢] &4 A& E3}
o F4F FdF G%0] Y& Ao Bugdxn ¢}
[1,12]. Piceatannol& 3 B 2 T &= oA interferon-zoj
93] Fx ¥ signal transducer and activator of transcription
3 (STAT3)9] signal transducer @ AR Z A9 715&

Agte] 983 =H[13,22], ol piceatannolo] Thek3t A E
W £4UAe] #dg 2302 A pro-inflammatory ¥H$
€ AT & ASE Judd. H A7 989 picea-
tannol® M ¥F7] ne@ L apoptosis FEE E514 YA T
o 4L AT & e A2 THA You2,7,15,26],
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AEE e 2 Fg 28 7119 F3¢] Ha e cydo-
oxygenase (COX) 2 telomerase 43 dag d1e A
o] F0]X w7} glck. £ Ao M & piceatannole] &9 &%
o #¢ B/ A5 E 47] Y35+ piceatannoldl] &]§H ¢l
A FGAEY A A4S} AF3E COX 2 telomerase 3
% a5 93] 24 @ prostaglandin E2 (PGE2)¢] A
A & telomere ZH AR} v]X &= G FA}egT

T

AEN2

E g A49 piceatannol & Sigma Chemical Co. (St.
Louis, MO, USA)ejl A +3ked dimethyl sulfoxide (DMSO)
o YT 343t Eu3tATE mRNA £4& 9319
Bioneer (Taejeon, Korea)oll M 93t primere Table 19] 1}
BT, @8 48 98t A€ A= Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA)o A ¢)&}s3ch.
Immunoblotting & 3] 23} @A Z AlLE peroxidase-la-
beled donkey anti-rabbit ¥ peroxidase-labeled sheep an-
ti-mouse immunoglobulin® Amersham Life Science Corp.
(Arlington Heights, TL, USA)olA 7433t} PGE2 44
¥ 3HE 9 enzyme immunoassay (EIA) kite
Amersham Corp.o| A T 3te] AHE-3199 T} Telomerase &



Table 1. Sequences of primer used for RT-PCR
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Gene name Sequence
KTERT Sence 5-AGC-CAG-TCT-CAC-CTT-CAA-CC-3
Antisence 5-GTT-CTT-CCA-AAC-TTG-CTG-ATG-3'
TEP-A Sence 5-TCA-AGC-CAA-ACC-TGA-ATC-TGA-G-3
Antisence 5-CCC-CGA-GTG-AAT-CTT-TCT-ACG-C-3'
KR Sence 5-TCT-AAC-CCT-AAC-TGA-GAA-GGG-CGT-AG-¥
Antisence 5 -GTT-TGC-TCT-AGA-ATG-AAC-GGT-GGA-AG-3'
c-mve Sence 5-AAG-ACT-CCA-GCG-CCT-TCT-CTC-3'
4 Antisence 5-GTT-TTC-CAA-CTC-CGG-GAT-CTG-3
Sp-1 Sence 5-ACA-GGT-GAG-VTT-GAC-CTC-AC-¥
P Antisence 5-GTT-GGT-TTG-CAC-CTG-GTA-GT-3’
CoX1 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¥
4o 29& PCRY| 7128 £ WANSBAU[PCRbased  KitE ol§3ted 14 0 JAS 5ol £C, P A 0% 5

telomeric repeat ampliﬁcatlon protocol (TRAP) enzyme-
linked immunosorbent assay (ELISA), Boehringer Mannheim,
Mannheim, Germany]-& o]-&3} gt}

SHMIZO HY

Aol A U9 AAFFIAEE 3 gA72
(KRIBB, Taejeon, Korea)ol| x| £-9F utgtow 90%¢] RPMI-
1640 ¥R (Gibco BRL, Grand Island, NY, USA), 10% fetal
bovine serum (FBS, Gibco BRL)o] 1%¢] penicillin & strep-
tomycin (Gibco BRL)o] 3% AAWAZE Alg3td 5%
COy, 37°Ce] Z7soIM wl g3ttt

MTT assay= O|&&t ME MEAM ZAl

M EH]FE 6 well plates] well I 1x10°7]¢] U937 A=
#5310 piceatannol S W2 A3 L 4847
WA & A AL tetrazolium bromide salt (MTT, Sigma) A|
oF& 05 mg/ml FE& A3 200 pl® B35 1 347}
S PSS Mool BY g MIT Aoke AAS T
DMSOE 100 pl¥ H-F3to] wello] A9 formazing 25
%9l ¥ ELISA reader (Molecular Devices, Sunnyvale, CA,
USA)Z 540 nmollM FREE ZH3AY. 342 25 A
HE dgen, 2o g3 Fags 2 932 Microsoft
EXCEL program& Ap&3lo] 24390},
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Flow cytometryE 0|88t MZF7| 24
4’¢ 3 piceatannolo] F{8 WA oA A3 YALE
PBSZ A4 W A ou) 11, CycleTEST PLUS DNA REAGENT

d W& A7l v DNA flow cytometry (Becton
Dickinson, San Jose, CA, USA)ol| 2 &A1 A FHFureo w2
histogram-& ModiFit LT (Becton Dickinson) E2 180 &
Y

Reverse transcription-polymerase chain reaction
(RT-PCR) 24

TYE WA FHE FAEE HHo2 TRIzol re-
agent (Invitrogen Co., Carlsbad, CA, USA)E ©]4-3}4 total
RNAE £23190. 22" RNAE A3 % primer, DEPC
water, ONE-STEP RT-PCR PreMix Kit (Intron, Korea)& ¥
3L Mastercycler gradient (Eppendorf, Hamburg, Germany)
g o] &3t FZ 3¢t o|wf housekeeping A4 glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH)E in-
ternal controlZ AFE-3l¥th 2+ PCR AHEES 1% agarose
gelS 0]%6}0# b3l 7]0350}_1_ ethidium bromide (EtBr,
Sigma)z 4% F UV sl A ST,

Chfzlol 22| HMI|YE U Western blotting

4 92 plceatannolol A E RN A3 HEES ly-
sis bufferi £33 T, &L INEHUZ AE Y AAES B
A7l ¥ 59 od¥ld-& SDS-polyacrylamide gel H714
Foz2 Bsiatt. Eod 9¥A4S nitrocellulose mem-
brane (Schleicher and Schuell, Keene, NH, USA)2.2 A o]
A %, B4 iAol ok Ao} 1o oig o2 A W
+S AAg & enhanced chemiluminoesence (ECL) &<

{(Amersham Life Science)g #-8A|7) th-& X-ray filmol} 7+
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Y ZA0A Fulg ME piceatannol S FEHZ u)
Al gMstel Aejeta, ol vpA%} wjA) e F& 2F 180
ula FAAZAY. BAZ F oujAd 25%9  dodecyl-
trimethylammonium bromides} 58 bufferE 20 pl 7}
sto] F viA 9] ol 200 pl HA & F lysis7} F Dot
% pipettings 3 AASHE do o 1083 in-
cubation ¥ Trypan blueE o] &-3lco] A ¥ ] 48 AS
St Th oF 50 ul9] lysateZ #3}o] kitol] &3 protocolol] u}
2} EIAE AAIg £ 450 nme] sgo) A dold ghs 7150
2 PGE29] F439g}.
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Telomerase &M &3

ZHlE A EES Ro} 200 ml lysis reagentol] 1x10°7) <)
AZE HojA 308 F& oA lysisE AN Gk
TRAP ®H3-& 91319 2 mge] Bdo] &48 2 mlo) A E
F29g 25 ml9 reaction mixtured) T &, 22,8
7bete] HF volumeo] 50 ml7} H =2 3t} PCRE pri-
mer elongation (25°Cejl A 308-31), telomerase inactivation
(94°Coll A} 587h), product amplification (94°CellA] 30,
50°Col| A 302 2 72°Col A} 902 30 cycles)9] A2 218
o] §9lon, o]& o]8-34 hybridization#} ELISA reaction
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Fig. 1. Growth inhibition and apoptosis induction by piceatannol treatment in U937 human leukemic cells. (A) U937 cells were
plated at 1x10° cells per 60-mm plate, and incubated for 24 hr. The cells were treated with variable concentrations of picea-
tannol for 48 hr. The growth inhibition was measured by the metabolic-dye-based MTT assay. Results are expressed as
the means:SE. of three independent experiments. (B) Effects of piceatannol on cell cycle distribution of U937 cells.
Exponentially growing cells were treated for 48 hr with indicated concentrations of piceatannol. The cells were trypsinized
and pellets were collected. The cells were fixed and digested with RNase, and then cellular DNA was stained with PI,
and analyzed by flow cytometry. Arrows mean the frequency sub-Gl cell population. Results are expressed as average
from two separate experiments. (C) The cells were incubated with piceatannol for 48 hr, lysed and cellular proteins were
separated by SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were probed with
the indicated antibodies. Proteins were visualized using ECL detection system. Actin was used as a loading control.



SA ANY AEF7) A= AEFY) 2 FAAAY 2
d Ast we $4 23 AR HLP) A7 Aog a9k
g 4 tH21,25]. wekA piceatannole] E]o] 93 SA X
o FAHAA AEF7] R A7 AYQA 9 dBA4L
AYeA 9 AR E 2ALE7] 431 URT7 ALY AEZF7)
EX9) "X piceatannol®] FF& ZAEIAL. o] 5 Y3}
o 3% % ¥ F=9 piceatannolo] Az g Hl = o)A
U937 MEE 48717+ v 3 & flow cytometryE o] -3}
A% 43 Table 20] Yebd uke} 2th = piceatannol
ol A && A WA NN A FMTY H$ Gl S
2 G2/M719 H3H = AxY HisE o 50%, 28% L 22%
A=F a8y piceatannolo] A 2]g v A oA ek U937
AX o] AL E3 S7]°ﬂ © MXE9 HIE7} piceatannol
Ae T&7} $U1E5E Z—iii sl 60 uM 2 80
pM AZT oA Zhzt oF 36% 2 R%E ARG old T
S7) M EY WIE F7to) el Gl 2 G2/M7)d] &3t AE
g HEE FjHo g A5 o] piceatannold] ©}3+ U7 A
z9 %"4‘5]7912 A EF7] S7]-arrests} Aol &S & &
YA olE A FME SK-Mel-28 HT oA B2y AL
o 2 dAH = AHATH15]. & apoptosis7} ol AlE
9 FFA e T AEF7) sub-Glr)d &8E A
Zo HE X wf§ F7hE L, apoptosis fridto] Uojt
AEEA #25= phospholipase C (PLC)-y1 € inhibitor
of caspase-activated DNase/DNA fragmentation factor
(ICAD/DFF)45¢] w1 8[11,28]= 25 o], piceatannol A
glof o3k U937 MZ 9| S7) arrestS 53 24 9A & apop-
tosis ra AHAQ ARl Y&S ¢ & AU

Telomerase2| &A U 23
piceatannol®| &

Telomere= @A 9] Ttk K-9o] repeat sequences
(TTAGGG)Z o] Foj A gloH, o|d whE-Fx9 A4 9 &
A #AAsl= 47} telomeraseo| TH17]. F4} iﬂ /‘1]%0111\1
+ telomerased] &4jo] gl7] W&o AT/} REGSE te-
lomere®] ZAol& ZolAA HAT, GAH T 90% °]’E}°ﬂ A

ZHOUXI| dHol DlX=

Table 2. Fractions of each cell cycle phase of U937 human leu-
kemic cells cultured in the presence or absence of
various concentration of piceatannol for 48 hr

% of cell
Ppiceatannol

Gl S G2/M
0 49.87 28.33 21.80
10 46.76 2577 2747
20 44.82 27.74 27.44
40 48.82 24.27 2691
60 38.63 36.48 24.89
80 44.54 4148 13.98
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£ telomerase?] catalytic subunit ©&#4-& codingsdt= hu-
man telomerase reverse transcriptase (hTERT)7} 333 =
o] 131 o] & Q3 =L telomerased] AL Yehiz Yot
gt =3}, EAY L AGAES FolAM B ohg
el WA AYE o] 53 WY A@Aol don, ¢
Agy 1P =& vehlle AR AHEE F Y5 Al
Absle) #H14,17]. =38+9] 4dolA A= telomered] 24
& FAA 9 Aol ’e}’éﬂb Zolw o] DNA damag-
ing agento] 213 p53 ¥ p2IWAF1/CIP19] #&Z712 <l
g AEF7] arrest FEE A=A TH16,24]. 53]
b7l AT FEA telomerase®] &4 hTERT &34
o] wy FAH) og Ao|iL, hTERT 422 promoter &
o= & §AA promoter B X4 ¢ 2o HAAzE
Aol AR (Sp-1 2 cmyc 5)& B3 919 activa-
tor I+ repressorZ &8 4 ITH4,17]. o] FaA S
283k piceatannols] Azl &3 VBT AE 24 o)
7} FGAE GAR) D £)5+ telomered] FA 3}
ol @A} A=AE ZASIAS o] & 98t hTERTE X
33t human telomerase RNA (hTR), telomerase-associated
protein-1 (TEP-1) 2 Sp-13} c-mycd 22 AALZZH 9 #L9]
o] nXE piceatannole] 983} telomerase Ao o
A+ piceatannol®] FEFE ZA3HT}. Fig. 29 Ao A
& =0 piceatannob] A 9sled hTERTY HAALG:
Zo] piceatannol A& FE &3 o7 A %ol ZAESY
o, & th2 2AAAG TEP-1% th4 ZAad9nh 2184y
hTERTS] AAzAd 83 98-S st= cmyc Z Sp-19]
BgoE 2 Wt YATHFig. 2A). B3 piceatannole] A
2ol e} telomerased] ¥4 HA| piceatannol A& F=7}
F7HEFE v FoH R A H0, piceatannol A ] o]
mE U937 A X9 Z‘—é]‘ﬁiﬂv‘: telomerase &4 A3} o]
AT ABAYol &S ¢ F AN (Fig 2B).
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Z 7% apoptosise] W AFAHE e Fog EO]-
3 @5 A AR g3tel COX-27F AT A
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Down-regulation of hTERT and TEP-1, and inhibition of telomerase activity by piceatannol treatment in U937 human leuke-
mic cells. (A) After 48 hr incubation with piceatannol, total RNAs were isolated using an RNA Zol B reagent and RT-PCR
was performed using indicated primers described in materials and methods. The amplified PCR products were run in a
1% agarose gel and visualized by EtBr staining. GAPDH was used as a house-keeping control gene. (B) After 48 hr in-
cubation with piceatannol, telomerase activity of U937 cells was measured using a TRAP-ELISA kit. Results are expressed
as the means:S.E. of three independent experiments.

Piceatannol (uM)

A 0 10 20 a0 6o 9 e
<+— COX-1 E 100
S 90 |
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o
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[
B) <«— COX-1 2 ;g |
5]
® 20}
| «— cox-2 € i
. 0 o
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Piceatannol (uM)

Effects of piceatannol treatment on the levels of COXs and PGE2 in U937 human leukemic cells. (A) The cells were in-
cubated with piceatannol for 48 hr and total RNAs were isolated and RT-PCR was performed using COX-1 and COX-2
primers. GAPDH was used as a house-keeping control gene. (B) The cells were incubated with piceatannol for 48 hr, lysed
and cellular proteins were separated by SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The mem-
branes were probed with the anti-COX-1 and anti-COX-2 antibodies. Proteins were visualized using ECL detection system.
Actin was used as a loading control. (C) U937 cells were treated with the indicated concentrations of piceatannol for 48
hr and collected. The PGE2 accumulation in the medium was determined by an EIA kit as described in materials and
methods. Results are expressed as the means+SE. of three independent experiments.
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