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Induction of Cdk inhibitor p21 and inhibition of cyclooxygenase-Z by resveratrol in human lung
carcmoma A549 cells. Young Ae Kim', Sun-Young Lim’, Sook-Hee Rhee’, Kun-Young Park®, Won Ho
Lee* and Yung Hyun Ch01 Department of Biochemistry, Dongeui University College of Oriental Medicine,
Busan 614-052, Korea, 'Institute of Natural Medicine, Toyama Medical and Pharmaceutical Umverszty
Toyama, Japan, *Division of Oceun Science, Korea Maritime University, Busan 606-791, Korea, Department
of Food Science and Nutrition, ‘Department of Biology, Pusan National University, Busan 609-735, Korea —
Resveratrol, a phytoalexin found at high levels in grapes and in grape products such as red wine,
has been reported to possess a wide range of biological and pharmacological activities including anti-
oxident, anti-inflammatory, anti-mutagenic, and anti-carcinogenic effects. According to recent studies,
this compound is an effective inhibitor of cell growth in general, triggers partial arrest of the cell cycle
and induce apoptosis. In this study, the anti-proliferative effects of resveratrol in A549 human lung
carcinoma cells were investigated. It is shown that resveratrol induced the growth inhibition in a
time-dependent manner and morphological changes of A549 cells, which were associated with
induction of S phase arrest of the cell cycle and apoptotic cell death. The Bcl-Xi levels were markedly
down-regulated in resveratrol treated cells, however, Bax and Bcl-2 were remained unchanged. Res-
veratrol treatment induced the proteolytic degradation of Sp-1 and proliferating cell nuclear antigen
protein, and inhibited the expression of B-catenin protein. Resveratrol treatment also induced a marked
up-regulation of cyclin-dependent kinase (Cdk) inhibitor p21 and inhibited the kinase activities of
Cdk2 and Cdk4. In addition, resveratrol treatment inhibited the levels of cyclooxygenase (COX)-2
mRNA and protein, and the release of prostagladin E2 without alteration of COX-1 expression. Taken
together, these findings suggest that resveratrol may be a potential chemotherapeutic agent for the
control of human lung carcinorma cells.
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Fig. 1. A) Chemical structure of resveratrol and B) anti-
proliferative effects of resveratrol in A549 human
lung carcinoma cells. A549 cells were treated with 50
UM resveratrol for indicated times and the viable cells
were counted. Data are means +/- SD of three
separate experiments.
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Reverse transcription-polymerase chain reaction &4

A 9 N2 g8 ¥9 resveratrolo] 53 u]x oA
48417 vjokE A EE Ao 2 RNAzol B(TEL -TEST, Inc.,
Texas, USA)E o] &3}4 total RNAZ stgth. E8¥
RNAE A #F& &, Choi et al. [9]¢) H&‘aﬂ Oﬂ F3}4 oligo dT
primer9} AMV reverse transcriptaseE ©o]£3}] 2 pgol
RNAd|A ss cDNAES FAA3tH . ©] cDNAE template2
AREsle #E U §3AE polymerase chain reaction
(PCR) o2 ZZ &} cl(Table 1). o]ul housekeeping
AR glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
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Table 1. Gene-specific primers for RT-PCR

Gene name Sequence

Bax Sence 5-ATG-GAC-GGG-TCC-GGG-GAG-¥
Antisence 5-TGG-AAG-AAG-ATG-GGC-TGA-¥

Bel-X, Senc'e 5-CAG-CTG-CAC-CTG-ACG-¥
Antisence 5-GCT-GGG-TAG-GTG-CAT-¥

Bel2 Sence 5-CAG-CTG-CAC-CTG-ACG-3
Antisence 5-GCT-GGG-TAG-GTG-CAT-3
Sence 5'-GCT-CTG-ACT-GTA-CCA-CCA-TCC-3’

p33 Antisence 5-CTC-TCG-GAA-CAT-CTC-GAA-GCG-¥

p21 Sence 5-CTC-AGA-GGA-GGC-GCC-ATG-¥
Antisence 5-GGG-CGG-ATT-AGG-GCT-TCC-¥

COX1 Sence 5-TGC-CCA-GCT-CCT-GGC-CCG-CCG-CTT-¥
Antisence 5'-GTG-CAT-CAA-CAC-AGG-CGC-CTC-TTC-3

COX-2 Sence 5-TTC-AAA-TGA-GAT-TGT-GGG-AAA-AT-¥
Antisence 5-AGA-TCA-TCT-CTG-CCT-GAG-TAT-CTT-¥

GAPDH Sence 5-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3
Antisence 5-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-¥

£ internal control2 Al&-3Hd. Z+ PCR AHEEL 1%
agarose gel& ©|8-3ld AH71¥% 382 ethidium bromide
(EtBr, Sigma)Z G413t & UV 3lojlo &elstgt

cujol 23| MI7IHS ¥ Western blotting

A}y]g]_ xq H]-l:g o2 Folg oUﬂ =8 A3l H&\ﬂ[g]oﬂ
Z35le] A4 9 resveratrolo] M B wlA A AT AXTE
& lysis buffer2 £33 &, AT W AAEL BIA 2
Zro] T A8 SDS-polyacrylamide gel #7]%9 502 £ o}
. Bgd 9 A2 nitrocellulose membrane (Schleicher
and Schuell, Keene, NH, USA)e.2 A 0] A7l &, EX o
Aol g FA S 2o gt o] 2} FA WHES HAF F en-
hanced chemiluminoesence (ECL) -9 (Amersham Life Sci-
ence Corp., Arlington Heights, IL, USA)-2 #8417 o-&
Xray filme] ZFAA S Ae) BeLE pAasYL B
Ao AH2-8 452 Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA) 9 Calbiochem (Cambridge, MA, USA)ol| A
TAs e, o]z &g AFEH horseradish peroxidase-
labeled donkey anti-rabbit immunoglobulin 2 peroxidase-
labeled sheep anti-mouse immunoglobulin® Amersham
Corp. (Arlington Heights, IL, USA)o| A 434t

In vitro immunocomplex kinase assay
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& H#% & [y -"P|ATP (ICN, Irvine, CA, USA) 2 histone

H1 (Sigma)°] E°I3l= reaction bufferS E§sle] 37Tl A
087 vk A AT F%2 2 X SDS sample buffers 4
3t &, 10% SDS-polyacrylamide gelg- o] &3} A 7|

o2 FIa3h ol8A 29 gel& 2™ F autoradio-
graphy2 ¥-3-9] A& nlwstgch
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COX-29] tJAHFEQl prostaglandin E2 (PGE2)2] A Ao
o X £ resveratrold] FEFE FAsH7) Aste AHEE en-
zyme immunoassay (EIA) kit= Amersham Corp.ol A ¢
4o WA FE61E A549 HYg A EE 9%6-well plated] well
160 plo] wl Ao 10° cell/well FT & B33l 2447 =
Qv Fe ¥, resveratrol g FEHE sjAld] sH5to g
st oju) mpA Tk WA e XL 2T 180 plE EYA AT
48A17F & Wi Ao 2.5%<] dodecyltrimethyl-ammonium bro-
mide7} &-&H bufferS 20 pl 718t £ =gl okol 200
usA 3 F 837t & U E pipettingS 43 A A8}
A} 420 oF 1083t incubation & ¥ trypan blue® o] &
gt M X FE At o 50 11191 lysateS 3}
kitol] £& protocolol| wte} EIAE A A3 & 450 nme] 93
oA dojR e 7|Eo2 PGE2Y 4E FAHSAT

Zat o g
A549 MIZ9} Z4{0)| OIR}= resveratrol®] Y&
A549 QUA| HAAME] FA e H| X = resveratrole] %
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Fig. 2. A} Morphological changes in A549 human lung car-
cinoma cells following treatment with resveratrol.
Exponentially growing cells were incubated with either
vehicle alone (0) or resveratrol for 48 h. Cell mor-
phology was visualized by light microscopy. Magnifi-
cation, x200. B) Effects of resveratrol on distribution
of the cell cycle in A549 cells. Cells were treated with
resveratrol for indicated concentrations. After 48 h
incubation, the cells were fixed, stained with PI and
then analyzed by flow cytometry. Data are means
average of two separate experiments.
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Fig. 3. A) Induction of apoptotic bodies in resveratrol-treated
A549 human lung carcinoma cells. Cells were treated
with 50 M resveratrol for 48 h, fixed and then stained
with DAPL After 10 min incubation at room tem-
perature, the cells were washed with PBS and nuclear
morphology was photographed with a fluorescence
microscope using blue filter. Magnification, X400. B)
Down-regulation of Bcl-Xp mRNA by resveratrol treat-
ment in A549 cells. Cells were incubated with resvera-
trol for 48 h and total RNAs were isolated and RT-PCR
was performed using Bax, Bcl-2 and Bcl-Xp primers
described in materials and methods. GAPDH was used
as a house-keeping control gene.
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Fig. 4. Degradation of Sp-1, PCNA and f-catenin protein by
resveratrol treatment in A549 human lung carcinoma
cells. Cells were incubated with resveratrol, lysed and
cellular proteins were separated by SDS-polyacrylamide
gels and transferred onto nitrocellulose membranes.
The membranes were probed with the indicated anti-
bodies. Proteins were visualized using ECL detection
system. Actin was used as a loading control.
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Fig. 5. A) Effects of resveratrol treatment on the levels of
tumor suppressor p53 and Cdk inhibitor p21 in A549
human lung carcinoma cells. Cells were incubated
with resveratrol for 48 h and total RNAs were isolated
and RT-PCR was performed using p53 and p2l
primers described in materials and methods. GAPDH
was used as a house-keeping control gene. B) Inhibj-
tion of kinase activittes of Cdk2 and Cdk4 by
resveratrol treatment. in A549 cells. Total cell lysate
(0.5 mg protein) from control cells and cells treated
with resveratrol for 48 h were immuoprecipitated with
anti-Cdk2 and anti-Cdk4 antibodies. Kinase activities
were measured on the immunocomplexes using his-
tone H1 as a substrate. Phosphorylated histone H1 was
analyzed by 10% SDS-polyacrylamide gel electropho-
resis and autoradiography of the electroblotted gels.
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Fig. 6. Effects of resveratrol treatment on the levels of COXs and PGE2 release in A549 human lung carcinoma cells. A) Cells
were incubated with resveratrol for 48 h and total RNAs were isolated and RT-PCR was performed using indicated primers
described in materials and methods. GAPDH was used as a house-keeping control gene. B) After 48 h treatment with
resveratrol, cellular proteins were separated by 10 % SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were probed with the aindicated antibodies. Proteins were visualized using ECL detection
system. Actin was used as a loading control. C) Cells were seeded in 96-well plates (1x10° cells/well) and treated with
resveratrol for 48 h. The PGE2 levels in the culture medium was measured by EIA. Values are mean + S.E. of three

independent experiments.

8t7] 93te] A EE= B39 phytoalexin
& el Fg, o 53 B et 2Hg-
2 7+ FE 82 7 Ao BaEod 21 Q)
o B AP A resveratrol?] 8etatE A A L Y3}
o] A549 QA H LM FE L F24d mX & resveratrol] Hdk
$ ZAEHE - A549 ME2 MESL resveratrold] XAl
it HatA AAHAoH, ole GAEY OGP

% UYL FUW AEF7) G2/M arrest 2 G
% W4 599 apoptosis F2 9B AL ¢ &

t}. Resveratrol 2o 23+ apoptosis 22 Bcl-29]
3} glo] Bal-Xod 2d Ao W2 g3 Baxd
%7k} Sp-1, PCNA o p-catenin 53} & gide] 2
ot ddgol A 3 resveratrolol] 93 A549 A
9] &4 9 A= Cdk inhibitor p21¢] 2¥ F7}o] B & Cdks
9} kinase ¥4 A3} © COX-2¢9] Aehz Asjo) ul& PGE2
A3 Aslel #o] Ak

mm&mn;;g“‘“
49 B eml 32 op o

#HAlYl 2

2 a7

fr

NARAR BB S AEAY ] 2 Q0PI

PG3-20905-0009)l ¢jste] o] Fo|F Ao AF-EYT)
A28

1. Ahmad, N., V.M. Adhami, F. Afag, D.K. Feyes and H.
Mukhtar. 2001. Reveratrol causes WAF-1/p21-mediated
Gl-phase arrest of cell cycle and induction of apoptosis in
human epidermoid carcinoma A431 cells. Clin Cancer Res
7, 1466-1473.

2. Arends, M],, RG. Morris and A.-H. Wyllie. 1990. Apoptosis.
The role of the endonuclease. Am | Pathol 136, 593-608.

3. Arichi, H, Y. Kimura, H. Okuda, K. Baba, M. Kozawa and
S. Arichi. 1982. Effects of stilbene components of the roots
of Polygonum cuspidatum Sieb. et Zucc. on lipid metabolism.
Chem Pharm Bull 30, 1766-1770.

4. Barry, MA., C.A. Behnke and A. Eastman. 1990. Activation
of programmed cell death (apoptosis) by cisplatin, other
anticancer drugs, toxins and hyperthermia. Biochem Pha-
rmacol 40, 2353-2362.

5. Brancolini, C., D. Lazarevic, ]. Rodriguez and C. Schneider.
1997. Dismantling cell-cell contacts during apoptosis is
coupled to a caspase-dependent proteolytic cleavage of B-
catenin. | Cell Biol 139, 759-771



10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Chiarugi, V., L. Magnelli and G. Basi. 1994. Apoptosis and

the cell cycle. Cell Mol Biol Res 40, 603-612.

. Chiarugi, V., L. Magnelli and O. Gallo. 1998. Cox-2, iNOS

and p53 as play-makers of tumor angiogenesis. Int | Mol
Med 2, 715-719.

. Choi, Y.H., WH. Lee, L. Zhang and K.Y. Park. 2000. p53-

independent induction of p21"***, reduction of cyclin

Bl and G2/M arrest by the isoflavones genistein in human
prostate carcinoma cells. Jpn | Cancer Res 91, 164-173.

. Choi, Y.H., KR. Kong, Y.A. Kim, K.O. Jung, J.H. Kil, SH.

Rhee and K.Y. Park. 2003. Induction of Bax and activation
of caspases during p-sitosterol-mediated apoptosis in
human colon cancer cells, Int | Oncol 23, 1657-1661
Clement, M.V., J.L. Hirpara, C5.H. Hawdhury and S.
Pervaiz. 1998. Chemopreventive agent resveratrol, a natural
product derived from grapes, triggers CD95 signaling-
dependent apoptosis in human tumor cells. Blood 92, 996-
1002.

Dempke, W., C. Rie, A. Grothey and H.J. Schmoll. 2001.
Cyclooxygenase-2: a novel target for cancer chemotherapy?
] Cancer Res Clin Oncol 127, 411-417.

Dercks, W. and LL. Creasy. 1989. The significance of
stilbene phytoalexins in the Plasmopara viticola-grapevine
interaction. Physiol Mol Plant Pathol 34, 189-202.

El-Deiry, W.S., T. Tokino, V.E. Velculesco, D.B. Levy, R.
Parsons, M. Trent, D. Lin, D., EW. Mercer, KW. Kinzler
and B. Vogelstain. 1993. WAF1, a potential mediator of
p53 tumor suppression. Cell 75, 817-825.

Estrov, Z., S. Shishodia, S. Faderl, D. Harris, Q. Van, HM.
Kantarjian, M. Talpaz and B.B. Aggarwal. 2003. Resveratrol
blocks interleukin-1p-induced activation of the nuclear
transcription factor NF-kB, inhibits proliferation, causes
S-phase arrest, and induces apoptosis of acute myeloid
leukemia cells. Blood 102, 987-995.

Evans, V.G. 1995. Multiple pathways to apoptosis. Cell Biol
Int 17, 461-476.

Fesus, L., Z. Szondy and 1. Uray. 1995. Probing the mo-
lecular program of apoptosis by cancer chemopreventative
agents. | Cell Biochem 22, 151-161.

Giercksky, K.E. 2001. COX-2 inhibition and prevention of
cancer. Best Pract Res Clin Gastroenterol 15, 821-833.
Goldberg, D.M., S.E. Hahn and J.G. Parkes. 1995. Beyond
alcohol-beverage consumption and cardiovascular mor-
tality. Clin Chim Acta 237, 155-187.

Hickman, J.A. 1992. Apoptosis induced by anticancer
drugs. Cancer Metastasis Rev 11, 121-129.

Hockenbery, D.M.,, Z\. Oltvai, XM. Yin, C.L. Milliman and
SJ. Korsmeyer. 1993. Bcl-2 functions in an antioxidant
pathway to prevent apoptosis. Cell 75, 241-251.

Huang, C, W.Y. Ma, A. Goranson and Z. Dong. 1999.
Resveratrol suppresses cell transformation and induces
apoptosis through a p53-dependent pathway. Carcinogenesis
20, 237-242.

Huang, Y., 5. Nakada, T. Ishiko, T. Utsugisawa, R. Datta,
S. Kharbanda, K. Yoshida, R.V. Talanian, R. Weichselbaum,
D. Kufe and ZM. Yuan. 1999. Role for caspase-mediated

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Journal of Life Science 2004, Vol. 14. No. 5 807

cleavage of Rad51 in induction of apoptosis by DNA
damage. Mol Cell Biol 19, 2986-2997.

Jang, J.H. and Y.J. Surh. 2003. Protective effect of resv-
eratrol on B-amyloid-induced oxidative PC12 cell death.
Free Radic Biol Med 34, 1100-1110.

Jang, JH. and Y.J. Surh. 2001. Protective effects of res-
veratrol on hydrogen peroxide-induced apoptosis in rat
pheochromocytoma (PC12) cells. Mutat Res 496, 181-190.
Jang, M,, L. Cai, G.O. Udeani, K.V. Slowing, C.F. Thomas,
CW.W. Beecher, HHS. Fong, N.R. Farnsworth, A.D.
Kinghorn, R.G. Mehta, R.C. Moon and J.M. Pezzuto. 1997.
Cancer chemopreventative activity of resveratrol, a natural
product derived from grapes. Science 275, 218-220.

Jo, EH.,, HD. Hong, N.C. Ahn, JW. Jung, SR. Yang, JS.
Park, S.H. Kim, Y.S. Lee and K.S. Kang. 2004. Modulations
of the Bcl-2/Bax family were involved in the chemo-
preventive effects of licorice root (Glycyrrhiza uralensis
Fisch) in MCF-7 human breast cancer cell. | Agric Food
Chem 52, 1715-1719.

Joe, AK., H. Liu, M. Suzui, M.E. Vural, D. Xiao and LB.
Weinstein. 2002. Resveratrol induces growth inhibition,
S-phase arrest, apoptosis, and changes in biomarker ex-
pression in several human cancer cell lines. Clin Cancer Res
8, 893-903.

Kim, Y.A., B.T. Choi, Y.T. Lee, D.I. Park, SH. Rhee, K.Y.
Park and Y.H. Choi. 2004. Resveratrol inhibits cell pro-
liferation and induces apoptosis of human breast carcinoma
MCEF-7 cells. Oncol Rep 11, 441-446.

Kim, Y.A.,, W.H. Lee, T.H. Choi, S.H. Lee, KY. Park and
Y.H. Choi. 2003. Involvement of p21, pRB, Bax and NF-«B
in induction of growth arrest and apoptosis by resveratrol
in human lung carcinoma Ab49 cells. Int | Oncol 23,
1143-1149.

Larrosa, M., F.A. Tomas-Barberan and J.C. Espin. 2003.
Grape polyphenol resveratrol and the related molecule
4-hydroxystilbene induce growth jnhibition, apoptosis,
S-phase arrest, and upregulation of cyclins A, E, and Bl in
human SK-Mel-28 melanoma cells. | Agric Food Chem 51,
4576-4584.

Liu, WK, SX. Xu and C.T. Che. 2000. Anti-proliferative
effect of ginseng saponins on human prostate cancer cell
line. Life Sci 67, 1297-1306.

Lowe, SW., HE. Ruley, T. Jacks and D.E. Housman. 1993.
p53-dependent apoptosis modulates the cytotoxicity of
anticancer agents. Cell 74, 957-967.

Miyashita, T. and J.C. Reed. 1995. Tumor suppressor p53
is a direct transcriptional activator of the human bax gene.
Cell 80, 293-299.

Morgan, D.O. 1995. Principles of CDK regulation. Nature
374, 131-134.

Paceasciak, C.R,, S. Hahn, E.P. Diamandis, G. Soleas and
DM. Goldberg. 199. The red wine phenolics frans-
resveratrol and quercetin block human platelet aggregation
and eicosanoid synthesis-implications for protection against
coronary heart disease. Clin Chim Acta 235, 207-219.
Reddy, BS., C.X. Wang, H. Samaha, R. Lubet, V.E. Steele,



808

37.

38.

39.

40.

41.

42,

Journal of Life Science 2004, Vol. 14. No. 5

G.J. Kelloff and C.V. Rao. 1997. Chemoprevention of colon
carcinogenesis by dietary perillyl alcohol. Cancer Res 57,
420-425.

Reed, ].C. 1998. Bcl-2 family proteins, Oncogene 17, 3225-
3236.

Rickers, A., N. Peters, V. Badock, R. Beyaert, P. Vanden-
abeele, B. Dorken and, K. Bommert. 1999. Cleavage of
transcription factor SP1 by caspases during anti-IgM-
induced B-cell apoptosis. Eur | Biochem 261, 269-274.
She, Q.B., AM. Bode, W.Y. Ma, N.Y. Chen and Z. Dong.
2001. Resveratrol-induced activation of p53 and apoptosis
is mediated by extracellular-signal-regulated protein
kinases and p38 kinase. Cancer Res 61, 1604-1610.

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

Subbaramaiah, K, W.J. Chung, P. Michaluart, N. Telang,
T. Tanabe, H. Inoue, M. Jang, ]M. Pezzuto and AJ.
Danneberg, Resveratrol inhibits cyclooxygenase-2 tran-
scription and activity in phorbol ester-treated human
mammary dpithelial cells. | Biol Chem 273, 21875-21882.
Surh, Y.J., YJ. Hurh, .Y, Kang, E. Lee, G. Kong and SJ.
Lee. 1999. Resveratrol, an antioxidant present in red wine,
induces apoptosis in human promyelocytic leukemia (HL-
60) cells. Cancer Lett 140, 1-10.

43.

4.

45,

46.

47.

48.

Surh, YJ., K.S. Chun, H.H. Cha, S.S. Han, Y.S. Keum, KK.
Park and SS. Lee. 2001. S.S., Molecular mechanisms
underlying chemopreventive activities of anti-inflammatory
phytochemicals: down-regulation of COX-2 and iNOS
through suppression of NF-kB activation. Mutat Res 480-
481, 243-268.

Tewari, M., L.T. Quan, K. O'Rourke, S. Desnoyers, Z.
Zeng, D.R. Beidler, G.G. Poirier, G.5. Salvesen and V.M.
Dixit. 1995. Yama/CPP32 f, a mammalian homolog of
CED-3, is a CrmA-inhibitable protease that cleaves the
death substrate poly(ADP-ribose) polymerase. Cell 81, 801-
809.

Tsan, M.F., ].E. White, ].G. Maheshwari and G. Chikkappa.
2002. Anti-leukemia effect of resveratrol. Leuk Lymphoma
43, 983-987.

Turini, M.E. and R.N. DuBois. 2002. Cyclooxygenase-2: a
therapeutic target. Annu Rev Med 53, 35-57.

Vainio, H. 2001.Is COX-2 inhibition a panacea for cancer
prevention? Int | Cancer 94, 613-614.

Wolter, F., B. Akoglu, A. Clausnitzer and ]. Stein. 2001.
Downregulation of the cyclin D1/Cdk4 complex occurs
during resveratrol-induced cell cycle arrest in colon cancer
cell lines. | Nutr 131, 2197-2203.



