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Histone acetylation appears to play an important role in transcriptional regulation of cancer.
Inactivation of chromatin by histone deacetylation is involved in the transcriptional repression of several
tumor suppressor genes. Previously, our study showed qurecetin increased acetylation of histone H3
which modulated the expression of FasLin HL-60 cells. In addition, another flavonoid, apigenin,
increased histone H3 acetylation medialted p2lexpression resulting in cell cycle arrest in MDA-MB-231
cells. The following study will investigate the effect of luteolin, 3'.4',5,7-tetrahydroxyflavone, in
anticancer potential involving histone acetylation. Luteolin, , is a common flavonoid that exists in many
types of plants including fruits, vegetables, and medicinal herbs. Plants rich in luteolin have been used in
Chinese traditional medicine for treating various diseases such as hypertension, inflammatory disorders,
and cancer. Here, we found that luteolin was able to induce HL-60 cells apoptosis. For further
understanding of this molecular mechanism we applied western blot, DNA electrophoresis, PCR,
RT-PCR and ChIP assay. As a result we discovered that luteolin activated JNK MAPK pathway
facilitating c-jun transcription factor translocation from cytosol to nuclear. In addition, luteolin induced
hyperacetylation of FasL promoter and change chromatin structure which increased transcriptional
activity of FasL. This de novo FasL induced caspase 8 and caspase 3 activation and PARP cleavage in
regulating the luteolin-induced apoptosis. Taken together, luteolin induced HL-60 cells apoptosis through
JNK/c-Jun signaling pathway and histone modification. Overall, luteolim presents antitumor activity

involving mediating histone H3 acetylation.

Keywords: luteolin, apoptosis, histone acetylation.
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1. X 7] 2% 5x (Epigentics and Cancer)

BGF Y R e ARG A - fEd AT T AL R 0 - AT A A
2REPIES LA R A § 32 ER ] & Fl(tumor-supressor genes, TSGs)de £ # it & &L
H 4v RO 7 Fl(oncognes) & IR > B B RBIE O B B o A iTE RN AR ARG Y
bree R o % W8 1@ 1 4 (epigenetic changes) ¥ 12 g & % ¢ £ % (chromatin remodeling) 3 i¢ & ¥ £
Biric % -DNASd mdv W ERES S48 F 8¢ whd caNg§ L - £ F i iz 4
B 4o 1z fg i+ (acetylation) ~ 7 z it (methylation) ~ &# p& it (phosphorylation) - £ % it
(ubiquitinylation) » Z¢ A it (carbonylation) » p% it (glycosylation) 2 2 SUMOylation » @ iz 1t i3 &F i
* % TE R b W H B PR B Blde TG TR AL BT 5 a2
PERATFLR

TE RN A FBEA L > B Rt B ZHMREFY 0 LRttt RS EE R0
¢ fiedE 45 f= (histone acetyltransferases, HATS)#-¢ fgdif fi= A(acetyl-coenzyme A)} e fgfk & 45 3|
e b oehgiept o 6 @R b e NHY R A ¢ Rl 0 TR EL Y Ao @S H2 R
i Ard > RAF L T DNA 2 L 2 ey B Fhes Hd %* SH TR o AR R B B
4 z figp# (histone deacetyltransferases, HDACS) it 59 #-% 3o } e fa A ",ﬁ? rmRA T Fa sy
FA FER L FREED A TS 4.

Fv o fpit i & & d HATs &2 HDACs & i % B en-T frdriddy > A 8@ © #4720
far b e HDAC > RypE pE* Fk ko HDACs s 3 » 7 -2 o % = < 4F @ Class
1(1,2,38)~Class I1(ITa:4,57,9~ 1Ib:6,10)2 2 Class M (SIRT1-7) » % - #F =7 HDACS F /&
g2 FRPD3 F-v 0 ¢t 5f HDACs = j"i At Y > PR A AL AR
%5 % 2 % HDACs Bl Rt Fen Hdal » @ 197 00 s dm ¥ chin B > flm P22 fm
e @4k o @ Class Ib R 5 3tmfe > X ¥ ARt B A B2 2 RATH LT 5247
71 HDACs R £_F R+t Sir2 » & /f & 3 NAD'F 2 F]F > 2 i 5% » 3 B 2 4 Fpimre p § 1
R ROATFI AR AT R SIRTL v 14 pb3 i 74 ¢ it > #r4] p53 s 4kid
M ﬂért 7+ i e HDACs » HDACLL 44§ p’f % Class IV HDACs » H 24 gz Class 1 ~ I 2 4p iz
B drh EUARGFREES o

2. ¥ % fr (Flavonoids)

Bow R BT - R Rehdny Om o 3F S R R
FREPR DA Ao AR AR RS 715 'Mi‘i/ﬁ’*a‘*“l* @

d A~B-C= Bkl ;‘Lf&ﬁﬂ/ﬂ\wjé_‘v:“ﬁ'éfiij BVl ATRE BIR < 2
FABRZ T A2 o4 3FFANMBASNERN S RE R AR ozl o X TR

® AT é? ¥ fir 28 (Flavones) ~ ¥ fr fi% %7 (Flavonols) ~ 2 § fr 47 (Isoflavones) ~ & % fig 4¢
(Flavanols) ~ & = fit £ (Flavanones) ~ 7= % (Anthocyanins) » iz & 5% fir = AR F M E 5 L /b
EAE T el 5"# B Rl R A T fug U 27 = R PRSI e
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* 4% %% (Luteolin, 3'4',5,7-tetrahydroxyflavone) >+ & fk g c— & - 4§ i &3 & A5 5 §
Pobldel RS AR oA BB BAFTLE HETE AHF FWMEfFRG S
RS RCE o ?*ﬁf%’Bﬁaﬁ%ﬁ*ﬁﬁﬁiﬁﬁipﬁﬁﬂ‘ﬁ%%#ﬁﬁ
SRR A T ENL Y F SRl S Ak £ 3§ Meni®® )k B (Seelinger, Merfort, & Schempp,
2008) - 2 b p oy e *ﬁﬁﬂi‘“%‘_? TABEREG PRk o AT MEE
5 "’?—"5’7’?"? B endir ] (5 % 5 Bildeay %“ﬁ““—‘ 3% 8 B 8k ¢ 7]+ o (Tumor Necrosis Factor-a,
TNF-o) & F_Frd|ipi £ £ fﬁﬁﬁ | ~ Il (Topoisomerase | ~ 1) &k 3% 3 fmPe 2= ; HiEwie ks HF
AEE F 5 i rdld VEGF #r# Hond § 374 > S H 5§58 7 7 Fl4p b o % (Kim et al,
2005) » ¥ *F o AFEEF v @ drd] MAPK/ERKS 22 PIBK/AKT & i 85/ krd|d " Fmre 4 £
FF gk e e 20 (E % (Lee et al., 2006) 5 4 F AR dg dt o AREEE LG Frdl g e e
AeniEd S P T A AL F PR T

P 3 B &
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ITE R <“F§)§:‘rma+§ VSRR E AR 0 AR RER AR A S FLF o pri
BRAF G oREia R ik 0 B R TR B 0 RD B F R OF R PR e R
AL TG - fd NRAFRER VRSB E 0 7 A MERE AR ZAFINLRT B
K ER LS S AP B 0 4 o fppFFe 1A (HDAC inhibitor, HDACH™ 2 3 e 4%
E_k Flend B A drdfakee d RN ERBwERNETS > BFEF ST S PR B 2k
o fibdh prar I RIS e X5 G lﬁﬁ”* fens Bl e ded 2o ER A pE 1AL S5 %5
WEGHEREA TLINRREDES R o PRTREL Y RSB KREDEALZ > R BR
)%‘ bty & AP R G H - R e rR 1T 0 R R S G SRS & e (e
EL > - B A FOHRERY AP eoR PR FHF IR - BT AN R
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53 gl A R i i Bt IR > RS 7 BT 4R
(A, B)E#- BRERQO@E T2 B iLd ¥ gmgE ks *Fit"}? Ko R AT i’ﬁ'ﬁfﬁ;i’?
AMEEFE LT R AED ek che fRi o ¥R TRip o &a REFEATILAR S ki
R eniT
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PR R AT SR - ¥ - X @AY, 7 3 diphenylpropane (C6-C3-C6) 2 %1, Bz
FAE R v g - AR N R AREAE LR R FUREL, SR M AT ARG
B3 B RE SRS - FX RS R 42 3 B ROS (77 £ 4041 topoisomerase | and I,
*# " NFKB and AP-1 /& 44,48 =_p53,#r+#| PI3K, STAT3, IGFIR and HER2, ¥t 34 43 & F-v e figit 4p
BASHIR G &R
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(=)~ W73z % (cell culture)

A Hg s g e e $RHL-60 (from The NHRI Cell Bank) /& p & 45 % #8129 & J5 (acute
promyelocytic leukemia) g, —"Ff ' #2 % %t 7 3 10% fetal bovine serum (FBS : Gibco BRL)~1% L-Glutamine
(GlIn : Gibco) ~ 1% Penicillin-Streptomycin (PS : Gibco) e#RPMI 1640 medium(RPMI-1640 : Gibco) » 2
% 4923 ¥5% CO, » 37T CIEE Tk B > w R A adF & 2x10°~1x10° > & @ { #2 % & 2~3= o

AR o o dw P2 3R U937 (from The NHRI Cell Bank) i p & 2% % &£ ¢ x J5 (acute
promyelocytic leukemia) g, —"Ff ' #2 % %t 7 3 10% fetal bovine serum (FBS : Gibco BRL)~1% L-Glutamine
(GlIn : Gibco) ~ 1% Penicillin-Streptomycin (PS : Gibco) e#RPMI 1640 medium(RPMI-1640 : Gibco) » 2
% $2% 5% CO, » 37T CIEIRTRE > wie % B @45 & 2x10°~1x10°% > Fir { 41 % & 2~3=% o

A 5E 5T s ve RMDA-MB-231(from The NHRI Cell Bank) > 3% % *t 7 3 10% fetal bovine serum
(FBS : Gibco BRL) ~ 1% L-Glutamine (GIn : Gibco) ~ 1% Penicillin-Streptomycin (PS : Gibco)»
Dulbecco’s Modified eagle medium (DMEM : Gibco) » 2 % f43% 5% CO, > 37T CIE Bk E » w2 B R
A 2x10°~1x10° Fx { HRr AL 2~3% o

(=)~ W ElEs s (MTT assay)

FI* 3 fmve g 5d n‘-’i’ifjwﬁ—i & fi#(dehydrogenase) it * > #-(3-[ 4 , 5-Dimethylthiazol-2-yl ]-2 ,
5-diphenyl-tetrazolium bromide ) [ MTT ] ¥ #:& / = % ¢ &0 formazan crystal » 1tk & 570 nm 3 5
Ak Lt d 2RI ARG EE R Bee R R UREAK T ERAFD
1x10° cells / ml » 2 B~ 0.5 ml 3+ 24-well 32 % = 15 > 32 %3 5% CO, > 37TCEERET - 24 /)
PGS 4o r 53 2B PIER LTI L 0.5 mlo AU 12 ) pF o -2 well 2 fwve i T
eppendorf ggm 3 EEEA (#3535 m 27 100 MTT Smg/ml)2 #7384 - L B 3xw i %
WERA PG B K,f—i &K &7 1ml 59 DMSO #-% ¢ rformazan 2 &3 3 T3 &
570 nm T jp] 2 % & (ODsyp)

(2)~ & * B:& 7+ (Western blotting)

Brfmre 15 & (5 0 1trypsin-EDTA#-m?e d 32 % w 77 > PBSi# %4 » 121000 rpmag.<54 45 -
Ptk > B AAA B we kR D 2x10° cells/ml > #-'mre 32 % >210 cm-dish 24 ) pF » 12 F B AT
7 hluteolinik & 7f £ A2 1] pF > (8% 4p R ePPE R {5 > M-dm %2 12 trypsin-EDTAY 33 £ w 377 » 4o »
RIPA buffer (150mM NaCl, 1% NP-40, 0.5% Deoxycholic acid, 0.1% SDS, 50mM Tris-base, pH7.5) -
Pz ImM sodium orthovanadate, 100pg PMSF, 170 pg/ml leupeptin » >tk b 2 304 48 » :4°C T 14
13000 rpmag =104 48 » P~ F B T & 3w > BT 2R 2 F0 B30ug  AFINHFHF L r B
£ #5X Sample loading dye (2ml 0.5M Tris-HCI pH6.8, 1.6ml Glycerol, 3.2ml 10% SDS, 0.8ml
2-B-mercaptoethanol, 0.4ml 0.5% bromophenol blue) 12957 4c #5445 » Wik ¥ » /k? 2 Frl04 4 -
2 g 5 -Sample spin down s £ loading 2 + Bwell ® > F B B 70K > T B 130K a7 A o
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FR A R e R-F-9 B g3 I Nitrocellular paper b » r25%% #5 £ 453 % ) T ig {7 blocking 1-]
B% » r2washing buffer ( PBS with 0.5% tween-20) i* 3=k » #-NC paper % *t4°Ck$5 ¢ & - By F
f&overnight » r2washing bufferi*;%&3=t - £ r2Horseradish peroxidase conjugated:r= s Fuddl & fgl-]:
pF > 12 washing bufferi® ;£3=% » & i 4 » Western Blot Chemiluminescence Reagent Plus * 14 45 ts >
rLA Gk i B ks 45 %k (LAS-1000 plus system ) gz g § o

(=)~ 4 § %4 (DNA Fragmentation)

iR A s 0 R A AR mre L 2x10%cells/ml > B~ I ml4E~ 10cCm 32 & w24 ] FE(S 4e

BdL 5 Kwmre T R o~ 16 ml g g o 4CT 2 1200 rpm e 5 A48 3 % ik o £ 4 PBS
Wi = T ¥ 2 eppendorf; 4c ~ lysis buffer [20 mM Tris~10 mM EDTA~0.2% Triton X-100 pH8.0)
0.5 ml/enpendrof » & 4c » 12.5 ul proteinase K (40mg/ml)]>+ 50°C kg i¥% 6 -] pF » FF 4c » 5 pl
RNAse (lomg/ml)*v? 7°C-kip ie* 1 ] pF > 4v » % R4 chke {o phenol (pH=8.0) > i it &k 353 » 2
6 & 4C ™ 12 12000 rpm . 10 & 4 0 B~ f % 3 AT eppendorf f o e~ F OB
phenol/chloroform/isoamylalchol [25:24:1] » d=#c4% & 353 (25-50 =% ) » #& % % 4°C ™ 2 12000 rpm &t
10 4 48 0 B~ Rk I A7 eppendorf > 4e ~ 3 484 isopropanol 2 4ul Glycogen (Smg/ml) » *+-20°C
# % overnight; # % % 4°C ™ 2 12000 rpm &~ 10 4 45 0 2 75% ehtanl * ;% pallete {5 - 4°C ~ 12000
rpm oo 10 4 480 2 vk iR i8 b g2 10~15 & 40 4e ~ i £ TE buffer (10mM Tris> 1mM EDTA) (%
300) 37°Cw % DNA » B {5 * 50V g5 1.5% 2" 74 » £ 2 EtBr 4 4 {¢ * KODAK #ciz 82 i
;& % EDAS290 Z_# -

(I)~ F #&K & pvsag F & (RT-PCR)

w3z A fs 0 A wme k& 5 2x10° cells/ml > B+1 mlf& » 10cm dish(2x10° cells/10-cm dish) » F&
X b B T o FIiEpE R BEES #-lete 2 16 migEe 0 £ M PBS wash® =t 8 -l be g
eppendorf » >+4°C ™ ~ 2000 rpmag.« 54 45 {5 4 f 7 i® » 4~ 1 ml Trisolution Reagent/eppendorf 1
pipetting® % ‘w23 f2{s B> 38 T F RS54 450 3 F 4 » Chloroform 0.2 ml/eppendorf » 3£ % 353 &
FERFIRTF R2-34 48 0 4°C ~ 12000 rpmres 154 48 0 o] o #- b ik B~ 3 Rreppendorf o 4 »
isopropanol 0.5 ml/eppendorfit & 53 {6 # % >t 28 7 104 4512 it RNA » 4°C ~ 12000 rpmg.< 15
A ggw g 3§ RNACH » 4% ik £ 12 75% Alcohol | mi/eppendorf  wash » 4°C ~ 12000 rpm
Yo 15448 0 4%k 1 F R 14 R B 57 0 £ 40~ 30ul DEPC water i3 » 3% 2] T RNAK & (Azso/Aggo) ©
P~1~5 pug RNA -~ oligo(dT);g primer (0.5 ug/ul) 1ul » 48 DEPC water 2 12ul » 70°C ¥ B54 48 £ 4t
» 5X reaction buffer 4ul ~ Ribonuclease inhibitor (20u/pl) 1pl4=10mM dANTP mix 2 ul » 37°C ™ & 54
48 > f£ v » ReverstAidTM M-MuLV Reverse Transcriptase (200u/pl) 1uli® & #&4%(#73 Reagent % p
Fermentas, RevertAid™ First Strand cDNA Synthesis Kit, #K1629) - #2.5 ul cDNA i¥PCR -

(=)~ % ¢ Fasimwhk (Chromatin Immunoprecipitation, ChlP)
WP RS A& (S 0 Bimie fy_’fsVZX107 cells/mlts > B~1 mlf&*+15-cm dish » g2 4~ {8 > 353 4o »

e ﬁ“113 Sulis 8 T F 104 48 > fAde » 25M Glycine 0.75 mlsf 38 ™ & B54 45 > #-we
8



]

# TR ~15midgre § oo 4ru4°C ~ 54 48~ 1500 rpm > £ 1 PBSi* £ = = > 3 1 eppendorf s £ 4e » FA
Lysis Buffer 750 pl/ eppendorf ; 2_ 1541 % 4z 3 & w5 5 748 126 wart3s & ~ 104) = = 2. 4 5 #-DNA
# = 500~1000 bp.:r 5 gL~ < » £ 124°C ~ 8000 gag~ 30§, » B~ ik I Areheppendorf & B~50uli®
% INPUT ; 4t » 5ul Proteinase K (20 mg/ml)**65°C * * & 4~5-] B¥ » 4c » phenol:chloroform % B~
DNA » B~F i 1 #reppendorf - £ 2 Z 3 10ul glycogen(5 mg/ml)5ul=799.8% ethanolii i DNA - &
i 14100pl= =< -k w33 5 P25 pg DNA X v RIPA buffer e 11104 (8 IP > 4e » — S 3mal1~10 pg/ 25 pg
DNA > £ 4¢ » 20 ul protein A/G beads*+4°C 2_ 3D shaker™ & jgovernight ; #.-20009~4C ~ 14 45
24 % ik # 12 Wash Buffer 1 mli*xbeads= = - r2Final Wash Buffer 1 mli* % - = 5 2 “fj tin
;% 5 4v » 120 pl Elution Buffer:30°C ™ & 5154 45> 112000 gét-« 14 4 > % iF % # T #eppendorf >
4t » 280 ul phenol:chloroform4# >DNA - B~ 5% I #7eppendorf - £ 12 7 5 10l glycogen(5 mg/ml)
£175% ethanoliT i DNA » 15 12 100pl= =k w73 » B fé i (FPCR » & 1450 V {£4%% 9§ 7 » 1
iz B RJE k Sudp A 1T o 513 K340 (Z. Huang et al., 2008; Jia et al., 2008) :

¥

A%

Fas promoter Forward: 5’-GCAGAGCTTGGTGGACGATG-3’
Reverse: 5S’-TCACTATTGCTTTGGAACGGTAGA-3’

FasL Forward: 5'-CTGTAAATTATGGTGATCGG-3'

promoter Reverse: 5'-AACTCTAACAAAAATTGTTCAG-3'

(=)~ L& AMZE (Immunoprecipitation)

kLR B ORIL AT FUMfoduR chd - RIL S MSEELR R SUm e ) T e
SRk o #ime s & 4 BAIE (4 > #m vz fe » 15 mige § > PBSI# S > 12 1000rpmates 5
A dd o Btk fmte o e » RIPA buffer®~ tFtotal cell lysate » = & {¢ #~1-0.5 mg/500 pled—s F > 4c »
LB F-v Feh- BdB10 ul (2 ug) > *74°C T %3D shaker b £ jovernight » 4% 3 4v » ¥ - sl
& 4 &Protein agarose A ( B~2.5 mg Protein agarose A+4c » 500ul RIPA buffer) # » #.3D shake
FHE2~A ) PE e R ORPERY S A fS 0 4°C ~ 7000 rpmaes 54 4 o des 2 15 £ 1 RIPA bufferiiit = = o
B 18 3o Uk 47 4o~ 30 pl protein loading buffer » 95 C ™ & g5 48 > 2. {8 B3tk b A fr > R =
ooy > BEFZRRBT D EE G 2 83 SDS-PAGE -

W

3
—fl}a‘

ik

E R -

- ~  Luteolin 2 % HL-60 ¥ U-937 x & ‘m¥ 5+ =

fI* MTT assay * ¢ z_& 4 17 & #4 Flavonoids (Apigenin ~ Luteolin ~ Genestine ~ Quercetin -
Narnigenin)¥+ HL-60 = J fm® 4 £ 2. 238 > 12 Flavonoids 0~100 pM rd2 12 - pF > 3 % 3 IR >
" F RJEA| R DR 4 o ¢ 1R HL-60 & o wre = (Fig. 1) > m4p e = 3% g2 U-937 o & fm b2
(Fig.2) » &k R 35uM Fri R X B e o

= ~ Luteolin F:53% Ewe A= F A n Hwre -
9



d w0 iR % ¥ Ao luteolin £ § AR g dm e s i s Tt A iE— 95 4 45 luteolin
A enimiE - R A F B e anfRsN S G B eI e k- pEar A 4 S DNA 7
LR T > HL-60 & i fm?e f s %] aJd2 luteolin0~5+~15+~25+~35-~45uM » 12 /| PF{s ¥ 1
BRI EJL 35 uM~ 12 o[ pF A DNA %74 s % (Fig. 3),",% pL2 vk e ks g A pEATA A4
17 Caspase 3 f= PARP (Poly-ADP Ribose Polymerase) %74 i% i Immunoblotting gL%H £ 3 > 7
" "g F] &2 luteolin 35 uM {é 06 /) Bﬁ%? ™2 3| & < PARP cleavage - @ %  Caspase
34 3 M A%m;t/ i mIkL%l(Flg 5) » % F luteolin ig = ehfme 5+ = R p 3w k= o miE k-
J &S EES T 1 1)) Extrinsic pathway 2.) Intrinsic pathway 4 %] 7% i Caspase 8 ¥ Caspase 9
B m@ Immunoblotting AT E IR hASEH kR (Fig. 4)2 PR gk (Fig. 5): luteolin
i4 Tgrs 25 3] Caspase 8 7 A& it ch3f g » F]pt - 4 ¢+ F v luteolin #1734 Henwmie k= > g3
g % v Extrinsic pathway #7i% = g0

+ Luteolin 3% 3% i Fas #7 FasL 3% ¥ 4 3

d 23 g e S AP F R HL-60 = & iwfe £ a2 luteolin {87 3 4 dm %8 k= i
oo Fpt oo A R luteolin £ 1B P fERL T K F e = o F]pt AP HL-60 fw
2 /> 5| EJ2 luteolin 35 uM 6 £2 12 B -] B {5 12 western blot %% » % . Fas =4 I & luteolin
6] s ﬁfc"ﬁ e 4o > @ FasL B A A e luteolin 12 -] p¥{s 3 P ek 3R (Fig. 6) >
k2T o luteolin 7 12 /G d 3 4 Fas ¥2 FasL end I k3 Hlm e k= Ik § o

r ~ Luteolin 3 %75 i* ERK 22 JNK 20 4 @ vfpe i

-
A

ERK1/2 ~ JNK - p38 MAPK pathway %2 7 fm#s p e & @i > & fmie 5% 5
ke chtlge g A B 0 A i g 4 3?@;%; S EE A ERARG o T
50 %7 luteolin 3% HFimre = cuiffe® > £.F ¢ 7% I ERK1/2 ~ INK ~ p38 signaling
pathway - *t & 4] * Westerenblot g% > %% ¥ 5 3| » A2 35 uM Luteolin {¢ » ERK &
INK 3238 i AgEpe (v > 3 2 WE FPFAV A 40 @ K 40 > 2 §_p38 47 % % luteolin #7828 (Fig. 7) »
d gt ¥ Zr o luteolin &t 4375 v HL-60 m#e p ERK 22 JNK & @£ 4 @ EEe T o

puu

~ Luteolin 3£ % c-jun # 4 %]+ d ove T & 1 wmre ¢

d % luteolin 7% = 7 g % Fas &7 FasL 3= B 2 M hfif4v > @ B3 D2 /Fﬁ;#;]
It c-jun & Fas £ FasL =i 4+ %]+ (Kavurma & Khachigian, 2003) » @ c-jun 7% JL* d
JNK pathway #1734 37 (Weston & Davis, 2002) » F]#+ 5 7 Fx3d luteolin £_F & ;ﬁr’ w1t INK
pathway 3 v c-jun i¥ 3 #& 45+ F]+ chig 4 > 2 02 35uM luteolin 4 %) e HL-60 jm¥e 1-2-
4~6~8-~10-] FF » 2 {53 B~F% F-v T 12 wesatern blot gLz » 2 % 1 > 55 ¥ luteolin fw
TRpE R cH 4 Cjun fdmie P chA GRS FIER S0 X A 4] rehp iz E Pl BB (Fig. 8)
BT o luteolin enf®® T 5 & B de c-jun BlmiE PN chA R X 4V AT A E = AT
A F) S 4 B B

10



= ~  Luteolin 3% ¥ CD95 (APO-1/Fas)¥? CD95L (APO-1L/FasL) mRNA £ =

% Fas ligand »* H % ® Fas % & /# i* FADD>FADD £ % it * *+7Pro-Caspase 8-
i {8 Caspase 8 /& i+ » F|m 3142 PFenimbe = BT » F)pt > A ipie— 4 4 45 0 luteolin
chit* T > § 7 8 i % Fas {r FasL £ & = i¢ = Extrinsic pathway /% %= - HL-60
w g km e & W] 2 luteolin35uM ~0+05-1-2-3-4-6-8-~10]FF » &d RT-PCR
AAT o RV UF IR SEF AT E f pE I an] 40 0 Fas 27 FasL mRNA i R iR 2
(Fig. 9) > &5 - luteolin #% &% it Fas &2 FasL mRNA & = & ¢ =¢ Extrinsic pathway 7% i &
A e k= koo

=~ Luteolin 3 ¥ FasL #k 585 ¥ 3 {rig 4+ %15 c-jun 2. B 7%

T F AL luteolin chps P 3 e € 10 45 F)F c-jun d dwore B I e 15 (Fig. 8) ’
e P IR E 3% 45 7] c-jun 27 FasL 4 %5 % & (Fig. 10) % 7+ luteolin i&_i¢ FasL ##&45/% i »
Foar RS EH 4r c-jun 2 FasL k4 B8 o R@ Fas itz R & gt ',

A~ Luteolin 3142 2 3-v ¢ fpit i3 AF (T #

FE KRS FIR o B e RtV g 4 %ﬁ“g‘:’}?jﬂ‘ﬁ'ﬁ v BB AR TS
BEIFEHS FE D BT HAFLIR G AN A PR F IR luteolin E a2 HL-60
%% § % % FasL 2 Fas shmRNA & =+ (Fig. 9) - %12t » i ffsd £F luteolin 4 7 it &5
i 10 ERKL/2 20 INK & f£ 5 /& 3 9 72 8 = w% RS EA AT RS N
wmie k= 2 R F I U7 kR i luteolin AU 12 o pEis (Fig. 11) 0 7 LR D]
KEE B ik B 4e 0 2 v H3 (Histone H3)ehe fit § & bi e chI 4 0 (2 4P ¢ %t
w3~ H4 (Histone H4):$ & ¢ fgit 5 @ 2 35 uM luteolin 4 | pis s 7 125 ) 2§
H3 »); file b IR G T NEPE A3 4o @ 3 4 (Fig. 12) » 0 ¥ 4 > luteolin #1734 Hehimie &
S0 F TR ESERRE TR AFSEAR .

P2
3
oz

d
i

1 ~ Luteolin # ¥ Fas £ FasL $%F %o it

d Aaen@ %Y LR o luteolin it f9: = 2 d-d H3 ¢ fgit (Fig. 11 ~ 12 ~ 13) >
% & ¢ Fas ¥ FasL mRNA & = (Fig. 10) » F]t » 5 7 & F luteolin _F &t i@ ;@cwg_f,b d
Tt P IRA Tl e i 4 > AP % 24 A A a2 (Chromatin
Immunoprecipitation) L2 » % % # R > HL-60 ‘w®z < 3| luteolin {1jpts » € & 4-8 /] FFis
e FasL 4 Wi A2 ¢ it s/ ik Fas e i He s 3 ¢ fieit eI % & 2 > (Fig.
13) » F]gt > i 4L ¥ luteolin 3 ¥ g S’jﬁd i > Fas & FasL # 43F ®e ¥ ene fait i&m so
24 Féﬁé s B A A 1 0 i€ ¥ Fas &2 FasL mRNA & = 3 4v o

L Luteolin 2 # MDA-MB-231 §t J§ jm¥e 5+ =

d LA B AN A luteolin % An o lwre HL-60 + & 5 40§ cdugpiadt s ¥ U
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B 35uM MUk B iR T B el dmfe 0 2R A luteolin £UF rar f an i A W R
e FI AR -t RS R L f RUR S B4R e R (cystic
tumor) » & F 4T H 5 B i AR (solid tumor) » bl4e : MDA-MB-231 5t & fm %+ & 4 #7112
PR S R o F]gt AP MDA-MB-231 § B dmie TRV R e ] MTTassay vt & %
£ 4 #7 luteolin E_% iv 7 »cehdrd g mre 2 £ > 12 luteolin 0~100 uM EUE 12 o] B i %5

) SEF IR E 4 0 § 1@ MDA-MB-231 5t g lmie v 0 F AR T5uM =+
3 AL ok mre = (Fig. 14) -

<~ ~ Luteolin # = MDA-MB-231 §* & fn % sn% ¥ #§ 3-v 4 7.

T & F %% I 0 MDA-MB-231 :*I’Lffﬁv?m}?é A2 35 uM luteolin i 7 ¢ 3% # w5z 3
= o e §F g IR G2IM Hp chimte ¥ 3 isF > @ CDKI (cyclin dependent kinase inhibitor)
¢ 54 s fri) cyclin-CDK ﬁ‘céw’”f e R HPAE (T 0 3B - O A 458 IR luteolin € 3 4e fw
e R Hp ] v p2l ek IR i% i ehH_p53-independent iz & (Fig. 15) » F]pt 3¢
Pza e luteolin 474 MDA-MB-231 ‘m® 4 £ §.5d A frmexd Fv p2l a 8@ &
iz B F 3 G2IM 5 #gF H £ 3% 1| histone H3 acetylation 12 §7(Fig.16-17) -

BAREATL Y o AP g R luteolin € 2 e R0 c EHFE EF 20 ﬁ*‘u&
fom ec e v ¢ FRit IR %o e A RIR luteolin 30 F S fARE R A AT G R
o Fla A i luteolin A B 3 ¢ FRit I AT AL A B T EN L @w&éu
BT+ 24 MELARBRPEIN ST TS e dy c RENSIFTE 2§
v 3 e EEAEE o B H Sk A F]ehe fRit o B4 H SR o

%
Cystic tumor Solid tumor
3 . : , Histone
Signaling | yteolin Histgne Luteolin e iealiien
transduction modification

{
v\ Y |

“Cellptogramefideatn Cell cycle arfégt”
] apoptosis
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Figure 1. The effect of flavonoids on cell viability
of HL-60 cells. HL-60 cells were treated with five
different flavonoids at various concentration for 24
hrs then measure the absorbance after incubated
with MTT for 4 hours. The experiments were
performed in triplicate and per well were 5x10° cell
numbers. Data presented as meanz S.D. of three
independent experiments.
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Figure 2. The effect of flavonoids on Cell Viability
of U937 cells. U-937 cells were treated with five
different flavonoids at various concentration for 24
hours then measure the absorbance after incubated
with MTT for 4 hours. The experiments were
performed in triplicate and per well were 5x10” cell
numbers. Data presented as mean +S.D. of three
independent experiments.

Figure 3. Induction of apoptosis by luteolin in
HL-60 cells. HL-60 cells were treated with different
concentration of luteolin for 12 hours. HL-60 cells
were harvested for DNA fragmention assay by
electrophoresis. The DNA were separated on a 1.5%
agarose gel stained with ethidium bromide(EtBr),
and photographed under ultraviolet light
illumination.
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Figure 4. The effect of luteolin on protein expression of caspase 8, caspase 3 and PARP with various
concentrations. HL-60 cells were treated with indicated concentration of luteolin for 12 hours. The total
protein extracts were prepared for western blot analysis using indicated antibodies.
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Figure 5. The effect of luteolin on protein expression of caspase 8, caspase 3 and PARP. HL-60 cells were
treated with 35 uM luteolin for indicated times. The total protein extracts were prepared for Western blot
analysis using indicated antibodies.
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Figure 6. The effect of luteolin on protein expression of Fas and FasL. HL-60 cells were
treated with 35 uM luteolin for 6 and 12 hours. The total protein extracts were prepared for
western blot analysis using indicated antibodies.
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Figure 7. The effect of luteolin on MAPK pathway in lutolin stimulated HL-60 cells. The HL-60
cells were treated with 35uM luteolin for indicated time. The cell lysates were subjected to
Western blot analysis using either phosphospecific antibodies against phospho-ERK, INK/SAPK
and p38, which react with active forms, and anti-ERK, JNK/SAPK and p38 antibodies, that
recognized corresponding total non-phosphorylated enzymes.
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Figure 8. The effect of luteolin on c-Jun translocated from cytosol to nucleus in HL-60 cells. The HL-60
cells were treated with 35uM luteolin for indicated time. The nulear protein were extracted ans subjected to
western blot analysis.
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Figure 9. The effect of luteolin on MRNA level of Fas and FasL. HL-60 cells were treated with 35
uM luteolin with indicated time. Total RNA from HL-60 cells was analyzed by reverse-transcription
(RT)-PCR using Fas, FasL and GADPH primers.
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Figure 10. Luteolin induced p300 recruitment at FasL promoter regions but not Fas. Soluble
precleared chromatin was obtained from HL-60 cells treated with or without 35 uM luteolin for 4, 6
and 8 hours immunoprecipitated (IP) with an anti-p300 and anti-c-jun antibodies. (A) The FasL
promoter sequence was detected by PCR with specific primers. (B) The Fas promoter sequence was
detected by PCR with specific primers. Input DNA was amplified from initial preparations of soluble
chromatin (before immunoprecipitations). Beads only (b.0.) as negative control.
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Figure 11. Luteolin induced acetylation of histone H3 in HL-60 cells. HL-60 cells were treated for 12
hours with indicated concentrations. Acetylation of histone H3(AcH3) and H4(AcH4) of the cell lysate were
analyzed by immunoblotting assay.
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Figure 12. The time course effect of luteolin induced acetylation of histone H3 in HL-60 cells.
HL-60 cells were treated with 35 uM luteolin and 0.3 uM TSA (trichostatin A) for indicated times.
The total protein extracts were prepared for western blot analysis using indicated antibodies.
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Figure 13. Luteolin induced acetylation of histone H3 at Fas and FasL promoter regions.
Soluble precleared chromatin was obtained from HL-60 cells treated with or without 35 uM
luteolin for 4, 6 and 8 hours immunoprecipitated (IP) with an anti-AcH3 antibody. The FasL and
Fas promoter sequences were detected by PCR with specific primers. Input DNA was amplified
from initial preparations of soluble chromatin (before immunoprecipitations). Beads only (b.0.) as

negative control.
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Figure 14. The effect of luteolin on cell viability of MDA-MB-231 cells. MDA-MB-231 cells were
treated with luteolin at various concentration for 24 hours then measure the absorbance after
incubated with MTT for 4 hours. The experiments were performed in triplicate and per well were
2x10% cell numbers. Data presented as meanz S.D. of three independent experiments.
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Fig. 15 Luteolin induced protein expression of p21
MDA-MB-231 cells. MDA-MB-231 cells were treated with 35 uM luteolin for 0, 12, 24, 48
and 72 hours.
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Figure 16. The effect of luteolin on AcH3 protein expression of MDA-MB-231
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Fig.17 The association of luteolin (35 uM) induced AcH3 and p21 protein expression in MDA-MB-231.
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Quercetin induces FasL-related apoptosis, in part, through promotion of histone H3
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Abstract. Quercetin, a naturally occurring flavonoid abundant in fruits and vegetables, has been
demonstrated as a multipotent bioflavonoid with great potential for prevention and treatment of cancer.
Apoptosis is thought to be an important response to most chemotherapeutic agents in leukemia cells. However,
the underlying mechanism of induction of apoptosis by quercetin involving epigenetic regulation is poorly
understood. In the present study, by evaluation of fragmentation of DNA, poly (ADP-ribose) polymerase
(PARP) and procaspases, we found that quercetin was able to induce apoptosis of human leukemia HL-60
cells in a dose dependent manner. Quercetin triggered the extrinsic apoptosis pathway through activation of
caspase 8 and induction of Bid cleavage, Bax conformation change, and cytochrome c release. Furthermore,
quercetin induced Fas ligand (FasL) expression involving activation of extracellular signal-regulated kinase
(ERK) and Jun N-terminus kinase (JNK) signaling pathway. In addition to activation of c-Jun, quercetin
increased histone H3 acetylation which resulted in the promotion of the expression of FasL. Quercetin
exhibited potential for the activation of histone acetyltransferase (HAT) and the inhibition of histone
deacetyltransferase (HADC), both of which contributed to histone acetylation. However, only the activation
effect on HAT was associated with the ERK and JNK pathway. These results demonstrated that quercetin
induced FasL-related apoptosis by transactivation through activation of c-jun/AP-1 and promotion of histone

H3 acetylation in HL-60 cells.

Introduction
Apoptosis plays a critical role in normal development, homeostasis and in the defense response against
pathogens. Inappropriate suppression or activation of apoptosis can lead to a variety of diseases. This kind of

cell death is thought to be an important response to most chemotherapeutic agents in leukemia cells.
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Apoptosis is mediated through two major pathways, the extrinsic and intrinsic pathways, which both lead to

the activation of caspases. The extrinsic pathway is triggered at the plasma membrane by the activation of the

death receptor (Fas) and subsequently the activation of caspase 8. In some cells, caspase 8 directly activates

downstream effector caspases such as caspase 3 while in other cell types caspase 8 mediates apoptosis via the

proteolytic cleavage of the pro-apoptotic Bid protein. Following Bid cleavage and its translocation to

mitochondria, truncated Bid (t-Bid) induces oligomerization and conformational changes in Bak and Bax,

resulting in the release of cytochrome c and the procession of effector caspases (1, 2). The intrinsic pathway

is triggered by various apoptotic stress signals and is characterized by mitochondrial dysfunction, which leads

to the release of mitochondrial pro-apoptotic factors from their intermembrane space into the cytosol. The

release of cytochrome ¢ from mitochondria represents a critical event in initiating the activation of the caspase

cascade. This occurs through its interaction with Apaf-1, and the subsequent processing and activation of the

cell death protease, caspase 9. Activated caspase 9 triggers the catalytic maturation of effecter caspases such

as caspase 3, which triggers oligonucleosomal DNA fragmentation (3, 4).

Cell responses to apoptotic-inducing agents have been associated with the inactivation of survival

kinases and the activation of apoptotic kinases. One of the most relevant aspects in the regulation of apoptosis

is the involvement of mitogen-activated protein kinases (MAPKSs), a family of proline-directed

serine/threonine protein kinases that mediate intracellular signal transduction in response to various stimuli.

Activation of the pathways rapidly alters the pattern of gene expression. To date, three major MAPKSs have

been identified: the extracellular signal-regulated kinases (ERK), the c-Jun N-terminal kinases (JNK) and p38

MAPK. All of these kinases have been reported to be associated with the activation of apoptosis (5).

Increasing evidence indicates that in addition to directing the phosphorylation of upstream transcription
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factors and co-activators which control immediate genes, MAPK cascades also act directly on chromatin

proteins such as histone H3 to modify chromatin concomitant with gene induction (6, 7). However, the

involvement of MAPKSs- mediated histone H3 acetylation in apoptosis is unclear.

Epigenetic changes including histone acetylation, histone methylation, and DNA methylation are

now thought to play important roles in the onset and progression of cancer in numerous tumor types (8).

Dietary components selectively activate or inactivate gene expression by epigenetic regulation has been

implicated as chemoprevention agent or developed for the treatment of cancer. HDAC inhibitors are being

explored as cancer therapeutic compounds because of their ability to alter several cellular functions known to

be deregulated in cancer cells (9). Recent investigators suggest that dietary components, including diallyl

disulfide and sulforaphane possessing the ability to inhibit HDAC enzyme have been associated with cancer

prevention (9). Quercetin (3, 3°,4’, 5, 7- petahydroxyflavone), which is found in fruits, vegetables, herbs and

red wine, has been reported to exhibit antioxidative, anticarcinogenic, and anti-inflammatory effects (10-12).

The molecular mechanisms behind the effects are largely unknown. It has been reported that quercetin

strongly inhibits neoplastic cell transformation and inhibits the enzymes involved in cancer cell proliferation

and cell signal transduction pathways including protein kinase C, tyrosine kinase, and DNA topoisomerase 1.

Quercetin mediates apoptosis by induction of stress proteins including heat shock proteins, disruption of

microtubules and mitochondrial release of cytochrome c. Quercetin also augments TRAIL-induced apoptotic

death involving the ERK signal transduction pathway (13). Although MAPK activation during quercetin

treatment has been studied in a variety of cell types, the presence of epigenetic regulation is not clear. In this

study, we observed that quercetin induced apoptosis in HL-60 cells by enhancing the expression of FasL, in

part, through promotion of histone H3 acetylation.
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Materials and methods

Cell culture. The HL-60 human promyelocytic leukemia cell was obtained from ATCC and maintained in a
logarithmic growth phase in RPMI 1640 supplemented with sodium pyruvate, 10% fetal bovine serum (FBS;
Invitrogen-Gibco), 1% penicillin/streptomycin and 1% non-essential amino acids. Cell lines were maintained
at 37 °C inan incubator with 5 % CO; and 95% air.

Antibodies and reagents.  Anti-phospho-ERK1/2 (Thr?%/Tyr?®*), anti-phospho- INK/SAPK (Thr'®3/Tyr'®),
and anti-phospho-p38 (Thr®/Tyr'®?) antibodies were purchased from Cell Signaling Technology (Beverly,
MA). Anti-ERK1/2, INK/SAPK, p38, caspase-3, -8, -9, PARP, Fas, FasL, Bid, t-Bid, cytochrome ¢, Tom20,
c-fos, c-jun, C23, tubulin and p-actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-acetylated H3 and anti-acetylated H4 were obtained from Upstate Biotechnology (Lake Placid, NY).
The MEK/ERK inhibitor (PD98059), and JNK inhibitor (SP600125), were obtained from Calbiochem (La
Jolla, CA). Other chemicals such as quercetin were purchased from Sigma-Aldrich (St. Louis, MO).

DNA fragmentation assay.  The cells were rinsed with ice-cold PBS and harvested by pipetting. The cell
pellets were resuspended and incubated in 100 mM Tris-HCI (pH 8.0), 25 mM EDTA, 0.5% SDS, and
0.1 pg/ml proteinase K at 60 °C overnight. The digested cells were extracted for DNA with phenol/chloroform
(2:1) and chloroform/isoamyl alcohol (1:24). The extracted DNA was precipitated and digested in 10 mM
Tris-HCI (pH 5.0) containing 1 mM EDTA and 10 pg/RNase for 1 h at 37°C. Ten micrograms of DNA per
sample was resolved by electrophoresis in a 1.8% agarose gel impregnated with ethidium bromide (0.5 pg/ml),

and the DNA pattern was examined by ultraviolet transillumination.
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Preparation of total cell extracts and immunoblot analysis.  Cells were washed with PBS plus zinc ion (1
mM) and lysed in radio immunoprecipitation assay (RIPA) buffer (50 mM Tris-buffer, 5 mM EDTA, 150 mM
NaCl, 1% NP 40, 0.5% deoxycholic acid, | mM sodium orthovanadate, 81 pg/ml aprotinine, 170 ug/ml
leupeptin, and 100 pg/ml PMSF; pH 7.5). After mixing for 30 min at 4 °C, the mixtures were centrifuged
(10000 x g) for 10 min, and the supernatants were collected as whole-cell extracts. The protein extracts were
quantified using the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). The samples
containing 50 to 100 g of proteins were boiled in Laemmli sample buffer, separated on SDS polyacrylamide
gel, electrophoretically transferred to a nitrocellulose membrane (Amersham, Arlington Heights, IL) and
blotted with the indicated primary antibodies. Proteins were visualized with horseradish
peroxidase—conjugated secondary antibodies (Zymed Laboratory, Inc., South San Francisco, CA) followed by
chemiluminescence detection.

Preparation of mitochondria and cytosolic fractions. Mitochondrial fraction of the cells was isolated using a
mitochondria isolation kit obtained from Pierce as per manufacturer's instruction. Cells (2 x 10”) were pelleted
by centrifugation at 850g for 2 min and were resuspended in 800 ul of reagent A in a microcentrifuge tube.
Then, cells were incubated in ice for 2 min and subsequently homogenized in a precooled Dounce tissue
grinder applying 40 to 50 strokes. Reagent C (800 pl) was added to the homogenized solution and thoroughly
mixed by repeated inversion. The entire mixed solution was centrifuged at 700g for 10 min, and the pellet was
discarded. The supernatant was further centrifuged at 12,000g for 15 min, and the pellet was considered as
intact mitochondria. This fraction was further lysed in lysis buffer and subjected to Western blot analysis.
Immunofluorescence staining. After treatment of cells with quercetin, cells were harvested, washed with

PBS and fixed with 3.7% paraformaldehyde for 10 min at room temperature. The fixed cells were
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permeabilized with 0.2% Triton X-100 in PBS for 3 min and non-specific binding was blocked by incubation

with 2% BSA in PBS for 30 min. Cells were then incubated for 30 min at room temperature with the primary

antibody: mouse monoclonal anti-Bax (conformation specific clone 6A7, Sigma-Aldrich). Excess antibody

was removed by washing the cover slips three times with PBS-2% BSA. Cells were then incubated with the

mouse-conjugate FITC secondary antibody for 30 min at 37°C . After washing three times with PBS-2% BSA,

cover slips were mounted, and then viewed under a fluorescence microscope.

DAPI staining. After treatment of cells with quercetin, cells were pipetted and collected and then washed

once with ice-cold PBS. Cells were attached to the slide by cytospin (500 rpm, 5 min). They were then

air-dried, fixed, and stained with the DAPI (10ug/ml). The stained cells were examined by fluorescence

microscopy (Magnification x 400).

Reverse transcriptase-PCR.  Total cellular RNA was extracted from cells using the TRI reagent method

(Molecular Research Center). For the reverse-transcription reaction, 10 puL of reaction mixture (1 pg of total

RNA, 1 uL of random decamers, 1 uL of 10x RT buffer, 2 pL of deoxynucleotide triphosphate mix, 0.5 uL of

RNase inhibitor, 0.5 pL of reverse transcriptase, and 4 puL of nuclease-free water) was prepared for each

sample. The mixtures were incubated at 44°C for 1 h and then at 92°C for 10 min to inactivate the reverse

transcriptase. The first-strand cDNAs were synthesized with a RETROscript kit (Ambion) and served as

templates for the PCR. A high-fidelity PCR master kit from Roche was used to perform PCR. The following

primers were used: human Fas sense 5-CACTCT- GCAACCTCTCTCCC-3' and antisence

5-AGAGTGTGTGCACAAGGCTG-3'; human FasL sense 5'-TCAATGAAACTGGGCTGTACTTT-3' and

antisence 5-AGAGTT CCTCATGTAGACCTTGT-3"; human glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) sense 5'-ACCACAGTCCATGCCATCAC-3' and antisense 5-TCCACCACCCTGTTGCTGTA-3.
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PCR products were resolved by electrophoresis on a 1.8% agarose gel with 0.5 pg/mL ethidium bromide and
photographed using an AlphaEase FC imaging system (Alpha Innotech).

Nuclear extract preparation. HL-60 cells were lysed by adding 25 ul NP-40 10% and gently passed
through a 27-gauge needle. The nuclei were collected by centrifugation at 600 x g for 5 min and resuspended
in 50 ul of 20 mM HEPES, pH 7.9, containing 400mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM
PMSF, 0.7 ug/ml pepstatin, 1 pg/ml leupeptin and 10 pg/ml aprotinin. The tubes were placed at 4°C on a
rotator shaker for 30 min and centrifuged at 12000 x g for 5 min at 4°C. The supernatants were used as
nuclear extracts and frozen at 70 °C until used.

Histone deacetylase and histone acetyltransferase assay.  Assays were performed using the colorimetric
HDAC and HAT activity assay from BioVision (BioVision Research Products, Mountain View, CA, USA)
according to manufacturer instructions. Briefly, for HDAC activity, 50 pg of nuclear extracts were diluted in
85 uL of ddH,0; then, 10 uL of 10x HDAC assay buffer was added followed by the addition of 5 puL of the
colorimetric substrate; samples were incubated at 37° for 1 h. Subsequently, the reaction was stopped by
adding 10 pL of lysine developer and left for an additional 30 min at 37°C. Samples were then read in an
ELISA plate reader at 405 nm. For HAT activity, the adjusted weight of nucleic extracts (50 pg) was mixed
with HAT substrate, followed by mixture with an enzyme mix. The samples were incubated at 37°C for 1 hour.
Samples were then read in an ELISA plate reader at 440 nm.

Chromatin Immunoprecipitation (CHIP) assays. CHIP assay was performed according to the
manufacturer’s instructions (Upstate). Briefly, HL-60 cells (1 x 10°) with or without pretreatment with
PD98059 or SP600125 were administrated with quercetin (100 puM). Then cells were fixed with 37%

formaldehyde, sonicated and immunopreciptiated with anti-Ac-H3. DNA isolated from the
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immunopreciptiated sample was amplified by PCR using FasL primers,

5-CTGTAAATTATGGTGATCGG-3’ (forward), 5’-AACTCT- AACAAAATTGTTGTTCAG-3’ (reverse),

flanking the AP-1 consensus sequence. The PCR was carried out as follows: an initial denaturation at 94°C

for 3 min, 36 cycles of 94°C 30 sec, 55 °C 30 sec, and 72°C for 10 min. The PCR product of FasL promoter

was 206 bp.

Data analysis.  Statistical significances were analyzed by one-way analysis of variance (ANOVA) with the

post hoc Dunnett’s test. P values less than 0.05 were considered statistically significant (Sigma-Stat 2.0,

Jandel Scientific, San Rafael, CA, USA).

Results

Apoptotic induction by quercetin in HL-60 cells.

In our preliminary study, quercetin induced cell death of HL-60 cells in a dose and time dependent manner

(data not shown). We further clarified the type of cell death. The HL-60 cells were treated with 0-100 uM

quercetin for 12 h. As shown in Fig. 1A, after treatment with quercetin, the DNA showed the typical

fragmentation patterns formed by inter-nucleosomal hydrolysis of chromatin. This demonstrates that quercetin

exhibited apoptosis-inducing effects in HL-60 cells. In order to ascertain the effects of quercetin-induced

apoptosis on the key aspect of apoptotic initiation via activation of caspase cascade in HL-60 cells, we

performed a western blot analysis to evaluate executioner caspases-3 and PARP, an intracellular biosubstrate

of caspase-3. It was clearly shown that quercetin induced activation of caspase-3 and cleavage of PARP, both

of which constitute hallmarks for apoptosis (Fig. 1B).
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Activation of extrinsic apoptosis pathway by quercetin in HL-60 cells. The extrinsic apoptosis pathway

involves binding of a ligand to one of the tumor necrosis factor families of death receptors, followed by

activation of caspase 8 and caspase 3. Moreover, the intrinsic and extrinsic pathways are linked through the

ability of caspase 8 to cleave Bid, which in turn leads to the conformation change of Bax in mitochondrial

membrane and the release of cytochrome ¢ from the mitochondria (3). We questioned whether the death

receptor Fas/FasL system was implicated in the apoptosis of HL-60 cells by quercetin. As shown in Fig. 2A,

treating cells with quercetin induced the increase of the expression of FasL protein after 3 h. By contrast, the

expression of Fas protein was not modified by the treatment of quercetin. In addition, quercetin activated

caspase-8 and cleaved Bid protein to its truncated form, t-Bid (Fig. 2B). Furthermore, we examined the effect

of quercetin on conformation- changed Bax in mitochondrial membrane and cytochrome c release from

mitochondria. By immunofluorescence staining with anti-Bax (clone 6A7), quercetin exhibited the induction

of conformation changed- Bax (Fig. 2C). In addition, quercetin increased the release of cytochrome ¢ from

mitochondria (Fig. 2D). These results demonstrate that quercetin induced activation of extrinsic apoptosis

cascade in HL-60 cells.

Involvement of ERK and JNK in quercetin-induced apoptosis in HL-60 cells. MAPKSs family proteins

have been implicated in the proliferation, differentiation and death of cells (7). They are, in general,

subdivided into three different pathways, namely the ERK, p38 kinase, and JNK signaling pathways (14). In

view of evidence that ERK, INK/SAPK and p38 MAPK play a critical role in cell fate, the effects of quercetin

on the activation of MAPKSs were examined. We treated HL-60 cells with quercetin, then used western blot to

examine the phosphorylation of ERK, JNK and p38 MAPK. Our results showed that exposure to quercetin

increased both ERK and JNK phosphorylation (Fig. 3A and 3B). However, p38 MAPK was not activated by
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treatment with quercetin in HL-60 cells. To further confirm these results and to examine the role of MAPKS in

quercetin-induced apoptosis, we pretreated HL-60 cells with specific MAPK inhibitors before exposure to

quercetin. Our results showed that pretreating PD98059 (MEK/ERK inhibitor, 50 uM) and SP600125 (JNK

inhibitor, 20 uM) before exposure to quercetin significantly attenuated the quercetin-induced activation of the

ERK and JNK. In addition, both the MEK/ERK inhibitor, PD98059, and JNK1/2 inhibitor, SP600125,

abolished quercetin-induced cleavage of caspase 8, caspase 9, and caspase 3 (Fig. 3C). These results indicate

that the ERK and JNK pathways were involved in quercetin-induced apoptosis.

Induction of FasL mRNA and c-Jun activation by quercetin involving ERK and JNK pathways. As shown in

Fig. 2A, the Fas/FasL signaling pathway plays a crucial role in the quercetin-induced apoptosis in HL-60 cells.

However, treatment with 100 uM of quercetin did not modify the expression of the Fas receptor while it

increased that of FasL. Thus, this study attempted to determine whether quercetin-induced FasL protein

expression results from up-regulation of FasL mRNA by transcriptional regulation. Incubation of HL-60 cells

with 50 and 100 uM of quercetin for 3 and 6 h resulted in induction of FasL mRNA in a dose- and

time-dependent manner. By contrast, expression of Fas mMRNA was constitutive (Fig. 4A). These results show

that quercetin induces FasL expression via transcriptional activation of the FasL gene in HL-60 cells.

AP-1 is a collection of dimmers composed of the Jun, Fos or ATF families of bZIP (basic region-leucine

zipper) DNA binding proteins. During transcription activation, these dimmers bind to a common cis acting

element known as the AP-1 site in nuclear. Previously, it has been shown that activation of AP-1 mediating

FasL expression triggers cell apoptosis (15). We therefore determined the effect of quercetin on the nuclear

accumulation of c-Jun and c-Fos proteins. Cells were cultured in the presence or absence of 50 and 100 uM of

quercetin for 3- 9 h, and nuclear protein was extracted. Nuclear extracts were separated by SDS-PAGE, and a
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western blot analysis was performed for either c-Jun or c-Fos. Quercetin did not increase the accumulation of

c-Fos protein; however, c-Jun was significantly increased after 6 h of quercetin exposure (Fig. 4B). We next

determined whether quercetin induced ERK- and JNK phosphorylation was involved in c-Jun translocation.

HL-60 cells were pretreated with either PD98059 (MEK inhibitor) or SP600125 (JNK inhibitor) for 1 h, then

cells were stimulated with 100 uM of quercetin for 6 h, nuclear protein was extracted, and a western blot

analysis was performed for c-Jun. Indeed, quercetin increased the nuclear c-Jun, whereas, there were

significant decreases in the nuclear c-Jun in cells pretreated with PD98059 and SP600125 (Fig. 4C). Taken

together, these data confirm previous findings which indicate that both the ERK and JNK MAP kinases are

linked to AP-1 activation (16-17).

Effects of ERK and JNK pathways on quercetin-induced histone H3 acetylation. In Fig. 4A, it is interesting

to observe that treatment with 100 uM quercetin induced FasL mRNA at 3 h, however, induction of c-Jun

translocation required approximately 6 h. The discrepancy between FasL mRNA expression and c-Jun

translocation suggests that other gene regulation programs may be required to activate the FasL gene.

Previously, it has been shown that the acetylation and deacetylation of histones alter chromatin structure,

which is suggested to play an important role in transcriptional regulation (18). To evaluate whether quercetin

altered the acetylation state of histone H3 and H4, HL-60 cells were administered with 25-100 uM of

quercetin or 100 ng/ml of TSA, a histone deacetylase inhibitor, for the indicated time, and equal amounts of

cell lysate protein were immunoblotted with specific antibodies for acetylated H3 and H4, or B-actin. The data

showed that quercetin (75 uM and 100 uM) increased histone H3 acetylation apparently, but did not affect

histone H4 acetylation, while TSA increased both proteins (Fig. 5A). We further detected the time course

effect (0-12 h) of quercetin on histone H3 acetylation. The results show that quercetin induced histone H3
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acetylation with treatment for 3 to 12 h (Fig. 5B).

The MAPK cascade has been shown to increase histone acetylation in other systems (19-20). The

question arises as to whether MAPK is involved in the increase of histone acetylation by quercetin. To

examine this possibility, we used selective inhibitors of MAPK. Blockade of the ERK pathway with a

MEK/ERK inhibitor (PD98059; 50 uM) decreased H3 acetylation in the 100 uM quercetin-treated cells.

Likewise, treatment with JNK inhibitor (SP600125; 20 uM) reduced H3 acetylation (Fig. 5C). Consistent with

these results, cleavage of PARP induced by quercetin was also almost completely abrogated by PD98059 and

SP600125. These data indicate that quercetin-induced H3 acetylation and apoptosis are dependent, at least in

part, on ERK1/2 and JNK signaling.

Effects of quercetin on HDAC and HAT.  Because histone acetylation is regulated by a balance of opposing

histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities, we next determined whether

quercetin affected the activity of HDAC and HAT and the role of ERK and JNK pathways in quercetin

induced modulation of HDAC and HAT. Nuclear extracts were prepared from treatment with different

concentrations of quercetin in the absence or presence of MEK/ERK or JNK inhibitors, and then the total

nuclear HAT and HDAC activities were analyzed. The results indicated that quercetin (100 uM) increased

HAT activity (Fig. 6A) and decreased HDAC activity (Fig. 6B). The presence of MEK/ERK and JNK

inhibitors did not significantly affect the quercetin-decreased HDAC activity (Fig. 6B) but significantly

blocked quercetin- increased HAT activity (Fig. 6A). Taken together, these experiments suggest that the

quercetin induced histone H3 acetylation through modulation of both HDAC and HAT activity, however, ERK

and JNK signaling cascades are only involved in quercetin-induced HAT activation.

Involvement of Ac-H3 in quercetin-induced FasL up-regulation. To evaluate the promotion of the
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transactivation of FasL by histone H3 acetylation, CHIP assay was performed in HL-60 cells with or without

treatment of quercetin. Using anti-Ac-H3 antibody followed by PCR with primers specific for the FasL

promoter, the data showed that quercetin promoted histone H3 acetylation resulting in up-regulation of FasL,

whereas with pretreatments of PD98059 and SP600125 decreased the expression of FasL (Fig.7). These

results suggest that quercetin induced up-regulation of FasL was associated with ERK and JNK-mediated

epigenetic regulation.

Discussion

The relationship between diet and cancer has been implicated in several epidemiological studies. The results

indicate that dietary phytochemicals have antineoplastic potential.  Previous studies have demonstrated that

quercetin induces apoptosis in a wide range of human cancer cells (12-13). A better understanding of the

mechanisms by which quercetin induces apoptosis is necessary for its further development as a promising

chemoprevention agent. In the present study, quercetin induced apoptosis and activated ERK and JNK

signaling pathways in HL-60 cells (Fig.1 and Fig. 3). Quercetin also increased expression of FasL in HL-60

cells, suggesting that the extrinsic apoptosis pathway is induced by quercetin (Fig.2).

The Fas/FasL pathway has been implicated as an important cellular pathway regulating the induction of

apoptosis in diverse cell types and tissue. ERK and JNK have been identified to contribute to death receptor

transcription-dependent apoptotic signaling via c-Jun/AP-1, leading to transcriptional activation of FasL (21).

In addition to c-Jun, the ERK and JNK signaling pathways have been found to activate other transcription

factors as well as to alter histone acetylation, which contribute to AP-1 activity (5, 6). Our data showed that
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quercetin induced FasL mRNA expression occurred earlier than nuclear translocation of c-Jun (Fig.4). This

suggests that other gene regulation programs may be activated. By CHIP assay, it showed that up-regulation

of FasL by quercetin was associated with histone H3 acetylation (Fig.7). Quercetin may mediate recruitment

of chromatin remodeling complexes, coactivators, and transcription factors to promote transcription of target

genes.

Epigenetic modifications, such as histone acetylation and DNA methylation, are widely recognized as

having a substantial role to play in both normal cellular physiology and disease processes, particularly in

cancer where inappropriate gene-expression has long been known to play a fundamental role in the etiology of

the disease (22). Increasing evidence suggests that induction of histone hyperacetylation is responsible for the

antiproliferative activity and reversal of neoplastic characteristics through selective induction of genes (23).

According to our results, quercetin exhibited the property of activating HAT which mediated by the ERK and

JNK signaling pathways. In addition, quercetin exhibited a weak inhibitory effect on HDAC activity which

was independent with ERK and JNK signaling pathways. In Fig. 5, TSA, a histone deacetylation inhibitor,

induced histone H3 and H4 acetylation while quercetin only induced histone H3 acetylation. Previously, it has

been reported that histone deacetylation inhibitors (HDI) induce apoptosis through accumulation of excessive

DNA damage in leukemia cells (24). Whether quercetin causes DNA damage in leukemia cells will be

determined in the future. From data of histone acetylaltion (Fig.5), it implicates there are different mediation

in chromatin remodeling by quercetin and HDI. It is suggested that chemoprevention potential of dietary

flavonoids may be mediated by epigenetic regulation. The association of flavonoid structure and potential of

epigenetic regulation needs further investigation.

In conclusion, quercetin induced the expression of FasL through transactivation by the activation of
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ERK and JNK signaling pathway and the promotion of histone H3 acetylation in HL-60 cells. In other words,
quercetin affected gene expression mediated leukemia apoptosis via targeting signaling pathway and
chromatin remodeling. These results provide an important link to relevance for quercetin as a

chemopreventive agent.
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Legends for figure

Fig. 1. Quercetin-induced apoptosis in HL-60 cells. (A) Agarose gel electrophoresis of DNA from

Fig. 2.

quercetin-treated HL-60 cells. HL-60 cells were treated with the indicated concentrations of quercetin

for 12 h and genomic DNA was extracted, separated on an agarose gel and visualized under UV light

by ethidium bromide staining. (B) Cells were incubated with 100 puM of quercetin for 12 h and cell

lysates were assayed by Western blot for the cleavage of pro-caspase-3 and PARP in HL-60 cells.

B-actin was used as a loading control. Data are a representative of the two independent experiments.

Effect of quercetin on the protein of FasL, caspase 8, t-Bid, Bax and cytochrome ¢ in HL-60. (A)

HL-60 cells were treated with 100 uM of quercetin for indicated time, and then total cell extracts were

harvested. Western blot analysis was carried out with anti-Fas and anti-FasL antibodies, and

anti-B-actin was used as a loading control. (B) Western blot analysis was carried out with

anti-caspase-8, anti-Bid, and anti-t-Bid antibodies. p-actin was used as a loading control. (C) HL-60

cells were treated with 100 uM of quercetin for 6 h and then immunestained with anti-Bax (6A7) to

detect conformation-changed Bax. In addition, nuclear of HL-60 cells was stained with DAPI. Scale

bar= 50 um. (D) Cytosolic release of cytochrome ¢ was measured by Western blot analysis in cytosolic

and mitochondrial fraction. The tubulin and the Tom 20 were used as a cytoplasmic and a

mitochondrial loading control, respectively.

Fig. 3. Effect of quercetin on phosphorylation of MAPKs and impact of MAPKSs inhibitors on

quercetin-induced apoptosis in HL-60 cells. (A) Representative western blots show the time-dependent

phosphorylation of ERK1/2, INK1/2 and p38 MAPK by quercetin. HL-60 cells were incubated with

100 uM for the indicated time points. Protein extracts were prepared and analysed on western blots
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Fig. 4.

Fig. 5.

probed with specific antibodies to ascertain the phosphorylation of MAPKs. Membranes were stripped

and reprobed with total ERK, JNK and p38 antibodies as loading controls. (B) Representative western

blots show the dose-dependent phosphorylation of ERK, JNK and p38 MAPK by quercetin. HL-60

cells were incubated with the indicated concentrations of quercetin for 6 h. (C) HL-60 cells were

pre-incubated with PD98059 and SP600125 for 1 h and then treated with quercetin (Que). Cells were

also incubated with each inhibitor only. Protein extracts were prepared and analyzed on western blots

probed with specific antibodies to ascertain the phosphorylation of MAPKSs and cleavage of caspase-8,

-9, and -3. Representative results are shown from two experiments yielded equivalent findings.

Effect of quercetin on nuclear c-Jun. (A) HL-60 cells were treated with 50 and 100 uM of quercetin,

and total cellular RNA was extracted at the indicated times. Expression of Fas, FasL, and GAPDH

MRNAs was determined by quantitative RT-PCR using specific primers. (B) Time course and

dose-dependent of quercetin effect on the translocation of c-Fos and c-Jun to nuclear. Cells were

treated with 50 and 100 uM of quercetin for the indicated times and (C) cells were treated with 100

uM quercetin, 50 uM of PD98059 and 20 uM of SP600125 alone or in combination for 6 h. Then,

cells were harvested by centrifugation at 600 x g for 10 min at 4°C, and the nuclear fractions were

prepared as described in the section of Materials and Methods. To determine c-Fos and c-Jun

translocation, the resulting nuclear fractions were analyzed by immunoblotting with antibodies

specific for c-Fos, c-Jun, and C23 as nuclear protein control. Representative results are shown from

three experiments yielded equivalent findings.

Quercetin -induced apoptosis involving increase acetylation of histone H3 through ERK and JNK

pathways in HL-60 cells. (A) Cells were treated with indicated concentrations of quercetin and 100
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Fig. 6.

Fig. 7.

ng/mL of TSA for 6 and 12 h and the expression of Ac-H3 and the acetylation of H4 (Ac-H4) were

assessed. (B) By immunoblotting analysis, time course effect of quercetin (100 uM) on the acetylation

of histone H3 (Ac-H3) was assessed. (C) Cells were treated with 100 uM of quercetin (Que), 50 uM of

PD98059 and 20 uM of SP600125 alone or in combination for 6 h. The expression Ac-H3 and cleaved

PARP were analyzed by the immunoblotting analysis.

Association of ERK- and JNK- pathways with HDAC activity and HAT activity by treatment of
quercetin. Cells were treated with 100 uM of quercetin, 50 uM PD98059 and 20 uM SP600125 alone
or in combination for 6 h. (A) HAT and (B) HDAC activity were measured as described in Materials

and Methods.

Involvement of hyperacetylation of histone H3 in quercetin-induced FasL expression in HL-60 cells.

Soluble precleared chromatin was obtained from HL-60 cells pretreated with or without 50 uM of

PD98059 (MEK inhibitor) and 20 uM of SP600125 (JNK inhibitor) for 2 h. Then, cells were treated

with or without 100 uM of quercetin for 6 h. ChIP analysis of histone H3 acetylation (Ac-H3) at the

loci was performed by immunoprecipitation (IP) with an antibody against Ac-H3. The FasL promoter

sequences were detected by PCR with specific primers. To control input DNA, FasL promoter was

amplified from initial preparations of soluble chromatin (before immunoprecipitation). PCR products

obtained at 36 cycles are shown. A sample without the addition of DNA was used as negative control

(NC).
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