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Esculetin Induces Apoptosis through Caspase-3 Activation in Human Leukemia U937 Cells. Cheol
Park, Sook Kyung Hyun', Woo-Jin Shin’, Kyung Tae Chung"’, Byung Tae Choi’, Hyun Ju Kwon"’,
Hye Jin Hwang"’, Byung-Woo Kim"’, Dong Il Park’, Won Ho Lee” and Yung Hyun Choi"*. 'Blue-Bio
Industry RIC, Departments of *Physiology and 8Biochemistry, College of Oriental Medicine, Departments of
*Biomedical Laboratory Science and “Life Science and Biotechnology, College of Natural Sciences and Department
of Biomaterial Control (BK21 program), Graduate School, “Department of Food and Nutrition, College of Human
Ecology, Dong-Eui University, Busan 614-052, South Korea; *Division of Meridian and Structural Medicine,
School of Oriental Medicine, "Department of Biology, College of Natural Sciences, Pusan National University,
Busan 609-735, South Korea - Esculetin, a coumarin compound, has been known to inhibit proliferation
and induce apoptosis in several types of human cancer cells. However, the molecular mechanisms in-
volved in esculetin-induced apoptosis are still uncharacterized in human leukemia cells. In this study,
we have investigated whether esculetin exerts anti-proliferative and apoptotic effects on human leuke-
mia U937 cells. It was found that esculetin could inhibit cell viability in a time-dependent manner,
which was associated with the induction of apoptotic cell death such as increased populations of apop-
totic-sub G1 phase. Apoptosis of U937 cells by esculetin was associated with an inhibition of Bcl-2/Bax
binding activity, formation of tBid, down-regulation of X-linked inhibitor of apoptotic protein (XIAP)
expression, and up-regulation of death receptor 4 (DR4) and FasL expression. Esculetin treatment also
induced the degradation of f-catenin and DNA fragmentation factor 45/inhibitor of caspase-activated
DNase (DFF45/ICAD). Furthermore, a caspase-3 specific inhibitor, z-DEVD-fmk, significantly inhibited
sub-G1 phase DNA content, morphological changes and degradation of p-catenin and DEE45/ICAD.
These results indicated that a key regulator in esculetin-induced apoptosis was caspase-3 in human

leukemia U937 cells.
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Apoptosis= Hjobe] A, 22 o] AujA] g &3 Al E
AA sl #EE A2 HA AL F50]H, apoptosis?] Hl
B4R 28 ¢ % VA IS 53} g B 99
o] & 4= Uth79,14]. Apoptosis= A X 5, ANE
DNA @3} 3 Alxete] £33 d4 53 22 g4
54 AAY, o8 A §AAES 37 2 Pas)
g3 Ago o3t - TH10,13,22]. Apoptosis 7>

14 74 2 (extrinsic pathway) ¥ U A]4 7 Z (intrinsic path-
way)ell 93] ==, WA AA ZFEZE Fas ligand
(FasL/CD95L) % tumor necrosis factor-related apoptosis-in-
ducing ligand (APO2L/TRAIL)$} 22 14 ligand 50| Al
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HoH2,5]. F+59] Hl 92K (death ligand)7} death receptor9} 2
kA=A AE Y Fo death-inducing signaling com-
plex (DISC)E F/4J3HAl 5L, ]| g pro-apoptotic A& =
WAl caspases?! caspase-8 Z -109] A3E doA &
caspases?! caspase-3, -6 ¥ -79] &4438}9} 14 w}E DNAY
SHg d4S FEAIZYL19]. 38 WAY A2e vEE
cjo} 9EZQ apoptosis HF L ZA oF=, AN 9 24
2+2=%(reactive oxygen species, ROS) 53 #2 ofg| 714
Ao oate] mEZE o} 92t £33l Bel-2 family <)
W] Jas FA HH v EZE=g ol 7 29} (mitochondrial
membrane potential, MMP)¢] ¥ 3}7} %5 o] cytochrome
o7t AEZAZ WEETH4,18]. o]EA WEH cytochrome c=
apoptotic protease activating factor-1 (Apaf-1) ¥ pro-cas-
pase-93} AE3}o] apoptosomes & AJ3HA caspase-9 L 3%
GA3AIA A apoptosisE A ZITH3,31].
A, HE, A% 55 3 S Aol Bol FHrH
A= coumarin =<1 esculetin (6,7-dihydroxycoumarin)
493433 xanthine oxidase B4 9A|, N-meth-

-N-nitrosourea®] 98t} = ¢ B benzo[a]pyrene
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plus 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone®l| <]

ato] =¥ HYe] JAEHAE A e T g 2 A

2 FAo] Hojt Ao2 HuFE oAl ItH11,20,21]. &

+ esculetin®] &A1 X2 apoptosis & B A EF7] A<}

T FUAEE THAE AR deA oy 244 713

w8e] gelA A edth16,17,23 27]

B AP QA LA U937 A ol A esculetin

= Ftavte] Asletz 7149 sjAls st OW]

¥ AES 2 Feo 1R esculetin® GFS FANFI L
Hg = HAA 2 YA AR Bodste B 7};(]

T3 RS B WslE A Fo3Q AHE

wjo] o},

>

2wy
Als| xi2

2 A3o] AME-H esculetin® Sigma-Aldrich (St. Louis,
MO, USA)ol A T438Hth mRNA 48 $13+9] Bioneer
(Taejeon, Korea)oll A T8 primer= Table 16 YER 1L
immunoblottings ¢lstel AHEE FAELS

T

Santa Cruz

Table 1. Sequence of primers used for RT-PCR

Biotechnology Inc. (Santa Cruz, CA, USA) 2 CalBiochem
(San Diego, CA, USA)9l A T3 111 22 FA = AHE-E
peroxidase-labeled donkey anti-rabbit ¥ peroxidase-labeled
sheep anti-mouse immunoglobulin® Amersham Life

Science Corp. (Arlington Heights, IL, USA)ell A T3ttt

MZ2| Hyot

Ao ARG A B+ U937 M E+= American Type
Culture Collection (ATCC, Rockville, MD, USA)ol A £
ek W 90% ¢ RPMI-1640 i A (Gibco BRL, Grand Island,
NY, USA)Oﬂ 10% fetal bovine serum (FBS), 2 mM glutamine,
100 U/ml penicillin & 100 pg/ml streptomycin (Gibco BRL)
o E3H8 ARUAZ AHg3lel 5% CO, 37°Ce) ZA3A
Wl Fal g

MTT assayoll 2t Mz HZAR| ZAL

30 pg/ml9] esculeting YZAITE F A3t Hj et

+ WAE AABIL 05 mg/ml FE9 tetrazolium bro-
mide salt (MTT, Amresco, Solon, OH, USA)E ¥53} %1t}
273t FQF CO,p v 7191 A A1) B DMSOZ 44

Gene name Sequence

GAPDH Sense 5.CGG AGT CAA CGG ATT TGG TCG TAT-3
Antisense 5-AGC CTT CTC CAT GGT GGT GAA GAC-3'

5 Sense 5-ATG GAC GGG TCC GGG GAG-3

ax Antisense 5-TCA GCC CAT CTT CTT CCA-3

Belo Sense 5-CAG CTG CAC CTG ACG-3
Antisense 5-ATG CAC CTA CCC AGC-3

Belx Sense 5-CGG GCA TTC AGT GAC CTG AC-3

L Antisense 5-TCA GGA ACC AGC GGT TGA AG-3

TRALL Sense 5-ATG GCT ATG ATG GAG TCC AG-3
Antisense 5-TTG TCC TGC ATC TGC TTC AGC-3

DR Sense 5-CAG AAC GTC CTG GAG CCT GTA AC-¥
Antisense 5-ATG TCC ATT GCC TGA TTC TTT GTG-3

DRS Sense 5.GGG AAG AAG ATT CTC CTG AGA TGT G-3
Antisense 5-ACA TTG TCC TCA GCC CCA GGT CG-3'

. Sense 5-TCT AAC TTG GGG TGG CTT TGT CTT C-3'

as Antisense 5.GTG TCA TAC GCT TTC TTT CCA T-3

Fasl Sense 5-GGA TTG GGC CTG GGG ATG TTT CA-3
Antisense 5-AGC CCA GTT TCA TTG ATC ACA AGG-3

survivin Sense 5-GCA TGG GTG CCC CGA CGT TG-3'

urviv Antisense 5-GCT CCG GCC AGA GGC CTC AA-3

XIAP Sense 5-GAA GAC CCT TGG GAA CAA CA-3
Antisense 5-CGC CTT AGC TGC TCT CTT CAG T-3'

AP Sense 5-TGA GCA TGC AGA CAC ATG C-3'

¢ Antisense 5-TGA CGG ATG AAC TCC TGT CC-3'

AP Sense 5-CAG AAT TGG CAA GAG CTG G-3'

¢ Antisense 5-CAC TTG CAA GCT GCT CAG G-3'




formazing EF =<1 ¥ ELISA reader (Molecular Devices,
Sunnyvale, CA, USA)E ©] 834 540 nmol A §3EE =

Aotk 4L BT A WS siglen, 1°ﬂ e e gkt
EF 2AE Microsoft EXCEL programs AH&-3te] 413}
o
M

Flow cytometry £44

AAHAITE FF esculeting A} AEE EL oS
CycleTEST PLUS DNA REAGENT Kit (Becton Dickinson,
San Jose, CA, USA)E o] &3t 14 2 A4S 3tof 4°C,
G A 308 T S AFATE A7 A2 E 35-mm
meshE o] &3le] ddMEX=z Eg T FACSCalibur
(Becton Dickinson)g oj-gste] FFrEo] wWE AE W
DNA &S CellQuest software % ModiFit LT (Becton
Dickinson) iil%% o] &3t A5t

MA S0|AS 0|88 MEQ| MAD} HEjo| Hat

A E v %8 100 mm petri dishesoll Al EE 1x10° 7} /ml
AEZ BT esculeting M gate] GAHAIZE S vl
g &, 94A dvH(inverted microscope, Carl Zeiss,

Germany)< ©|-&3}4] 2008 <] vl &2 Fe| WHetE #E3}

Reverse transcription-polymerase chain reaction
(RT-PCRJ0il 25t mRNA2Q| £4

3719k FLe 2 A FHIE U937 AES] TRIzol re-
agent (Invitrogen Co., Carlsbad, CA, USA)E 4°Coll A 1A17L
e Agstel T RNAS E2atith &2 RNAS e
=, 24Z+<] primer, DEPC water “L2] 32 ONE-STEP RT-PCR

PreMix Kit (Intron, Korea)E %1 Mastercycler gradient

=z
=
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(Eppendorf, Hamburg, Germany)& o] g3t FE T, 1%
agarose gel-& ©]-&-3Fe] 100 VollA A719 %S st H7]49

7]

© % DNA £ 7]- ¢ gel$ ethidium bromide (EtBr)E
ol gl QA % BRI

Immunoprecipitation,  gel  electrophoresis 2! Western
blot analysis

THIE A E 0 lysis buffer [25 mM Tris-Cl (pH 7.5), 250
mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM phenyme-
thylsulfonyl fluoride, 5 mM dithiothreitol] & % 7}5}o] Tl
A& 23 Y5 Bio-Rad @A FF Al<K(Bio-Rad,
Hercules, CA, USA)S o] -&-3to] Gt " Ad S 9
A s FA7F E0%) = extraction buffers FH]H T A

of H7be T 4£°CoAlA 1A 7F F<F WHEAIA THEo7] W E
YA E protein G/ A-Sepharose bead& ©]-&3t9 E 3ttt |
A3H 9 F 9 AS sodium dodecyl sulphate (SDS)- poly-
ato] 7719502 g th nitro-
cellulose membrane (Schleicher and Schuell, Keene, NH,
USA)S. 2 electroblotting®ll ¢J3] Zo]A| At FHH mem-
branes AU} Tl Aol sjFE = 14 9 23} Aol ¥H-&
AlZl & enhanced chemiluminoesence (ECL) &<
(Amersham Life Science Corp., Arlington Heights, IL, USA)
2 Aeiste] G Xray BEol 2BAA SAT A

F& BT,

:L

acrylamide gel& o] &

2 o

U937 Mlzo| Z4f 3! HEHof OJX|:= esculetin®| F&t
AA A EQ U7 Al E ) F40] W& esculetin
o] Y& MIT assays ©]&3st] 2AH 23, Fig. 1A 1
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Fig. 1. Growth inhibition and apoptosis induction in U937 human leukemia cells by esculetin. (A) U937 cells were seeded at 1X10*/ml
in a 6-well plate and treated with variable times of esculetin for 30 pg/ml. The growth inhibition was measured by the
metabolic-bye-based MTT assay. Data are expressed as meanSD of three independent experiments. (B) The cells treated
with esculetin for the indicated times and then the cells were stained with PI for flow cytometry analysis. The percentages
of cells with hypodiploid DNA (sub-G1 phase) contents represent the fractions undergoing apoptotic DNA degradation.
Data are expressed as mean+SD of three independent experiments. (C) The morphological changes of U937 cells after treatment
with esculetin were visualized by an inverted microscopy. Magnification, X200.
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Epd vke} Zo] 30 ug/mle] esculetin A 2] A| 7] F
et Sl L] F4o] Fadtel 447 Al B¢
ok 70% A= T4 A A3t Uehytt)h o3 F49
of W HAEZ Fef WsE A A B s ol &ate] &
23 A3}, Fig. 1Col| A 9} 20| esculetin #} 2] A 7}o] 3
T **xﬂm MES) ert Zasida A3 Fu 3

Esculetindf| 2|3t apoptosis®| 7t

Esculetin 2] 2]l &3 U937 Al X2 2194 2 deHs)
7} apoptosis L3 A#o] 9IS AR o)4FE o] apoptosis
o] AT E flow cytometry S ©]-83to] AHFAQA A&
St A3+ Fig. 1Bo] Uepd vhe} 2o} B2t wj Aol A A&
SHAEZ e X = apoptosis7t A9 e A] ¢F& RS = e
A%t esculetin®] A A|7te] F7HE4E sub-Gle H&o| T
7bate] 24417 A2l Fol M sub-G19) Bl &o] 70% o]Fo
UEH T o] esculetin A 2] 9§k U937 A2 F2] A
5 Jej 37} apoptosis F23 DH FHo] S v
st

Bol-2 familyel & 2 Bel-2/Bax@] binding  activityod|
O|X|= esculetine] Q&

Esculetin Aol 93 H3E9] apoptosis 2ol &
= FAAe] FAE 91k WA Bcl-2 familydl b=
M AR #de JTo] vA = esculetin®  FEFS
RT-PCR ¥ Western blot analysis WHOZ ZAMStST).
Fig. 20 UEhd uko} o] esculetin A A7 JEH oz
extrinsic pathway®l] 9J3te] F25 = Bide] ©¥st Aol
HEH AT =S Bl-2/Baxe] AES XA A, Fig
2Co] YEebd BFe} 7o) esculetin A2l 93} Bcl-2 %
Bax®] mRNA ¥ ©¥id FFoe o H3y #ay
A FUAIRE Bal-2/Bax®] AgHE 2 WA Hashe AL
2 UEtth o= esculetin A 2]el ¢3¢+ apoptosis &l
A A g WA BZIF BT #ojste] apoptosis
B #d a5 43 o] FolAL e AlAbete]
o|t}.
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Fig. 2. Effects of esculetin treatment on the Bcl-2 family ex-
pression in U937 human leukemia cells. (A) The cells
treated with esculetin for the indicated times and total
RNAs were isolated and reverse-transcribed. The result-
ing cDNAs were subjected to PCR with indicated pri-
mers and the reaction products were subjected to elec-
trophoresis in 1% agarose gel and visualized by EtBr
staining. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. (B) Whole
cell lysates (0.5 mg of protein) from control cells and
cells treated with esculetin were immunoprecipitated
with anti-Bax antibody. Immuno-complexes were sepa-
rated by 10% SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membrane, and probed
with anti-Bcl-2 antibody. Proteins were detected by ECL
detection. (C) The cells were lysed and then cellular pro-
teins were separated by SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. The mem-
branes were probed with the indicated antibodies.
Proteins were visualized using an ECL detection system.
Actin was used as an internal control.
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Fig. 3. Effects of esculetin treatment on the TRAIL, DR4, DR5,
Fas and FasL expression in U937 human leukemia cells.
(A) Total RNAs were isolated and reverse-transcribed.
The resulting cDNAs were subjected to PCR with in-
dicated primers and the reaction products were sub-
jected to electrophoresis in 1% agarose gel and visualized
by EtBr staining. GAPDH was used as an internal
control. (B) The cells were lysed and then cellular pro-
teins were separated by SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. The mem-
branes were probed with the indicated antibodies.
Proteins were visualized using an ECL detection system.
Actin was used as an internal control.
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Fig. 4. Effects of esculetin on the IAP family, B-catenin, CAD/
DFF40 and ICAD/DFF45 in U937 human leukemia cells.
(A) Total RNAs were isolated and reverse-transcribed.
The resulting cDNAs were subjected to PCR with in-
dicated primers and the reaction products were sub-
jected to electrophoresis in 1% agarose gel and visualized
by EtBr staining. GAPDH was used as an internal
control. (B) The cells were lysed and then cellular pro-
teins were separated by SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. The mem-
branes were probed with the indicated antibodies.
Proteins were visualized using an ECL detection system.
Actin was used as an internal control.

g JFE F= AE A Bkt Fig 5AA Yebd
o} Zo] esculetin 2]l 93} %= apoptosis”} cas-
pase-3 A3 A1 z-DEVD-fmk A1 A 2]ol| oj3tef A<l ghuis}
Al qAEE Ao & et Ee esculetin] o] Hej ¥
3} 3 caspase-39] 7]d @A S By Mo ME T
A7} Yebth(Fig. 5B 2 C). wElA esculetinell 235}

HHE] = apoptosis®l] 1A caspase-30] T3 ZHAZA 9
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Fig. 5. Suppression of esculetin-induced apoptosis by caspase-3 inhibitor, z-DEVD-fmk, in U937 human leukemia cells. Cells were
pretreated with 50 uM of z-DEVD-fmk for 1 hr, then treated with 30 pg/ml esculetin for 6 hr. (A) The cells were collected
and stained with PI for flow cytometry analysis. The percentages of cells with hypodiploid DNA (sub-G1 phase) contents
represent the fractions undergoing apoptotic DNA degradation. Data are expressed as meantSD of three independent
experiments. (B) Cell morphology was visualized by an inverted microscopy. Magnification, X200. (C) The cells were lysed
and then 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 an ECL detection system. Actin was

used as an internal control.
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i mEZ =g o} 9fute]] EA3h= Bl-2 familydl 43t=
@A=L 712 B homology (BH) domains (BH1 -
BH4) - 43 3 719 domaing EF3}a glon, v EZE
glo} HEF} nEZ = ol o3 f+=%= apoptosisS £
gt T8 A of F Wi dWdRs
pro-apoptotic F- A< Bax9} anti-apoptotic -7 2}+¢1 Bcl-2
7} EAgted o]E2 M E dimer FEIZ AF 3t EAIHA
gk oy 7Rl Aol o] B FEo] WSt e
apoptosis7} gojvh= AoZ EeiA Ath6,25]. WEHA escu-
letin®] Bcl-2 family 9] 2o ojm g Y-S nAe A& =
AR A3, Fig, 20|49} 2] Bide] @3} 9 Bcl-2/Bax A%
o] FAE FdE o] esculetind] &3 A E 9] apoptosis
ko] 9loj A Bcl-2 familyoll £8h= FHAHE] dimer 4
ol wgho] 83 4TS she AoE AAHA|H
A BEE FT apoptosisol] AAA 59 &4

&3 FAA4E 5, TRAILS DR4 ¥ DR59}F 283813l FasL
= Fas9} 2o E A apoptosisE rete AoE G A
ATH15,24]. o]2) g F59] FE&A o &3l dHAES0] escu-
letino]] ¢Jste] ojwf gt Ws}r} °HLQ% A& &g 23, Fig,
30 A9} 7o) DR4 % FasLe] T&o| Z71st= AL E Yehy
esculetin®] 9|3t apoptosis -2 &4 27} A= F=
ot Ao2 AZhE ot Apoptosis va"ﬂ A A ef-

fector caspase$] caspase-3<> apoptosis®] #F QAN T2
3 e st Aoz A e, AAF 2AAR nu
clear factor kappa B (NF-KB) o8 24 we o= ezl
IAP familyo] &3h= frAiAE § YF< caspase-37 24 3
A Ads %’5}04 o5 &4E& dAlste AR dHA 3l
tH12,26]. J3tEA Axo] A& Fagh

53 caspase-3°] &4
o9 714 g AES B A1 22 A apoptosis7t =

K

lo

A
&S 3
< 7HAY
e} 8,30].

g, x4l 714 ge el Bcatemn— A EY
oF thFst FAA] AEe] A 2-o) Fag
A AE2 739 p-catenine 92 kDad] & }
apoptosis7} AYUH 62-72 kDaZ TGHS7}F ¢
T g2 714 @ d 2= DNA ‘3-55}01] Hol st DFF40/
CAD$} DFF45/ICAD7} EAl3t=H] o5& A& 534 & ¥
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