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AEF71NA dojuh= Y B3 AEFI7 Z4
oz 94 F57t 2 w7k 98 Hge Fefo] WA
He BEd &AF 717oez o|FolA gtk o]F che-
ckpointz}x 3}w(DNA 4], 449 =%, DNA 3%
), ol A7INA AEFT Y £ BAA Do ZA AT
EAARR 59 ool tiste] ZgelA Aot A 24
E B IR5E AT DNAY €45 7oz 2o
9 AQdg ob7g WA =Ael 2 DNA &4l
tek AlEe] uk-S-2 DNA repair 2 Y AEZ7)9] check-
point7} A 3}kE]w, Q142 02 DNA 3|8 wE AEA}
FEIH, o] 5L AZ Yo el Xo] 5 Walch & 9
Aol =&" A XA HejshH £ e = apoptosise &
Aet FA-S Hol: mitotic catastropheE}s A E-$ A o]
HEala gl ol AEF7]S B9-43 A8, = DNA
FAGS7)7E $8EA G AelolA AEEAM))ol A
slo] =) o) S9 M7 Apol9) G2 checkpoint7}
fHA AEstA X3 Aol ol ATEL B9
A e FAARA S5 4A 9] dupsel wE A
EA ¥ Baado] oJslo DNA £4-& WA 53z A
A< FHARel FE

AR S Erol 24 QMABHEAPTK) @ A)A1Q) non-receptor
tyrosine kinase A A|Q! herbimycin A (HMA)$} receptor
tyrosine kinase A AJQl genistein-g o] E3}o] K562 AL Q)
WA ot AEAY w3t W3tE 58 bl ek?
ukA ZA wlE (chronic myeloblastic leukemia, CML)<]
blast crisisis efoll Al Ea]5l K562 AEE p210ber-ablT}
pl45abl kiR o] Wl R} K562 A|EE apoptosisol] ot
WA A WAl glol A ber-abl kinaseo] EAdo] Z
23 98-S ke Aoz 284 kT cMLe] EA
Z hallmarkgl p210bcr-ablE A E $-Ax} Aoldl] o3t T&
o2 BAAZ ulsle] WMo & A R
kP AREL K562 AFol| that HZFOF acrute myleo-
cytic leukemia (AML)ol|A] §-2¥) HL60 AE} HFAA HE
& AR BlRsle] K562 AZS AR YAL Ko F
Ak wd B AT AL F 7HA PTK AAE
K562 AE2] Aol tigk AEAES] Hel9l apoptosis
FrEoll A E FHE HolE Vel A s
24 WAQl g Boow, WA Ao oste] §=
+ AIZEAL-L oncotic necrosis, cytoplasmic apoptosis '
mitotic catastrophe & 2JA1% 4= 9l HeehAo AL R
Sict. TE HMAE BAAE B 254 2749 B4

Aol o3t AZAEE FX1E ¥k ohg), 27 F55
= AEATE A3 A apoptosisol] 23k
genisteing- WAL ol o3 A ZALE 27 AT ©
o} 22 712 AYARE v oz B QoA & K562
AZe vhAA g PTK A4l HelA] AEF7]2] 24 g
ZAo|| gt 2AF F3le], PTK JAA ol o AEAY
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1. MEH

K562 (ATCC CCL 243)% American Type Culture Collection
ATCO).. g2 RE] FYdsle] ALsl9 om, 10% fetal bovine
serum (FBS, Gibco BRL), penicillin (100 units/ml)/strepto-
mycin (100 gg/ml) (Gibco BRL) Z1&]3 2 mM L-glutamate
(Sigma)7} E3¥+E RPMI 1640 (Gibco BRL) ufekuliz] & A
&3t 37°C, 5% CO} FaEv 27NA widslgict

2. MZEQ| HAIM ZAF & kEQ| X2

BE Ado] 485 AEE 2x10° cellsmle] B EE =
wstol UEEAAR A4Y ATE 2ol AdzAel
uzt Hesled ALk AL ZAE 6-MV X-Ray
Machine (Clinac 1,800 C, Varian)2- o]-&&}of 200~300 cGy/
min®] AFEZ oA dAsA =Alch. HMA
(Calbiochem)®} genistein  (Calbiochem)  dimethylsulfoxide
(DMSO, Sigma)ol] o4 2tz 1 mM¥}t 10 mM9] 538
Mo zAsIG ow, 27 250 nMI} 25 tMO] HEELE
AZ wfekBoll 2 A elskithICs).”

3. MEFV|9] 24

A EE 3]9te] PBS 1 mio] AFEg oh-g 7pA 2
gl A 95% oighEE 1 mly X2 43 H7bsta 7y
A E3slod AEE At 24 AELE 9AE
shof e A7 3 propidium iodide el A2
Hoha 37| ol 1A Fb BEAA AEE 94
sgith A EF 7]+ FACScan flow cytometry system (Becton
Dickinson)& A}-£-3lo] Modifit software® E-A31¢ ).

4. Western blotting

AEE 3«3t 1 mM phenylmethylsulfonyl fluoride
(PMSF, Sigma)7} E3H%l 1X lysis buffer (0.5% noniodet (NP)-
40, 120 mM NaCl, 40 mM Tris-HCI, pH 8.0) 250 uloi|A] 4°C
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ollA 303 o] &alalslet. AT HE 12,000 goll A 3087t
AAE 2 slo] sl o, Protein Assay Kit (Bio-Rad)E A}
Sato] A g At AEF7| 24 iAo 1y
H3l= 2ol gt gAE o]-&3lo] western blotting 0. 2.
et %9 hildE LI AEE 12% sodium
dodecylsulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
b1, 7A4e] Gl -& PolyScreen polyvinylinene difluoride
(PVDF) membrane (NEN Life Science)o. % o]-gA|Zr}. &
ul A o] o]F% membrane blocking #+4, U X}akA[cyclin
D1, E, A, B1, CDK2, CDK4, p34cdc2, pl6, p21 (Santa Cruz),
p53 (Calbiochem), cdc25C (Oncogene Bioscience)] HH2-3}A,
23 o|%3}A|(mouse or rabbit immunoglobulin, horse-
radish peroxidase-linked whole antibody, Amersham Pharmacia
Biotech) BM-3-3}48 A>] Enhanced chemiluminoscence (ECL)
system (Amersham Pharmacia Biotech)2 ¥F-2-A)7l t}2 Fu-
jifilm luminescent analysis system (LAS)-1000 Luminescent
Image AnalyzerZ -4}l Fujifilm Image Gauge Version
3.11 softwareE o] -&3}o] B4} ).

5. Cyclin-dependent Kinase (CDK) &MZXH(Histone
H1 kinase assay)

AZA ShalA 200 pge anti-CDK2 FELE anti-p3dede? 3
A8} protein A-sepharoseE o] &3to] WAEZANE A sl
9Jr}. Kinase buffer (20 mM Tris-Cl, pH 7.5, 4 mM MgCly)
2 F e ARG S 0.14Ci [7-P] dATP (Amersham)
2} 2 g9l histone H1 7]A o] 3%l kinase buffer 20 pxl&-
H7bsted 37°CollA] 3027 wh-SAF T WhE-A1Z A8l 5
X SDS-PAGE sample loading bufferZ 4 7}}3, 95°CollA] 5
B2 7F4d o 12% SDS-PAGEZE A 7| g E59ict. AL
frelfe g Re] 2AAYA Belsle] A Az (Hoeffer)ol
A AZAZ T Xray U E(Kodak) o2 —80°Col|A] 12417+
7338 ¥ Fuji FPM 1200 A A584712 94463
o}

6. Senescence? &3

A EE 3|F3lo] cytospindlo] slide glassol] LA A7) 1,
PBSZ 13] AX3 &, 2% paraformaldehydeol] 3~557F 3L
sk 2" AEE 1 mM MgChL/PBS §Ho g 2~
1087} 23] A)9 s}, SA- B-galactosidase -2-98[1 mg 5-bromo-
4-chloro-3-indolyl A3-D-galactoside (X-Gal)/1 ml 40 mM citric
acid/sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide,
5 mM patassium ferricyanide, 150 mM NaCi, 2 mM MgCl;]

2 A7Vo] 3TCOIA 4~ 12417k AE HSseich WSl
By ¥ £7o|=g PBSZ AT Giomsa §HOZ o]
ZGA4Y thg, BoAnF oz W

7. Magakaryotic differentiation? &3

AEE 3%eke] A7hE PBSE 23] A|Heh, 2% FBS)
PBSE blockingA]7] %, 5yl anti-CD61-FITC (BD, Biosci-
ence) & A7kstel Ak AGolA 1A WEAR B

(R) (RH) (RG)
G1 G2 G1 G2 G1 G2
Oh 0h
6h 6h 12h
i ;
g ;
E J——
>
= 12h
[<}]
o -*l
24 h 24h 48h
48 h 72h
72h 72h 120 h

DNA content

Fig. 1. Cell cycle analysis of K562 cells. Cells were exposed to
10 Gy of X-rays (R) and treated with 250 nM herbimycin A (RH)
or 25 yM genistein (RG), and incubated for indicated time. The
histogram was obtained by flow cytometric analysis. The results
presented are representative of three independent experiments.
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24 48 72 (h)

B. p21
(+) Cont 12 24 48 72(h)

Fig. 2. Western blot analysis of p53 and p21 proteins in K562 cells. Cells were irradiated with 10 Gy of X-rays (R),
or treated with 250 nM herbimycin A (RH) or 25uM genistein (RG). The reaction mixtures were incubated for
indicated time. Protein lysates were subjected to SDS-PAGE and protein levels of p53 (A) and p21 (B) were detected
by electrochemiluminescence system. (+); PMA-treated HL60 cell lysate as positive control of p21 expression.

o] ¥ ¥ 2% FBS/PBS 1 mlZ 33] Al¥3}gict. FACScan
flow cytometry system (Becton Dickinson)S Ab-&3to] 24

3t
2R

K562 A|Eoll HAA =24 A Yehte HAZF7]¢]
H3te Azke] A3l W) Gl 719 MEE A
2% g, AFAQA GM A9 &7o] 48 A7 A
I TR A 4= ). 4841 7F o] & small fractione] AEE
o] G27|9A] G17]E o]&&ldrt. 72X 7kl G171 B} LB
2] DNAE 713 large fraction?] A|E-Eo] Sz &7 A
EF719 AMEE7L o] FolH . WAL HMAE WA
g ASolle Gl ZAS A G2M Bx7} AlSA v
eltelbrl 48417 A7t 5B GYM A= dlaE A
F7E Aedsle Fe Bk v, WA T} geni-
steing 3HA] Fod 73 -oll= GM A7} 12047 737}
FNA A&H 02 FAF A chFig. 1).

K562 A|Z p53o] W= A k= Ao g ou] U A
%om, B 79 western blot 4 AN E FH Y
thFig. 2A). o] A& WA Aol PTK AA| 5] ATl
JlAE HEHAE ghokeh 3 p21 HL60o| PMAZ
A2l positive controlol|l A= FEIg Wd S HAE 4 9
Rort, K562 AlEA A BE 27104 HEHA g9k
(Fig. 2B).

AEZF71Y G2M7] 9] AL cyclin Bjcde2 E3HA|d)] ¢
Btod o] Foj At A 8 24 A9k HMA WA
] 319& of cyclin B1] W&l FEigh wstE HolA] ¢k

Zt

A 7hAslgchFig. 3A). G2719] A A= cyclin Bjede29}

A. Cyclin B1
Cont 12 24 48 96 (h)

RH

RG

B. cdc25C

RH

RG

C. cdc2 activity

Fig. 3. Western blot analysis of cyclin Bl and cdc25C, and cdc2
kinase activity in K562 cells. Cells were irradiated with 10 Gy
of X-rays (R), or treated with 250 nM herbimycin A (RH) or 25
¢M genistein (RG). The reaction mixtures were incubated for
indicated time. Protein lysates were subjected on SDS-PAGE and
protein levels of cyclin Bl (A) and c¢dc25C (B) were detected by
electrochemiluminescence system. For analysis of cdc2 kinase
activiry, protein lysates were reacted with kinase buffer con-
taining histone H1 substrate, [7-32P] dATP, and anti-cdc2
antibody, subjected to SDS-PAGE and analyzes by autoradio-

graphy (C).
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W7l cde25Cel Ag Aol ohod FAH, olSe B4
#slo] AT HOE o|Eol ool AT
AT B AT cde2SCS B HAH FE2A

A. Cyclin D1
Cont 12 24

B. Cyclin E
Cont 12 24 48 96 (h)

Cont 12 24 48 96 (h)

D. CDK2 activity
Cont 24

RH

RG

Fig. 4. Western blot analysis of cyclin D1, cyclin E and cyclin
A, and CDK2 kinase activity in K562 cells. Cells were irradiated
with 10 Gy of X-rays (R), or treated with 250 nM herbimycin
A (RH) or 25uM genistein (RG). The reaction mixtures were
incubated for indicated time. Protein lysates were subjected on
SDS-PAGE and protein levels of cyclin D1 (A), cyclin E (B) and
cyclin A (C) were detected by electrochemiluminescence system.
For analysis of CDK2 kinase activiry, protein lysates were
reacted with kinase buffer containing histone HI substrate, [y
-32P] dATP, and anti-CDK2 antibody, subjected to SDS-PAGE
and analyzes by autoradiography (D).

Al 12A7E ol Fell thi Zrasiglon, WwAAI HMAE
wHxe Al & Wl glgich 9hd WA4 9 genistein ¥
g A wdo] wi FAsG o, 242 A Folle
A9l JeldA ekrhFig. 3B). Cdc29] ¥4 WAA &
5 ZA A9 HMA el A 27]9] Zrdof o]o] thA]
38 e ke BHYouRe 2447k RHE 12417h), W
AR F} genistein®] WA E Aol A& oz F4Etg]
o} (Fig. 30).

Gl 9 S7|% #4ds AEF7| 24UAY WsE 24
314t Gloll& cyclin D/CDK4, GU/Sefl+= cyclin E/CDK2,
aeli S7]ollE cyclin A/CDK2 E3HA7} ZH2h Al E57)
zAo) o} Cyclin D19 WL RE =74
Ee W3E & 4 $ITHFig 4A). Cyclin E9] WH 2
BE A7l we BAs9en(Fg. 4B), Cyclin A2)
w2 HMASH #itAe Aol Zdste e Egd
(Fig. 4C). CDK4, CDK2, cdc29] Wrd Wi3ts zApsbgd ony,
sl g2 Axbder A9 w3yl gigichdaa not
shown). CDK29] A2 kLA chE2 A X]9} genistein B
A Aol kB ZFrhskeE e Hglou, HMAF
e el Al AlZbell whel ZH4-sleichFig. 4D).

p16 p213} 87l CDKS| ¥4 & Aslisle CDIZ 2 &
SA 9t B ATl plee] WEE BAY ZAS o
W7 AR on], Bel WAL A% A genistein
& WY AT Aol B BH PEE EPARHFig
5). # pl6o] p53 gl p213} tE-o] senescence ol
ofgict: Hite] A3, SA-f-gal JHE Feto]
senescence s ZAsIYIth K562 AL vt AA G524 A
Zx7]oll A3 senescence HF-& thA]

2o, A7}
A8 AFsle 79 Aelle A9 senescence WS

Cont 12 24 48

72 (h)

RH

RG

Fig. 5. Western blot analysis pl6 in K562 cells. Cells were
irradiated with 10 Gy of X-rays (R), or treated with 250 nM
herbimycin A (RH) or 25uM genistein (RG). The reaction
mixtures were incubated for indicated time. Protein lysates were
subjected to SDS-PAGE and protein levels of pl6 were detected
by electrochemiluminescence system.
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Fig. 6. Senescence of K562 cells. Cells were treated with 25 4M
of genistein with (RG) or without (G) the exposure of 10 Gy of
X-rays. The cells were incubated for the indicated time. Cells
were stained by SA- f-galactosidase solution at 37°C for 4~12
hours. The results presented are representative of three
independent experiments.
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3 A3k Fhgo] ubElE checkpoint Foto] 24
o AAAQA MZell HANE 24 Gl AEF7) 0l
A AL Aol WFe @] HREY 7oA vt
Feh 220 b o] 7hR] ZRA| Eell A AL 240l F
g Gl AAE £A4ste As & & d3lon, ot 24
7 3AA WA Aolell BATL glgel AAF U™ R
DNA &£4= fiste o8] 7HA 2ol el AlEF7)
8 G2 A7} of7lEH, ol E4E HTIHES FE3he
FAoz e AEF/E APty Aol AEE B
s 7)Aoz @uA Qo

2 dellA K562 MES] AEF7]9] wishe WAL &
24 A Azko] 7ol wek YA GaM A7t
48 A7k B3 AA A& et 1247 B3t Foll AES
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Fig. 7. Megakaryotic differentiation of X-irradiated K562 cells.
Cells were treated with 25 M of genistein with (RG) or without
(G) the exposure of 10 Gy of X-rays. The cells were incubated
for the indicated time. Cells were incubated with anti-CD61-FITC
antibody in 2% FBS/PBS for 1 hour and analyzed by flow
cytometry system. The results presented are representative of
three independent experiments.

719) AEE7L o] FolA = o] RAHA) HE AT
o} 4] DNA €4 93t 53 G27] AA= AZW ps3
o] EAsla p21 EE 143308 HAAH R HA3E
92 Wolltt A% FAHo| Bas Ak 5o 14330
= G2M zA ol #odslE cyclin Bljede2 EAE A s}
o] AEZ7]9 AAZE §A A7) mitotic catastrophe2] F
2 g 2 B 7oA WAR BEEA A p5)
3} p2lo] W s A ¢k Aeloll A& G2 checkpoint 7|7}
A 45 A okt M7]E Z13iske 7247kl 2n o)1) DNA
32k} nuclear fragmentaiong VEhHloH, o9} -2 A
Eol|A 14-3-359] ol FEEA Esle] mitotic cata-
strophe7} WFASE o7 A7k} 3 G2 G|+ cyclin
Bl/cdc28} 37 cde25CS) &g Aol &sle] §-2 k>
H A dAd PGEzA A cyclin Bl9] whd s}
cdc2 A9 32 8 27 A7 cd25C BE §A 5
2 G2 AAT} $AHA FEe HoFu, o) ofd =&
ol A W13k wp P9} o] AA el oste] Ks62 Ao F
55 mitotic catastrophe?] X tE ZAE A|A g}
aby kA 7 HMAS WA 23 7 5ol Gl A7}
ol AX SAFHA 4847+ 3 FHE G2/M AA7t
HaHe ATFNE Aedse F4T Bid oA
A oA EZo|A Bmyt up?9l Zo] apoptosisd] F
7t Dot Adg dAskE A & T Ak
ubeba) K562 AIE9] PTK A Al &gk WA w54 <
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ol G2M AA S 4 FL Gl AAY 3EFH apo-
ptosis®] =99 ARAES AAE F ok oj¢ I3}
o] pentoxyfilline’® Z-& caffeine™ 5] k52 kA&l <
g G2 BA 7 7be dEEe WA RS ST
A Tol ¥HA itk ATF7] 24 o5& =3
e RS $lolA cyclin D19] H3H= glleH, cyclin
E¢} A9l WY Zh49k CDK2 849 Z4E it ol&
WA E HMA WkAE] Aol ps3, p219] wde] gls
o= B3l GlollA] SE9] Aol AAHE F7] G1A
A7t FERE Hgh & p533 FasiA A53te Gl
checkpoint7} A E -G A AsbH, o]9} apoptosis®] §E9F
o] ARBAE AA gt

WAL T genisteing WA ol G2/M A AI7L
12047 A3 AR AGHeE FARLE o] H
cyclin B19] WFgl 7+4:9} cde29] #417H4 9l cde25Ce] ¥
d st 6% Mo Y AAULE WA 2ok
G2/M A A8} 3HA| K562 A FEE-2 megakaryocyte 22| £-3}
9} A4AH 9l senescence V4 UeFHTE F, genisteinol]
oJsto] Kse2 AEe] Aol itk ihs WshE $EoHE
zA7Z o] Y& AT FZHA}® B3] senescences}
222}ed cyclin D/CDK4 B3HAlel Sol4el AdAZ 2
£ plos] HE 212 BRY + YR

o] ] AgollA WAL dE2A ) 98 K562 AL
Aealk-2-9] mitotic catastrophe A2 E-2Ad G2 7]9]
A% G2 BAI7t FA=EE 3 cyclin B19] Al F
7} L& st XA BA7l SaHA] 32 el
A MZ|2 A8 A g AgEe A 249 d
HMAE T3t 7359 AZAY £33 27] A9 apo-
ptosis %A cdc2 kinase A Zvlol] wlE wl-E G2 A A
9] 49t cyclin E9F A ¥l 9 CDK2 #49] 74 5o
2 Q% p537t FHE G179 AIE 3 5oz AvE
g WA 29 genistein WA ElQ] -9 Al EAE

A+ cyclin B13} cdc25C ¥+ 9] cdc2 Aol RE A4
3= & G2 BAY A& fA 3t ARE FEHE

1319} megalaryocyte 2 9] %3} o] AEH o2 Yo}
£ A%z A9HEd. wakd B ARE Fihol HMAS
genistcinol] 9] K562 AEL] HAA $E ALAT W
SE AEF7] 243 DAl Ansle] gL Bl
Atk ol habdt AN $E ATAe AL olshet
£ ool ERE Zae AT, BALE ol &8 o A
299 Aol Aze FAL AZY & g ol
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—— Abstract

Regulatory Mechanism of Radiation-induced Cancer Cell
Death by the Change of Cell Cycle

Soo-Jin Jeong, Ph.D.", Min-Ho Jeong, M.D.", Ji-Yeon Jang, B.S.T, Wol-Soon Jo, B.S.",
Byung-Hyouk Nam, B.S.T, Min-Za Jeong, M.D.", Young-Jin Lim, M.D.", Byung Gon Jang, M.D.*,
Seon-Min Youn, M.D.*, Hyung Sik Lee, M.D.*, Won Joo Hur, M.D.* and Kwang Mo Yang, M.D."

*Department-of Radiation Oncology, "The Institute of Medical Science, Dong—A University Hospital,
College of Medicine, Pusan, Korea, TDepartment of Radiation Oncology,
Korea Institute of Radiological & Medical Sciences, Seoul, Korea

Purpose: In our previous study, we have shown the main cell death pattern induced by irradiation or protein
tyrosine kinase (PTK) inhibitors in K562 human myelogenous leukemic cell line. Death of the cells treated with
irradiation alone was characterized by mitotic catastrophe and typical radiation-induced apoptosis was accelerated
by herbimycin A (HMA). Both types of cell death were inhibited by genistein. In this study, we investigated the
effects of HMA and genistein on cell cycle regulation and its correlation with the alterations of radiation-induced cell
death.

Materials _and Methods: K562 cells in exponential growth phase were used for this study. The cells were
irradiated with 10 Gy using 6 MeV Linac (200-300 cGy/min). Immediately after irradiation, cells were treated with
250 nM of HMA or 25 #M of genistein. The distributions of cell cycle, the expressions of cell cycle-related protein,
the activities of cyclin-dependent kinase, and the yield of senescence and differentiation were analyzed.
Results: X-irradiated cells were arrested in the G2 phase of the cell cycle but unlike the p53-positive cells, they
were not .able to sustain the cell cycle arrest. An accumulation of cells in G2 phase of first cell-cycle
post-treatment and an increase of cyclin B1 were correlated with spontaneous, premature, chromosome
condensation and mitotic catastrophe. HMA induced rapid G2 checkpoint abrogation and concomitant
p53-independent G1 accumulation. HMA-induced cell cycle modifications correlated with the increase of cdc2
kinase activity, the decrease of the expressions of cyclins E and A and of CDK2 kinase activity, and the
enhancement of radiation-induced apoptosis. Genistein maintained cells that were arrested in the G2-phase,
decreased the expressions of cyclin B1 and ¢cdc25C and cdc2 kinase activity, increased the expression of p16, and
sustained senescence and megakaryocytic differentiation.

Conclusion: The effects of HMA and genistein on the radiation-induced cell death of K562 cells were closely
related to the cell cycle regulatory activities. In this study, we present a unique and reproducible model in which
for investigating the mechanisms of various, radiation-induced, cancer cell death patterns. Further evaluation by
using this model will provide a potent target for a new strategy of radiotherapy.

Key Words: Radiation-induced cell death, Cell cycle, Senescence, Differentiation, Herbimycin A, Genistein
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