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Mouse Leukemia A|3ol|A] Adenosine
5’-triphosphateol] 2] 38l Apoptosis
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Apoptosis Induced by Adenosine 5’-triphosphate in Mouse Leukemic Cells. Nan Young Joo, Kyu
Sang Park, Hae Sook Chung, In Deok Kong, and Joong Woo Lee Department of Physiology, Yonsei University
Wonju College of Medicine, Wonju 220— 701, Korea

Extracellular ATP elicits various biological responses and plays a significant role in physiological regulation.
Recently, ATP-induced growth inhibitions were reported in some tumor cell lines, but these effects and mechanisms
are not well known. This study was conducted to investigate ATP-induced growth inhibition in mouse leuke-
mic(P388D;) cells. ATP inhibited cell growth in a dose-dependent manner as analyzed by MTS assay(ICsy: 33.1
UM). Nucleotides other than ATP, such as ADP(37.5 yM) and AMP(33.2 yM) had the same effects as ATP,
but adenosine(57.8 yM) showed less effect than ATP. ATP attenuated the cells in Go/G; and Go/M phases,
but increased those in S phase in flow cytometric analysis. Hypodiploid cells(Ag), the presumptive findings of
apoptosis, were found among the ATP-treated cells. ATP induced DNA fragmentation into 180~200 bps as
measured by electrophoresis. Some apoptotic cells were stained by TUNEL method. ATP increased the intracellular
free Ca™" concentration([Ca™"];) and the increment of [Ca™]; was caused by influx from the extracellular space.
These results suggest that extracellular ATP induces growth inhibition through apoptosis.

Key Words: Adenosine 5’-triphosphate(ATP), Leukemic cells, Apoptosis, Intracellular free calcium concentra
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A E e che EAlste] FQ U Yo g o] &H &
ATPE o8 Aol o] AFELJE &5 o](Gordon,
1986), EAIS] Aghst F ZFHAY] WHdHLlee &
Filkins, 1988), ME=re] =3} W 8}(Rosengurt, 1970), A
Zolut HE&Z % F2 o|gOlsson & Pearson,
1990), €43} 2% (MacFarlane & Mills, 1975), A173 A=
o] £ 8 A =Z(llles & Norenberg, 1993)F cthokst &3}
A 2 4-& Yepficta 2aso] gt oleldt Hh-SES
A Xrtel] EAfse= 77 -&-Al(purinocepter)?] 44 3k
o] 93t Ao g urs]A 3 gl.ow(Bumstock, 1990), o]
ol A cAMPLL IP35-9] AlEW A edE £25 viAR

HYAR 03, © 220701 ZUE AFA YAF 162, A
Weta AFv AR
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A & A FEube] o] % Z(jonic channel)E A =
Aoz A4S Jehlle A2 A YckBaron
et al, 1984; Hallam et al, 1986). F+& &A= =A|
adenosine¥} AMP2] 2t&o] L3t P, =-&4|¢} ADP Y
ATPS| ZHg-o] $-AIE P, FEAZ LAY, o] v &
% Al(agonist)] 3} 7 7k (antagonist)2] AHA TS
71Fo 2 P& A, Ay, A3E Py P, Pay, Pay, Pz & Por
2 AlE5 9 vHBurnstock, 1990).

Zoll:= ATP7} adenocarcinoma(Rapaport, 1983), breast
tumor cell(Vandewalle et al, 1994), mastocytoma(Bronte et
al, 1996) 5ol Al A EA A AAaF g g5k A5 o
ehdo] B aElo] A Bo T Qi) ¥k oz} ATP
o o3 futsElE AMEAEL FAAZY H3IA
(Zheng et al, 1992)o|1}, T-lymphocyte®] A|Zmli7}4 A|E
EX(Di Virgilio et al, 1990)S0ll4] 228 A2)d J&g
299 Aeleh AXY v ok BR LA = o}
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£ 717 2.2 ¢y 7 apoptosise WA A 7)3EA gl E
$H(Zheng et al, 1992), F4 A FAA S HAE AEA
" (Thompson, 1995), ¥ A E27 (Ribeiro & Carson, 1993)
Soll Bojsto, ol ZAlsn YE T2 Eolt A7l
Ae] BEol WEo| YA o2 Sk A9 EA)
Alell Yyehdtn deA e Campton & Cidlowski,
1987; Araki et al, 1990). ATPol] 2]3 A XA 4] o]
3} apoptosisel] 28 ZAolgh= YR B37} 9l o1} (Zheng
et al, 1992), TAHCZ W AL oho] 2 7Rl
QAN FeA vt gt

H A% 0| A= mouse leukemia A]3EQ] P388D S o} &
st ATPS] AAd A A 7}-E t}2 adenine nucleotides 3
adenosine®} B] 28}, ololl oJ%t AEF7)F] HIE
B¢k E o2 % #H4 o] apoptosisel] &3 AR E
golslny, o|g} BAlste] ATPo &8 AEW Ca” FE
o] WigtE igto A, ATPY QAE AAH4 adt
o} 2 AL IR 3R 35

TR
MEHY Y NHAE

S A EFLY(KCLB, Seoul, Korea)o. 2 HE] Hok
Hlo} wljoksl31 9l P388D; A|EE 10% heat-inactivated
horse serum, penicillin(100U/ul), streptomycin(100 ug/mi),
amphotericin-B(0.025 ug/ml)7} 35 RPMI A AR
(GIBCO BRL, NY, USA)& 37°C, 5% CO,, 95% air 41 <]
8}-2 8457](1820IR, SHEL-LAB, USA)ol|A] wljeksl it
Agol] A838 ATP, ADP, AMP % adenosine Sigma
(Sigma Chemical Co., MO, U.S.A)Z €], A23187, pluro-
nic acid B fura-2/AM- Molecular probes(Molecular probes
Inc., OR, US.A)ZHE T34}

Adenine nuclectides % adenosine0| MZE A Zhol| o|x|=
Ae

Adenine nucleotides 3] adenosineol] 2]3F A E A A1 A
EIE 110 cells/wellol] o2} F%(32, 100, 320, 1000
UM)2] ATP, ADP, AMP, adenosines- *j2]38 v}-& UA
A Z+E wokE 7+ wello]l MTS £4(MTS:PMS=20:1,
Promega, Co., WI, US.A)S 20 uld B3l 37°C 8+
gF7loA 1A 7 F2F #HS-A17] F 492 nmol)A} ELISA
3}=7](Elida-5, Physica Inc., NY, USA)E FJEE =
Ao, ofF iz welld gt WMEEZ vlas}g]
th AZEAA AAEHE= dz2TY 50%E AT+
A9 FEICE 7IFoE v e

ojn

Flow cytometer® 0|28t MZF7|(cell cycle) &4

AGZA 76 9l 5x10° cellsimle] AEo]] 1mM2]
ATPE Aejsto] 24 -2 48X17) ujekdl &, 4°C, 300x g
2 1027 ARt BopAl AlEell WA Had
70% ethanolg 2 ml @& ¥ 4°Coll 4] 6057} whx]3}5] et
tha] 94 elsto] PBSZ A S ¥ 0.5mle] PBSel 2
$-A7] 1L, 0.5 ml¢] RNase(lmg/ml, Sigma)$} 0.5 ml propi-
dium jodide(200 pg/ml, Sigma) £ 7}sto] G ¥
4 Aostel WA Basiglch AEF7e] 24E
FACScan flow cytometer(Becton Dickinson immunocytome-
try system, CA, US.A)E o|&3lglon, AA| AEF 7
A EF7] 4} v]-8-2 planimeter(Koizumi type KP-26, Japan)
2 WAHe 248 o WA Tl ol vlgE Uehigich

HI|4EES 0|88 DNA 2E el

2 x10° cells/miol] ATP 2] % 24, 48417} 5 HH-5-A]
7| ©+& DNAE Eelsisicth 1A 900x g2 587 94
Balslo] AES 2 F 500 y19] lysis buffer(50 mM
Tris-Cl, pH 8.0, 1 mM EDTA, 100 mM NaCl), 1% SDS
S ul, proteinase K(1 mg/ml, Sigma)¢} &3ls}ed 37°Cell 4]
1247t o]4 wkx]slgic}. o] Z1& phenol extraction(phe-
nol/chloroform/isoamylalcohol(25:24:1),  Sigma)dt  th&
100% ethanol2 —20°Cell4] DNAE XA A|Zic}. 15000
pme.2 1087 YAR F 43NS BT AAHT T
2] th-2 DNase free- RNase(10 mg/ml, Sigma)& 713k ¥
37CoIA 3087 5o DNAS Belosich A7 95
1.5% agarose gel(1 X TBE buffer, 20 ml, 0.3 g agarose)&-
gtEol A 100 V constantZ 3}od 308~ 1417+ 53t 53
st A7) Fol B F gel A4 F4 ol 72
polaroid filmo] Eo] 9l¥ SL5GD photographic system
(Pharmaciayg ©]-8-3le] 254 nmollA] #3335t}

TUNEL H44g 0|88t apoptosis &2l

Mz ATP 1mM-& 2X10° cells/mlol) A )3k 3, 24, 48
A7} wekstgic). o]o] 300 x g3 487 AR slod A

2 B2 % 2x10 cellymlZ PBSo] E-{AHch
Poly-L-lysine coated slide$jol] AEE =2Hdt vl 4%
formaldehydeol] 4°Col| 4] 2587+ A A7t} o] & PBSE
A3 ok 0.2% Triton-X 100 g-of o & SE 7+ A E A7
% o}A| PBSE AH3lgdet. TDT buffer(equilibration
buffer 45 41, nucleotide mix 5 4l, TDT enzyme 1 ul) 50 ul&-
slideol) 23 & cover slipo. & Wi U-& =<3t A 37°C
&5 Aol A 60E-7F vE-2- A F t}. 2X SSC buffero]] 155
7y & & PBSE A|A )L, propidium iodide(l yg/mh) 2
tlz g% o 520 nmoll4 ¥F Fwe|7(Olympus,
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Tokyo, Japan) 2.2 #¢l F st
ATPO| of3t MZLU Ca"sE gt

AGZA 7)ol Q)= AEE-S bovine serum albumino]
E39 KRH buffer2 A8 F AAEeto] 5x10°
cellsml & B-GA 7t} o7]0) fura-2/AME 4 uMo] 5%
5 7}oha 37C & Szol 0E Ak A £ 603)
2 Egol FHA 4087 loading AFvh A
loadingS 13l fura-2/AMoll= H]o]2A AHIA A
pluronic acidE 0.025%(W/V) 32 & d7lstgi e, oF 30
27 2SupA st AENZY loadinge] Lol3lEH
& F A8s9lch. Loadingo] By ¥ AN o] o]
fura-2Z A|As}7] 9ste] KRH buffer2 E53] stz
5x10° cells/ml®] AER-FNL wrEgict ALY $2)
Ca™ EEX fluorescence spectrophotometer(F-2000, Hitachi,
Japan)2] intracellular cation measurement system-g ©]-8-3]
o] Z338}9dc}. Fura-27} loadingl Al E5-5-< 400 ulE
stirring bar7} S0} Q)& quartz cuvetteol] Y2 3 340, 380
nme} 3}AbellA] Z ) Z (interval 0.5 sec) excitation A7 ol
emission] = fluorescence intensity S 510 nm2] z}Akol| A
A4H oz 2Rt 123 34 F9 AELFYo
o FES] ATPE 71t F H3E 7S3glen, 45
EAE A Ca” EE 2R H AFY G FE
9 ZAREE vl 2 H2E AUk

R =Y

ATRE FFLEFLRSEME FAsIg o, ade-
nine nucleotides 3 adenosine®] &3} independent paired
test Alste] LA olm S8 Aol p-
value7} 0.05013t%) W& BA|Z 4k,

- ot

1 mM9] adenine nucleotides 3 adenosine-2- wljoF 244]
Zroll A o]u] )z welldl] v]3) HAs| ME AAS 4
A1 F .. (Fig. 1(a)), 48X HE 71 F 2.2 v 2Ll ATP,
ADP ¥ AMPS-2 A A5 85% o4 A A A} i8] 5
EollAe] A#E vlas] & A3 ATP, ADP, AMP Y
adenosine®] ICsp> Z}z} 33.1, 37.5, 33.2, 57.8 uMEA],
ATP, ADP, AMP2] 3+ §A4}9 3L adenosinedto] )
4 Z9kcl(Fig. 1(b)).

ATPol| o3t A EAQA A AT AARRL Yehte
AEZF7)4 M8 d4e BRelaal, 5x10° cells/mle]
A Zoll 1 mM ATPE X 2|3t F 24 32 48A) 7} wiokslvd

(@)
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Fig. 1. Ithibitory effects of adenine nucleotides and adenosine
on cell growth. (a) P388D; cells were treated with adenine
nucleotides and adenosine(! mM) for 1~3 days. Viability
was assessed by MTS assay. (b) Growth inhibitions induced
by adenine nucleotides and adenosine(for 48 hrs) were
compared to each other. Values represented the means + SEM.
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Fig. 2. Representative data of cell cycle changes induced by
ATP. (a) control group, (b) after 24 hrs (c) after 48 hrs treated
with 1 mM ATP.

Table 1. The proportion of cell number in each cell cycle
phase treated with ATP for 24 hrs and 48hrs. Values
represented the means+ SEM

Elapsed time(1 mM ATP)

Cell Control
cycle group

24hrs 48hrs
Ao 1.92+0.01 4391134  19.31+£3.17
Go/G, 47.9810.24 37324593  18.57%445
S 31.06+096  43.68+6.10 443714.42
GM 19.04+0.73 1461117 17741314

1234567

Fig. 3. DNA fragmentation after treatment with ATP. Lane
1: 100 bp DNA marker, Lane 2: control(24 hrs), Lane 3:
1 mM ATP(24 hrs), Lane 4: control(48 hrs), Lane 5: 1 mM
ATP(48 hss), Lane 6: 1 yM A23187(4 hrs), Lane 7: 1 uM
A23187(6 hrs).

2} SFIT program-2- ©]-&-3} flow cytometer2 DNAE-AM &
Shgich. ATPH 2] 3 24, 48417 Z5ollA] chzFoll v )
S phase®] A|E7} F71E9 3, Go/Gi ©)Y Go/M phase?)
AE &L 249 S £ 5 UACHFig. 2, Table 1). 7

"o}t Go/G; phase 920 2 hypodiploid cell(AgyEo] ¥

B A2 A| 7ol whe} R4 Fohetsl e, ol DNAYE &
Ao YehtE A0.2 apoptosisE FAIsHe ARA QY
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279 urelet

AEZ7) $A4 ATP7} apoplosisZ F2aehe 27
£ 9¥ deug, ol E #sly] $sle] apoptosisol]
5779 DNA 282 271958 S4l Bashlct. o
1] apoptosisE Yo7tk &2l Ca™ ionophore(A23187)
% PHYZE #hol, ATP | mME Xl 24, 4841715)
DNARZR & 243151 chFig. 3). 1 mM ATPE 2447+ A
gPE 5ol sug BAE Hol7|= AL, 4847+

o] A% 714 ¥ A8k 180~200 bps ladder pattern®] £7
& 2a

ApoptosisE& P27l AEe| £A= DNAd| AHF in
situ ¢34)% Q) TUNEL "4 (Gavricli et al, 1992)& 53|
ATPol] 93t apoptosisZ 3%} Hw|7 o 2 gelslgicl. v
279 73 dl22 Q] propidium iodidesl] )37+ <
A5 wbAFig 4a), | mMo] ATPE A2 A¢
apoptosisS o7l AEe] HAE DNAel 3w

Fig. 4. In situ staining of apoptotic cells using the TUNEL method. (a) control,
(b) after treatment with ImM ATP(48 hrs). Apoptotic cells were stained as bright

green color by flourescein and normal cells were stained as red color by propidium
iodide.
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fluoresceinel] 2|3}l ¥H-e 2HW oz Ay AL QY
T U HFig. 4b)).

ApoptosisE A7)+ endonucleaseol] = A E [Ca™);
F7tell A3l AstEl= Ao) J1A dal gElA glen
Z, ATPoY| &J3t [Ca™); H$}E 273} o] apoptosise}2] T
H 7heA S A Bzl sl AE7) GAHES 55
7t incubationdt ¥ oj2] FE9] ATPE A 2]ste] o]
g [Ca™) W3S ZA3li 0], ATPE 14Moll4] 2 mM
NA] FEEH 2 [Ca" & FMIAH U Fig. 5(2)), 2
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Fig. 5. Effects of ATP on intracellular Ca™ concentra-
tion([Ca""],). (a) Representative tracings of [Ca™); increases
induced by ATP, (b) dose response relationship between
concentration of ATP and increment of [Ca™]. Values
represented the means + SEM.

=
S

mM o] FEAE B o449 [Ca”) 3717t lsict
(Fig. 5()). ATPol| 9|& [Ca”); 3717} ol W% 22 &
8 dehbeA gty fsted, AE A9 G FE
g 2 F ATPo % [Ca”) WSS w]awslgic
ATPo| 93 [Ca™) Z7He AE NS Ca” FES 4
A7lol w2} wlelsto] Zhaslgom, Ca” freed) Aelel
AE 2318 ATPell 28 [Ca"le] Za¥-E vhehgich
(Fig. 6). 9% B ATPo] I3} [Ca”), WSk F2Z AIE

(a)
250+
2004
s
= [ca™,
— 150 \ )
£ ¥ —2mM
+ N u
8 a \'A-I\N """ 1imM
= 100 Mg - S00M
v N T Tosw T s —-—100 uM
=--=-10 uM
) ——Ca"" free
50
. . . . .
0 100 200 300
Time(sec)
(b)
200+
1504
=
5 B
~= 100+
+
+
©
o
< 504
0_
i
T W T T T . T . T
-7 -6 -5 -4 .3

Extracellular Ca™ concentration
(Log M)
Fig. 6. Effects of extracellular [Ca’™] on intracellular [Ca""]
increases induced by ATP. (a) Representative tracings of
[Ca™); increases induced by ATP(1 mM) at different
concentration of extracellular [Ca™"], (b) relationship between
[Ca™; changes induced by ATP and extracellular [Ca™"].
Values represented the means+ SEM.
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oNo ZHE| Xt o] LEZE
A olFiRE ¢ 5 Ut

il &

ATPE A|Eutol] EA3lE 77 FEAE WiIAZ gt
3 gEA glor, F A9 44 & s #3
ol A oJ2]7} A nucleotideEo] o] &5 1 glct. I P, 7
2 FaAle RS 2R Al o ZFte AEst
ATP> ADP> AMP> adenosine <=2 2 U}El} adenine
7)ol €1 91+ phosphatesrol] wlal|gho] d&A glrth(Lee
& Filkins, 1988). E. A& o}l 4+ adenine nucleotides] 3
FEo] A9 §AL9] ot adenosine] EFE e A
Uelgonz, 2 P, A dE & Aol 5
g 4 %tk P, F¥ 84 Pux, Pay, Poz, Poy, Pr 5
© 7 BEx=d|(Bumstock, 1990), ©] & E-3] mast cell,
monocyte, macrophage 52} & NA|F oA Py FHTEA
o] ZAN7} &l HglekDi Virgilio, 1995). Pz 778 &
A AETLY pores do] AENH f8 ZFEEE
(Ca" )& ZF7MAtn LA glom(Pizzo et dl,
1992), o] ¢} 7o & -H& F3F [Ca") TVt B AY
HE YX|sl= Atolr) whghA] B AjolA ATPS &
I P FE FEAG BAYE Aolgt FF5M £ T
Ao, Bt A4 a4 FHE A A A
34 E3hich.

ATPdl| 9J3t AE A A avtel AAlste] AE F
71 %l X e &35 dAstuzl, ATPE 9BAIZL A
2% flow cytometerE o]-8§-3}o] FA3s}lc} P388 AL
+ A¥HY GdGy, S, GM7] €9 271§ B,
ATP X 2] ¥ 244 7bo] AU A FE| GG @ G/M717}
Fol 59 A S7I7F o] AR 53 ol ¢
apoptotic area®] hypodiploid cell(AgyEo} A% Eoi%:
t}. AEE arrest7} Yo} £7H5E apoptosis7h A2}
Y, o] & fubsle oFEol wpgl 32 A Eulr} amest7}
ot} A 7)7F 2EkA 4= glrk(Steven & Robert, 1995).
2 AdolAd e 71 F71 3 Aog] $1X)= S7)ol A apop-
tosis7} Yolwt& wie] AHHY FAT KA

Q21<] #78-8 AR apoptosiszt oA H &
A Ao]2] DNA7} &2jo] 180~200 bps FE2| £A&
s Ao) 71 EAF o)} Ca™ ionophoreq] A23187
& A Futl] poreZ PAst] AETY Ca” §Y 7R
DNA 23& do7|= He| Y HAPemZ(Bany &
Eastman, 1992), o] & <A dlz & slo] ATPE flow cyto-
meteroll 4] B91¥ 22 X2 Fof Wite) vzl

t}. A|Z¢ DNAZ Eald & Arlds& AW A3,
A231877} £ 3k ladder pattern®] EA-& Ech 44
DNAd] 494 w3 Yehll TUNEL JAAE 1
mM ATP A X379 AA AE F AFEE632£78 %)
o] oJAlur-S-2 Uetiglth g4 HER AZAA A4
23H(88.2%)] B13) apoptotic AEs] ol 2HA elskel
A apoplosis} Woluk AEL o % AEZA o] AAH
7 EeT AR EAGAE ATPA 212 apop-
(ot M3He] FES BAF oA Eejglon), ol
¥ olg] BE2 ATPE slelol WsE B3Y Last 5l
Zet.

Apoptosisol] 2]3F DNAE-A-2 AfE ol 9]¢ endo-
nuclease) S45to] )8 ZehRichn LA giek. ol
3} endonuclease= A 815 7] 18 71H5-9] Aol & 7]
Z 0 2 endonuclease 1 ¥} II7} & <A o, endo-
nuclease & A ZEY Ca™* @ Mg~ Z7}ol o) &A%}
%] 3 (Jones et al, 1989; Lohmann & Beyersmann, 1993),
endonuclease I1= A|EW] pH w3}l ol &A=l
o2 A Qlrh(Barry & Eastman, 1993). o] E-50] 7|30l
A€ apoptosis= A|EW] Ca™ F7toll o3l fE v, o]
FAZ calmoduling-o] ojsle] endonucleased 243}
A7k 42iA girhRay et al, 1993). sFA|%F Al Euojr}
£4 4 2Fo) Hol7t Gold AR 1A E olshehe
d] o]#-2o] gltHDuke et al, 1983; Arends et al, 1990).
B Agol A ATPE A Fol ATk )Y BE &R e
Z [Ca & Z7HAF o, o218 [Ca") F7he ole] o
A& A% endonuclease S BA 3} A7 e FAYE A
o & Zzx|o] At} ATt ool Agk FAHQ FA7}
o} gl Aot

AZAA GAE S JAlste B ol Ais
o] A&E T YA, Y FEES XE AHlE £
Fota EA wjFel Agol AgE wx vk a2y
ATPS} 72 914 nucleotidex= #|Wol) EAe}= A o]
o, 485 Fol| ALl Yol 9= nucleotidaseol] &3}
AMP 1) adenosine2 2 )=o) AZUZ FFHEE
(Lee et al, 1995) =Ao] H& Aoz o4zt upehA
ATPS} AR P, F8 FEA9 7/ 2 old o3t
apoptosis®] 7] X el] #at A7t A P=lm ATPS Zfg-o]
3 o oAHA g & HE ¢ 9 Ao Ui

ZAle 2

o] FEL 1996 E BTN 2 TR AL

2 o)%o} .
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