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ABSTRACT. Alkylating agents form alkylated base adducts in the DNA and cause DNA lesions
leading to cell killing. In this study, we investigated the mechanism of apoptosis induced by N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) in PC-3 and DU145 human prostate carcinoma cell lines. MNNG
treatment resulted in the inhibition of cell proliferation in a concentration-dependent manner to a simi-
lar extent in both cell lines. This anti-proliferative effect of PC-3 and DU145 cells by MNNG was asso-
ciated with morphological changed such as membrane shrinking, cell rounding up and formation of
apoptotic bodies. MNNG treatment also induced a proteolytic cleavage of specific target proteins such
as poly(ADP-ribose) polymerase (PARP) and [-catenin proteins in DU145 cells but in PC-3 cells. Fur-
thermore, we observed an increase of pro-apoptotic protein Bax family expression and a decrease of
anti-apoptotic protein Bcl-2 family by MNNG treatment in a concentration-dependent manner. MNNG
also induced a proteolytic activation of caspase-3 and -9, which is believed to play a central role in
the apoptotic signaling pathway.
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Antonsson and Martinou, 2000). °]& F wlde M=z
dimerg #A3sIHA cytochrome ¢} 72 apoptosis
Tl Bdshs AAES ™M Jurgensmeier et
al, 1998; Lenaz et al, 1999). =3+ caspasesglil o]&
2% ICE/CED-like protease family 9A] apoptosis
ol Fo3t 9es dl=d, olEL HAFow AHH
9 MEANME proenzyme FENZ ERA ST 0|5
apoptosis FEE 4T Aol o8] E4std
cysteine-related proteases® Ho] 3 L A
2 Ax W EAQ3H= poly{ribose-ADP) polymerase
(PARP} B-catenin 53 7+ W2 %7 thildo] F3
o] #ogcHKaufmann et a/, 1993; Lazebnik et 4/,
1994; Fukuda, 1999; Rowlands et a/, 2000; Wijn-
hovan et a/, 2000). Apoptosisdl] Hdsh= o8] SlAE
Z HZ W™ = tE class?] 'inhibitor of apoptosis
proteins(IAPs)oll £:8l= F21AF 2HE-S 34| FollA] vlo)
22 290l 2J3} apoptosisE 2A3H7] 93+ baculoviral
whld FE2A] 9B Al o3 ME W anti-apoptotic
245 Adrh. 2 ol F 9 7K/ IAPsE ca-
spases2te] Azl AL Fsld 1E2| apoptotic
ZAE AAT F UL Aoz WA, IAP familyE<
ZAFQ Ao g BAo] Folxal UthHolcik et
al, 2001; Salvesen and Duckett, 2002; Hussein et
arl, 2003).

2 3P AYAMde] stetarol alkylating agent
o] ARgol Al=EWA(Kreis, 1995) FUAEA A 20
23 YAE AR U= alkylating agenti= DNAL]
Aba i A2YA) alkyl groupg olAA o7 71
F7424 HolE doF\H(Hall and Tilby, 1996; Wasser-
mann, 1994), o121t /42 mismatch 4 ¥+ base-
excision AL B3l 3B Aoz 4EA U
tHKat et a/, 1993; Carethers er a/, 1996). 1%
monofunctional DNA alkylating agentel| Z3l= N-
methyl-N-nitro-N-nitrosoguanidine(MNNG}& <14 ¢F
AEZE T3 g3 T/Y AEEANM AEZF7] G2/M
arrestol] ¢Ja AAA 2 apoptosisE sl ZoE
Busojx 3w St Fang et &/, 2001; Narayan et &/,
2001; Rasmussen et a/, 2000; Khan and Dipple,
2000; Carethers et af/, 1996; Shin et al, 1996;
Hawn et a/, 1995; Yang and Duerksen-Hughes,
2001). Q1A iR EE o83 HaYA-FA4 MNNG
= mismatch 49 F23 7154 @d A9
EA oA FUAA F42}F pb3 v A Qs E &
=sho] WA tHDuckett et al, 1999; Hickman and
Samson, 1999: Adamson et af/, 2002). °] Ai=

MNNGoI 2]t DNA <&/gof
AA} apoptosis o] Z71EAlSl mismatch 417
7} #ghe WolF:= Ao AlgEitHAdamson et al,
2002; Jaiswal and Narayan, 2002). = & MNNGe]|
olgt 2 B 7HA] ArAFEo] EEHIL Yot AA
M) A 714 siAS Agh REAESE H
o] wj-¢- v &3t Adefolc}.

2 AN NNGe| AL 34 asjo] &5
717 &) A A5t AA AP GAze] AEE
A, o] & <Igk de| HeH WIS ZAFSIIIL, apoptosis
o] fda AIFE A= B 7 FRA ] v
HelE ZASIETE B Aol Aol o tH MNNGE
A 5 YEHoZ FANE F T <Al AYAYA
29l Aol A dA=ENeH, & W apoptotic
bodye] ¥4 sub-G1 9] S7FAFC 2 apoptosis?]
Aol olate] YMEY APHo] REHE RAYS ¢ F
AATH oFeE Baxe] ¥ F7F B Bel-29o] I wslo)

£ caspased] /o] apoptosis Fdel Fa3F a2l
o7 8-S & & A

2 HEF7] Fold 4%

oL % ﬁ rlr
o Jo Mt < §

ERT

Mz ¢ Mzufek

MNNG= Sigma Chemical Co.(St. Luis, MO, USA)
oA e 1 mg/miel T2 FFr £33k
—-20°Cell Ba3tlar, A2l A iAol 343t ARE-315]
o} Ao AREEE DU145 2 PC-3 1A AEA A E
= AFed 14 (KRIBB, Taejeon, Korea)ol|A] #-oF wt
ko Choi et a/(2000)¢} Wol Eslo viokalaict.

MTT assayE 0|88t ME YEE| FH

THIE QA EE B8] 2487 59 AT &,
MNNGE =Wz xalskd 48A)17F Eob wjeksisin,
WA E AASLL tetrazolium bromide salttMTT, Sigma)
AleFE 0.5 mg/ml E=7F HEE AAZulRR 845t
2mk EFste] 3AIZF EF ulFsE ohe, MTT Aleke
A AL dimethylsulfoxide(DMSO, Sigma)g #7718k
of welld] A" formazing =90 $ ELISA reader
{Molecular Devices, Sunnyvale, CA, USA)E 540 nm
A EFEE 243 THChoi, 2001).
DNA Flow Cytometry0ll 2|8t sub-G

Apoptosis el AHFEQ] &4 N ZZF7)
sub-G19] BIEo) mx)= MNNGE Jae zAksp)
Hstd A4 = MNNGZF &8 wiAlelA 2 Al XS
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< DNA intercalating dyeSl propidium iodide(Pl, con-
centration, 50 pug/ml; Sigma)=Z |23 &, phosphate-
buffered saline(PBS)Z A3t RNase(Sigma)s #
gate] 4°C oF 3BloliA 1AIZE B wkEAIFT ol Al
¥Z DNA flow cytometry(Becton Dickinson, San
Jose, CA, USA) ¥ ModiFit LT(Becton Dickinson) =
2aYE AHeete] FRA EAE SITHChoi et al,
2000).

DAPI Staining

MNNG A2l 2]8 apoptosis w2 &els 93
Al o] FelA dsl A flste] A4 9 48K F
MNNG7F A28 F /e YHZFE 4 6-diamidino-
phenylindole(DAP!, Sigma) 8oz Jas & g
AP (X 40018 ]&3t] MNNG Ao we 3o 3
e HslE FEsEAtHChoi et g/, 2001).

otk o&i N S 2

Western Blot Analysis
A% 3 MNNGZE A2l vzl Ak A ZES lysis

buffer® {813 & wEAANEE/Z AE U IRAES
AR o Ty ©ALS SDS-polyacrylamide

gel A71¥5o2 EIsiart. Egld @S nitro-
cellulose membrane(Schleicher & Schuell, Keene,
NH, USA)e=2 electroblotting AlZ1 &, 10% skim
milk7F g2 PBS-T(0.1% Tween 20 in PBS)E o]&
3lef ool 247 A% WA M5l M BaAE

oO-1- .0

< b|ocking)\] 1’4— ———Rq Tﬂ-H“?ﬂoﬂ EH%]_ 5]_;—(“% mem-
braneell Helsle] FAPAESE Aozl F, PBSTZ
e Rk 3 EAEA Y st o|zFaHE X3 &
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Table 1. Sequences of primer used for RT-PCR

Gene

Sequence
name
Bax Sence 5-ATG-GAC-GGG-TCC-GGG-GAG-3'
Antisence5-TGG-AAG-AAG-ATG-GGC-TGA-3
Bcl-2 Seqce 5-CAG-CTG-CAC-CTG-ACG-3'
Antisence5'-GCT-GGG-TAG-GTG-CAT-3'
Bol-X, Seqce 5'-CGG-GCA-TTC-AGT-GAC-CTG-AC-3
Antisence5'-CTT-CAA-CCG-CTG-GTT-CCT-GA-3'
G APDHSer?ce 5-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3
Antisence5'-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-3'
55 BX3AHChoi er g/, 1997). Agel] AR &
(e}

€+ Santa Cruz Biotechnology Inc.(Santa Cruz, CA,
USA) 2 Calbiochem(Cambridge, MA, USARIA -4
IR o|AEAE AMEE  peroxidase-labled sheep
anti-mouse % peroxidase-labled donkey anti-rabbit
immunoglobulin® Amersham Life Science Corp.of

A 7t

RT-PCR
TYS 2oz FHjE AEE UFSE RNAzol B
(TEL-TEST, INC., Texas, USA}E 0]*‘3—5]-04 total RNAZ
et #21E RNAS A 3, Choi(2001)2] W
o] F8l] ollgo dT primers} AI\/IV reverse transcri-
ptaseE o183l 2 ugel RNAoIA ss cDNAZS 43t
9i . ©] cDNAZE template® AFE3l Table 10 W
FARAE FA40E polymerase chain reaction(PCR)
‘ﬂc}‘ﬁ_i ZH3IATE old housekeeping ®&-ZAF1 gly-
ceraldehyde-3-phosphate dehydrogenase(GAPDH)
AAE X381 internal control2 ARS-3IATE 2+ PCR

Enhanced ChemiLuminoesence(ECL, Amersham Life AMEES 1% agarose gels ©]83fo ﬂ7]°ﬂ£;}1
Science Corp., Arlington Heights, IL, USA) £4& & ethidium bromide(EtBr, Sigma}g o]-&3ld HAst &
BAIZ o Xray filmoll Z-gA1A S92 vy H UV 3tol|A] skt
109 A.PC-3 | B.DU145
2 s0 80 u
o c
58 60 60
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Fig. 1. Growth inhibition by MNNG treatment in PC-3 (A} and DU145 (B) human prostate carcinoma cells. Cells were seeded
as described in Materials and Methods, and MTT assay was performed after MNNG treatment for 48. Results are expressed
as percentage of the untreated control obtained from two separate experiments.
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€n 9 7@
MNNGZt &Mzl MES0| 0|X= P&

PC-3 2 DU145 SIA] AyA dAEe] &gl ulA|
= MNNGEY 93g doldr] #Jsle] MTT assaydl &
alod ZAFE A= Fig. 1914 veRd bl 7oh B4l
ol ARES AYA SHMFEFE 2T androgen-inde-
pendent$t A|3ESolu}, DU14E MEE pb3 FAx7 A
2ol Hlste PC-3 MIEE pb3 FA7F EA8HA] e
M EZFoltHvan Bokhoven et a/, 2001). Fig. 12 ZAx}
oA & & A%l MNNGE AHEsx of&Edoz oAl
Fo AEgo] Fhsiglon, E A AMgH F AX
Foll & Zpolle A veR A ekt & MNNG A
2o M AlZ W vhgellq pb39] IAksE Fade=
Estal{Parra et a/, 2001; Adamson et al, 2002),
A4 pb3 AR AsE A FEoME FUT A
R3ltk= A& Yang® Duerksen-Hughes(2001)2] 43}
o} TYEES & & UMTh =3 FY AHA AlEZolH]
9t androgen-dependentdt Mo = Fx 7EAdo)
E=gd A3HRasmussen er al, 200002 XHo} p53o)
MNNGell ot MlEe] AdAgeialol= & Fo] e
oz gt

MNNG X2|0fl 2|8t apoptosise| 7t

MNNGe] 22lol] ofgh Q1A Hdygd dAlxZe] AEs 7+
47} apoptosis s} AFAAGo] 1S A= 7Yl
DNA flow cytometryE ©]8-3ld sub-G17]dll &3h=
A EE2 ZAYskATE Fig. 2004 2 2= Q)
PC-3 AlZoA DU145 Bt} th4 apoptosis 729 A
T7F B2 AeE Yehgou & zojge glloen,
MNNGS] Azl sx7t S71l wet $% o|EHoR
sub-G17ell &3k AZES] ¥mrt 7R oS

A=y
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Fig. 3. Formation of apoptotic bodies by MNNG treatment
in PC-3 (A) and DU145 (B) human prostate carcinoma cells.
Cells were incubated with MNNG for 48 h, and then stained
with DAPI. After 10 min incubation at room temperature, the
cells were washed with PBS and nuclear morphology was
photographed with a fluorescence microscope using blue fil-
ter. Magnification, x400.

ofX
X

MNNG] = z]ol ]38t apoptosis 22 23zl
£ A7) st A4 3 MNNGZEF S alfA] ol A
HikE SMEE e R Hef FeFQ #E xSt
At Fig. 3A 2 B DAPI GAlo] 2)8k ae] &Hefjo )
2= MNNGe| 93e Jepd 2324, MNNG7E A&
H HjR]e A gk A ES] 9 AR oA Ak Al
SoflA] FEE 4= gli= apoptosis F2 5ol # W
DNA whHzle| 23t apoptotic bodyd] Z#H(Zimmer-
mann et al, 20071; Lieberthal et &/, 19982 &gt
£ AR} o)) Aak= MNNGE] 2ol o3t Ayl
ok iZe] A% A= apoptosis - LHI AR
o] e Kol = Ao g AlgErh B AEEol v
A= Gae] ZAikFig. 10049 FAsHA B pb3 74
2o f5-oll WAl apoptosis ol FAFE AAE

8 B.DU145

0 02 04 06 08
MNNG (ug/mi)

Fig. 2. Induction of apoptotic cell death by MNNG treatment in PC-3 (A) and DU145 (B) human prostate carcinoma cells.
Cells were treated with MNNG for indicated concentrations for 48 h. Cells were then fixed and stained with Pl. Apoptotic sub-
G1 cells were determined by a DNA flow cytometry. Data are means average of two separate experiments.
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HoFo 2a] MNNGe) 9§t apoptosisd] fa-2 &
oA AMeE AYAM GAEZoA pb3 Bl2jEAH)S
- AReH, o= AFol A F Pulro BiE

& AFA3HYang Duerksen-Hughes, 2001; Strasser
et al, 19949} FA}ski Tt

e g

PARP ¥ B-catenine] 8i0] 0|Xj= MNNGS| &k

zh dejzl vk o] B U - 9F AFol| 93l
apoptosis7t oyl PARP wudoe] REA o= 2]
= Esfj#go] vehdt). AdAIEe] A9 116 KDad]
BAHS 7HAIRT apoptosis7t Lol A= 85 KDa
Z719 ¢He A2 & 4 ArHKaufmann et a/, 1993;
Lazebnik et a/, 1994). PARP= AAMAES] DNA re-
pairt genomic stability®] f3el F83 I8 3
(Tewari et al, 1995), apoptosis &4 & caspase2] &
goll ofsf whala a7t o PARPL] Ad-e A
xo] 44H<Q repairlse] “FEE HNagata, 1997). &
H catenin family TSRS A2 A ZA E-cad-
herinzt ZAgsle M Ax71%] Fag AL g}
(Jonson, 1999; Wijnhovan et a/, 2000). = % B-
catenin® ME W FARR e} Fabd Mxe] HARRA
2 MEFEI BAE apoptosis A} o] Ut
(Rowlands er a/, 2000; Wijnhovan et a/, 2000). &
AAlEL] AL 92KDad Z7)E Y AE /A
apoptosis’t oL 62~72 KDao.2 @H3l7 dojit
tHFukuda, 1999; Steinhusen et a/, 2000).

2 AFollA] MNNGel st dya gAlEe] apop-
tosis &3t PARP 2 B-catenin®] o) ArmAdo] ¢}
A5 2AKE A3 PARP whde] A9 Fig. 4A 2 B
oM YEeRd viel 7ro] PC-3 A|EoAE o}F-d Wi}
LEEA] AT DUT4E XY ALE Aawwrt

A B
MNNG (ug/ml) MNNG (ug/ml)
f 1

0 02 04 06 08 0 02 04 06 08
‘HW‘WM M—H‘—‘.anl: PARP
» | [ ot g0 e 9 | <= - catenin
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Fig. 4. Effects of MNNG on the levels of PARP and B-cate-
nin protein in PC-3 (A) and DU145 (B) human prostate car-
cinoma cells. Cells were incubated with MNNG for 48 h,
lysed and cellular proteins were separated by 8% SDS-poly-
acrylamide gels and transferred onto nitrocellulose mem-
branes. The membranes were probed with the anti-PARP
and anti-B3-catenin antibodies. Proteins were visualized using
ECL detection system. Actin was used as a loading control.

F7td% 85KDa 9A9] bande] wRle] F7hs o]
MNNG Aglsx oE&el X A7t apop-
tosis®] 3 A FHo] vk AL A veho]
Zt}. B-catenin®] 7% DU1450A = HARA] o)A 2}
2 HEES] ¢ 92KDagl F bande] Wdo] 731~
7t MNNG &= oj&do 2 THsle bandel =48 #
2 £ ATt 2 AP AR YA AR mEe)
A1 MNNGSE] #2lof w& AAZQ0 A2 Fejs o]
of W& apoptosis7t FAEUA T B-catening] A3 o]
A 5] FRAY dAg sl ddo] YA
grot oldll &gk F7HEQ A7 Had zlog AlgH
3 Halappanavar et a/(1999)l 213} PARPS] 23 o
w2 MNNGe| F3F vlaol|A] PARP(—/)01 MEF71 A
& Aol viste] Aeze] MNNGAME 7ol uf
- =2en], PARP(+/+) AlEFAE MNNGY ]
of W& PARP Wzl wHslrt LatEQl apoptosis
T A ZoAM BFE= Fdo st 2 Fxrt oot
v AL & AT Ayt AR @ 4= itk

A

MNNGZ} Bcl-2/Bax familye] &&i0f DIX|l= Q&
Apoptosis &4 viAste tiEA FdxR1D Bel-2/

Bax family & apoptosis &2 HAlsk= anti-apop-
totic ®AK1 Bcl-2 ¥ apoptosis #22 EX8R= pro-
apoptotic A1 Baxe ZH3 AL 7K1 9ok
(Jurgensmeier er al, 1998; Antonsson and Martinou,
2000). o1& % #Z2R= mitochondriaZ*E cytochrome
=S FEAA FY IA 4R pb3, caspase
DNA ©hHsle}l Ad## endonuclease 5¢ 4L =3
gltHAntonsson and Martinou, 2000; Reed, 1998;
Rosse et a/, 1998). °|& FAA= M= dimerE o]%
3 Q= wE 2o Wby doju apoptosis7t &
e Aoz ¢4EA YrHAntonsson and Martinou,
2000; Lenaz et a/. 1999). &4l MNNGe ]38k <14
g eI apoptosis ol Bel-2/Bax family
o] BE AR 2AEIAT. Fig. BAdY UERd ule} 7lo)
PC-3 Ao Ao} 74 AL Bax ¥ Bax familyell 3}
= Bad, Bel-2 2 Bel-2 familyell &3l 2 BelxXS/AL ©
WA o] WsloflA Bel-29] & givbo] FEX dAo)
o, Uuz] chiEe] W= F JgS FAE &
skt ey DU145 Ml zZeflxfe] 79+ Bax % Bade
i wgol MNNGe| Azl v Sl wet ti =
I o™, Bel2 A T oEHow 7hhre A%
735 Hol FYrHFg. 6B). el RT-PCRel 2t A}
FEollM olF fAxdzke] Wl rixl= MNNGY 98k
ZAFl 2 A3, PC-3 MlZFA Bel-2 familyel]l £3k=
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Fig. 5. Effects of MNNG on the levels of Bcl-2/Bax family
protein (A and B) and mRNA (C and D) in PC-3 (A and C)
and DU145 (B and D) human prostate carcinoma cells. (A
and B) Cells were incubated with MNNG for 48 h, lysed and
cellular proteins were separated by 12% SDS-polyacryla-
mide gels and transferred onto nitrocellulose membranes.
The membranes were probed with indicated antibodies. Pro-
teins were visualized using ECL detection system. (C and
D) Cells were incubated with MNNG for 48 h and total
RNAs were isolated and RT-PCR was performed using spe-
cific primers described in Materials and Methods. GAPDH
was used as a house-keeping control gene.

BelkXL f-dxke] MAL ~ERF ZAEAE ¥ YA 3
2H=e] o= & Wbyt glRlchFig. C & D). o]4+e]
Az METFe SR ME kel Aol o}, F
EX0 =7 Rasmussen et a/(2000)2] 2342} FAFSIA

Caspase ¥ clAPse| &80 O|Xl= MNNGe| A&k
Apoptosis el A4HAQ] &S = caspase=
&3k mitochondria®] <=l B34 ez 451t}
apoptosisE f+Edke A=l oJst] E/ds5tE 3 (Reed,
1998), &4+ Bcl-2/Bax family?] dEAE 2 pb3e]
&4 A= UKKluck er g/, 1997). - caspase
o] A4z Add zdAxEA AP @A EL caspase
9494 ZHPAR AEE Fot 259 @4E A #
{Holcik et a/, 2001; Salvesen and Duckett 2000;
Hussein et a/., 2003).
wEA MNNGe] 2%k €1 iﬂ HRAJA LS apoptosis
Hata} A28 caspases 2 IAPse] #E ofRE A
A3= Fig. 60 vrebd vle} 74tk WA caspase-39] 7
F PC3 AlZoMe E4F e wdS &L + jl9A

A MNNG@gm) B MNNG ugm
T —/ r |
0 02 04 06 0.8 0 0.2 04 06 038
1....*.,“_“___._.J[-—.....q’- <~ Caspase 3
et P <

j "”T <— Caspase 9
.

MNNG (ug/ml)
Bl
0 0.2 04 06 0.8

C wmNNGugmy D

—
0 02 04 06 08

< CIAP- 1

mmmmmJI mmd—clAP 2

Fig. 6. Proteolytic cleavage of caspase-3 and caspase-9
protein by MNNG treatment without alteration of clAPs
expression in PC-3 (A and C) and DU145 (B and D) human
prostate carcinoma cells. Cells were incubated with MNNG
for 48 h, lysed and cellular proteins were separated by 12%
SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were probed with indicated
antibodies. Proteins were visualized using ECL detection
system.

T DU145 Al Zoll M= B30 17 2 19 KDa 2AH4S
T E Aol whEo] MNNG 2ass oj&F o=z =
7¥8klth. o)& Halappanavar et a/(1999)l ¢Js)] o]n
%9 At fApelgdrt. 3 caspase cascades 2l
HAgAoA caspase-32] Aol £Aj6l= caspase-9
A4S 2435 Az PC-3 2 DU145 BFolA] 849
o] o] i oEH o7 ZUsltHFig. 6A
B). Z&1t MNNG A8 & ZAtE 5 7R F/{cIAP-
2 clAP-2)e] IAP family = Zse pC3 2
DU145 E5ollA] o}f-d wslzt glicHFig. 6C & D).

*%rﬁr-gkol'n&

2 =

2 AFolA= monofunctional alkylating agent?!
MNNGel &J&F AA] dHA GAZL] apoptosis ikl
A5 71HEA S A =T MNNGE] A 2lel 9fsle =
Atd PC-3 2 DU145 A M E RFeM & oJE
Hom AMESo] TasPoH, F AEF Atole] folA
2l Xpol2 Tt o2 MNNGe| dAlE A7 A
B sub-G1719] 7+ ¥ apoptotic body 34 52
2 2lE AAY apoptosis 2t LHE AaAdo] 3l
Now, F AELFofA apoptosis FEANE FARSE 43
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