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A number of anticancer drugs exert their effect by causing DNA damage and subsequent apoptosis induction. Reac-
tive oxygen species (ROS), such as hydrogen peroxide (H,0,) and super oxide anion (O5 ), participate in apoptosis
and DNA damage induced by some anticancer drugs, however, the precise mechanism of apoptosis via ROS formation
remains to be clarified. I investigated the mechanism of apoptosis and DNA damage induced by anticancer drugs, espe-
cially topoisomerase inhibitors, using human cultured cells. TAS-103, a topoisomerase inhibitor, induces apoptosis
through DNA cleavage and subsequent H,O, generation mediated by poly (ADP-ribose) polymerase (PARP) and
NAD (P) H oxidase activation. Doxorubicin (DOX), an anthracycline antibiotic and topoisomerase inhibitor, induces
apoptosis through direct oxidative DNA damage leading to indirect H,O, generation mediated by PARP and NAD (P) H
oxidase activation. DOX caused site-specific oxidative DNA damage in the presence of copper (II), which may contrib-
ute to apoptosis. These findings suggest that ROS formation plays important roles in apoptosis induced by anticancer
drugs. Furthermore, these studies may provide an insight into the development of new effective chemotherapeutic drugs.
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AL, SRR 18 4F FE H AR 2 BfG STHR 2 i 52 fih B
DZEERLEL TR LZbDTH 2.

PINAKNT K % ROS EREMICONTIE, Y b
FHA 7 RIDAEIIEME OHEY D DD
A CHARREHIIZ E A EfTDR TV, RKEF
TIE, INSOHIPARZEN LT R F— X#HE
IZB 1% ROS A4 jk & DNA 15D % E R F D5
FHREIZDONWT, EHFOMIEZ TS 5.

2. FRAYAZT—E 1, TIAEH TAS-103D7
R b= ZFEHES

TAS-103 (6- [ [2- (dimethylamino) ethyl] amino] -3-
hydroxy-7H-indeno [ 2,1-¢ ] quinolin-7-one dihydro-
chloride) 1%, KMEEM THEMHTERINLEF /1
CEKEAETDSRRAYAT—EHERTHD,
DNA hRAVAT—F I LU DOWHZHET 5.
ZDOMEEMIZL D DNA 28l L, HinAlER %z
I 5. TAS-103 Oz (ICs: 0.0030-0.23
uMm) 1, BT RTFT 2RI FRIY RKXD@EAT
HO, 1Y T2 OABIEEY D SN-38 & [FA#E
ETHD, SMERNAMBBICHL THEERTHS
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ZEMMEINTNS. D TAS-103 1%, MOFINA
FlEFERICT R N = X Z2FBT DN, TOHTH
HIZDWTIE, TamInTtunizn,

%HE 513, TAS-103 1K D7 R b —3 Ak Eik
Wz b b AT B B IR # il HL-60 &2 D 71 %
T —tYiBFEH K HP100 2 H W THRE L7z, HP100
WXEHI D HL-60 12X 18 5D h & 5 — VPGt %
BB, H,0, 10 LT 340 i TH 5.8 )NV AT
1 =)V RTIVEKIKENEIC K S E K DNA Bk (1-
2Mb) O, b E FRA Y AT —FHEIC
& % DNA §Jirid, 1% 5 2 D HL-60 &
HP100 & DI TEMN N> /. —F, DNA D F
& —IROWFrbid, HL-60 13 4 KifE]#212 HP100 1%
6 Rtz Ic M ICE kRSN, LAED> T,
TAS-103 ® hiR1 YV A T —EHEIZL 5 DNA G
121X HyO, I3R G Lz s, SSICFRO 7R h—
CAFEIZIIEET S I EARE I N, Ml
B ALY D E ki3 8 Y 1 3% 27,7 -dichlorofluorescin
diacetate (DCFH-DA) %, I ha> R VEBA
DA (A¥m) 1L 3,3 -dihexyloxacarbocyanine
iodide [DiIOC4(3)] ZHWT7O—H A hA MY —
WEOBEFELRZ, HAN—Y 3EHIL, FOEE
E [ z-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl
coumarin (DEVD-AFC)] ZHWTHIEL . ZD
E, TNTNOHRIE, HL-60 fMigickl ¥
T — X DIE AT E W HP100 HH 1 T 38 E 5o 5 55 71
SN ENG, HO, MBEL TnW5 Z &R
INTz. R, 1D MlEN H0, © E&,
2) S hOCRYTEEMOEL, 3) MENT R
IN—E 3{EMED ES, 4) % DNA Wb DRI A&
53 7- (Table 1),

I5IT, EHESITTAS-103 DT R b — A5H
IZBT 5 H0, AR DWW TG L /2. DNA

Table 1. Time Course and Intensity of Apoptotic Events In-
duced by TAS-103

Time of apoptotic Comparison of

Apoptotic events events apoptotic f:vents’
HL-60 HP100 Intensity

DNA cleavage 1h 1h HL-60=HP100

H,0, Generation 3h 3h HL-60>HP100

Aym 4h 5h HL-60>HP100

Activation of caspase3  4h 5h HL-60>HP100

DNA ladder 4h 6h HL-60>HP100

cleavage D &1 H##E & L T poly (ADP-ribose) poly-
merase (PARP) 73i& 1k 3 % &,% PARP /¢
NAD* ZHE &9 2017 EHL, TPARP OfEH
b7/ NAD* O KEHEZ bS5 L, HEINE
NAD* Z#i#49 % /=912 NAD (P) H oxidase 7{%
PEIEE A, Hy0, DVEKRT 51 EWDERERE %L
T, ZNZEKIEL /=, HL-60 iZ3B1F % TAS-103 T
& % DNA 5% —Jpkix, PARP [HEHITH 5 4-
amino-1,8-naphthalimide (ANI), 6(5H)-phenan-
thridinone (PHEN) THIifilE 1, N HO0, @ 1
FEIPOCRYTEEMOENLD ANLIZK D)
#lansz. 7z, TAS-10312L 5 DNA 5% —JEk
1%, NADPH oxidase [HZ %] T ® % diphenyleneio-
donium chloride (DPI), apocynin (APO) THI#|X
7= 7%, xanthine oxidase fHZE#| T & % allopurinol
(ALLO) Ti#iflanish->7/7=Z &, DNA T
% —JFki3, NADPH oxidase 238 5 L, xanthine
oxidase lZFH 5 Lz W Z EAURBINSZ. 51T,
TAS-103 IZ & DfildN NAD* & NADP* OH R/
WAMNRD SN, Liedi> T, TAS-103 O 7 R
h—3 2% I PARP OGN EHEETH O,
RN HO, ARk E 2 O > R VBN DOEEIC
FEMITTERID ZEMNRENZ., £z, NADT &
NADP+ DA % 1 5 72912 NADPH oxidase
PEEL, MENT Oy MU H0, AR IND.
S5ICH0ICEDI NI RUTHEESN, 2 b
I RUTYEEMOE{ZEZEL, W FhrO—4Ac
DTN, I ZN—F 3 iETEE L, DNA 5
=R %.

LEDFERMS, TAS-103 DTV R —I A H A
F—R&ELT, PRAYAT—EHEFIZIKLD DNA
YIWriZHE S PARP D&M L & NADT O #E N EHE
ThHD, ZOWHEIZED NAD(P)H oxidase A3 iE M
fEEN, HO0, WAEKRT 5. L TH0,I1T&D,

mitochondrial permeability transition pore 73pf &, 1V

B IR E B R 2 3R TR R SR 2 4 B e 3
., 1962 F=FEREEN., B EEWAL
KRFEF L, FRKZRBE LA
BT, ZBHRKEREGESERTRR
W& T, 1988 F =8 KFEFY
MHERBEEFIERAR, 1996 AR AE,
2005 4FREAT - BISEAIGE. 2007 4 4 H
MNOBR, EROGNSEEDOHICE
D, BEOEEMEZKD THRLTNS,
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HAAN—E 3 1EWN EFH L, DNA I —BkiCE
HEND B ZZEIL 2 (Fig. 1.

3. mAMREMERE/ILES DT RE—
L AFEHEY

RFEVILET > (DOX, ERLATY RUTIA T
N, T I A ) RO AT EWE T
HU, FERDEKTHEHAINTOSHNAFID 1
DTH5D. DOX OHMAIEMEEFIT N EZ AR
RN ND, FARA Y AT —F I HZES ROS Ak
IZEKDAELU S DNAHENEET S EEZEA 5N T
%, 1)

EFES5IX, DOXICLD TR b —T X AEHKEE
HL-60 % TF HP100 Z i\ THiat L 7z. DOX i3,
HL-60 N HP100 ICBWTT7 R — AZHEL
7. ¥ DNA Wifr{t, MifamEmgiemoEnk, Ik
a2 RUTREMDOE, HAN—E-3OEED
EHIZ, HL-60IZH L Y T —EDiEMENEWN
HP100 THEII NI EMnE, DOX DT R K—
ZHBIZITHO, NEEL TWwWBs EEZGNE. &
512, EB{LR) DNA #EEOEZED 1 D TH 5 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxodG) O 4 %
DHEHZ, HL-60 TiEH BN 724, HP100 Mg T
R HsNmMo Tz, T OBHRORERR R ZE(L
&, 1) M H0, @ EF KO 8-0x0dG DA K,
2) S haCRUTEEMOEN, 3) NS A

TAS-103
|

IN—T 31EHD L5, 4) # DNA i {b DJEIC A
537z (Table 2).

KIZ DOX D7 iRk — 3 A i8R D H,y0, A kb
I DWTHA Lz, DOX W TIHIC/NTF />
WHENTINA ROF ) DEREOWH GEETH &
Mo, FFAL Ry 7 ZARIGHHETT 5 2 LIk,
H,0, WA T BV EEZ SN, 2, BIEW
DNA 5D TH % 8-oxodG 7% 1 FiRH & W15 B
s ERILZZENMNSBXFINSD. —H,
PARP [H2 %] & NADPH oxidase fHEH[IC &> T
DOX O7 R b= XAFENWEIHE N, Lizdi->
T, DOX D7 KR F—ZFHIZH, PARP &
NADPH oxidase DIEFPEL BTG L T3 Z AR
X, —JF, cell-free ®% T DOXIZ, Cu(ll)
#1E N CHLEE DNA #2485 L 7273, TAS-103 TIid#8

Table 2. Time Course and Intensity of Apoptotic Events In-
duced by DOX

Time of apoptotic  Comparison of
Apoptotic events events apoptotic events’
HL-60 HP100 intensity

H,0, generation 1h — HL-60>HP100
8-Ox0dG lh — HL-60>HP100
Aym 4h Sh HL-60>HP100
Activation of caspase3 4h 6h HL-60>HP100
DNA ladder 7h 8h HL-60>HP100

/ Apoptosis

=
DNA cleavage
‘ DNA ladder
PARP activation

NAD+}

\

NAD(P)H oxidase
\ activation >

PT pore openin
/ P p g9

CAD-ICAD

CAD caspase-3 activation

Cytochrome ¢

A |«—Bcl2

Ho0o1 Mitochondrial A¥m t

Fig. 1. Proposed Mechanism of TAS-103-induced Apoptosis Mediated by H,O, Generation
PT pore: permeability transition pore, CAD: caspase-activated DNase, ICAD: inhibitor of caspase-activated DNase. Modified from Ref. 6).
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BLAaM>7. DOX & TAS-103 I3 Z2NEN hRA
VAT —YHEFEFEEZAFEL, DOXIZZENHET
ROS %4k d %78, TAS-103 134K LW, L=
215> T, DOX D7 R h— AFFEIZ1, ROSITX
L) DNA 5N M RA Y AT —YHEXID K
ELFET LN RBIN. DI EnS
DOX D7 R h— AFEKEEEL T, MaNT
DOX H& 75 H,0, 23R L, DNA 2E{LAYIZ 8
XN, PARP & NADPH oxidase DiEMAL, Ik
A2 RUTZHEZRET, HAN—T 3 NEELS
N, 7RI ANFEINDREOFEENRE S
nr.

4. MIHBAMREHMERF/IILES CDOBEER)
DNA E{ZH#E"

RIEICBWNT, DOX 07 R h— ZFEHICHb
) DNA 8GN BEELREZH 2R/l Thd T EAUR

201 (A) DOX + Cu(ll)

(59

Absorbance
-

1.07 G G T
T T ”)

IN7. DOX Oty DNA HEGHME & L T
NADPH-cytochrome P450 reductase 12 & % i 7t %
TIF )OIV ERLUERIBYBHIS TN
%, LinLians, DOXIE, BikBtIF/ >3
PhNaEEHIEVBEETHD, ZOITTH)I%E
v U 7B {Li DNA 50 Z 2 RS 1035 2
55, £IT, @A+ HETFTODOX O
B 2F 7 > 52 H)L %A L7z DNA 8 {5HREIC
DWTHAE L /2.

FEEr &L L TiE, 2P TIX)LL 7z DNA (c-Ha-
ras-1 & b D ABGE R T KO p53 I8 AR R T)
ZHW, DOX &&fg1 4> %) CEEE®R (pH
7.8) Wi, 37°C TRINSI B/, EXRY D ULHEE,
RUT7ZUNT I RTIIVELRIKEZTTN, F—h T
P75 /T DNA #5ZKH L7z, Maxam-Gil-
bert iEEFHL, A— 5P F TS LB —F—F

Fig. 2.
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(B) DOX + Reductase + NADPH
(59 39

Tw&%ﬁwﬂ%ﬁ%j
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Gg cr MR rT
CCJICAAAA
Ggn ,WM:WWWJ
P
0.5

T T T T T T T 1
2210 2200 2190 2180 2170 216021502140
Nucleotide number of the human c-Ha-ras-1 protooncogene

Comparison of Site Specificity of DNA Cleavage Induced by DOX in the Presence of Cu(II) or Cytochrome P450 Reductase

(A) The reaction mixture contained the 32P-5"-end-labeled 341-bp fragment (Xbal 1906-Aval *2246), 2 um/base of calf thymus DNA, 20 um CuCl, and 20 um
DOX in 200 ul of 10 mm phosphate buffer (pH 7.8) containing 2.5 um DTPA. The mixture was incubated at 37°C for 30 min. (B) The reaction mixture contained
the 32P-5"-end-labeled 341-bp fragment (Xbal 1906-Aval *2246), 2 um/base of calf thymus DNA, 20 ug/ml of cytochrome P450 reductase, 2 mm NADPH and 400
1M DOX in 200 ul of 0.4 m Tris-HCI (pH 8.0) containing 2.5 um DTPA. The mixture was incubated at 37°C for 60 min. After the incubation, followed by the piperi-
dine treatment, the DNA fragments were electrophoresed on an 8% polyacrylamide/8 m urea gel using a DNA-sequencing system, and the autoradiogram was ob-
tained by exposed X-ray film to the gel. The relative amounts of oligonucleotides produced were measured by a laser densitometer (LKB 2222 UltroScan XL) . The
piperidine-labile sites of the treated DNA were determined by direct comparison with the same DNA fragment after undergoing DNA sequence reaction according to

the Maxam-Gilbert procedure. The horizontal axis shows the nucleotide number. Reproduced from Ref. 13).
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Y RA—=F—TRAF+ > L, DNA EEEEHHE
Bl 5y S0 2 iRt L 7z, 16719

ZOER, DOX il Tid DNA EEIZZED 51
o ehy, Cu(ll) f#{E FTDOX X, 0-20um
ORI TEEKENIC DNA 285 L=, —F,
NADPH-cytochrome P450 reductase 7 f£ | T,
DOX |3 DNA ## S &722, Cu(ll) FHEFRT
D 20 %D DOX MHETH D, /D DNA B,
Cu(ll) FHETOHE LT 2 L5 k.
H, MoREA A HFLETFTIE, Fe(l) THFD
DNA {51358 s n=n, TNl o4& T,
DNA #HGIZEO s Neh-o /=, Cu(ll) FEFT
@ DNA E{E1%, methional XX Cu(l) OFL —
K %I & % bathocuproine IZ X D HIFH =, Hh ¥y
T —VTEHHWITHFHE TN, 7U—0H T2
FIIVARR D v —TIEMHI SN ho/z. L=
> T, Z® DNA#E#HIZIE, HO0, & Cu(l) 5
AR EN S eE-TRFEMADOI S Y T~ OH Z
CIIVHEE L TWB Z ENRBINT.
Maxam-Gilbert i£% 6f ] L 7= DNA {51 & I
BREOHFTIX, Cu() HEFTODOX ITX
% DNA 51, G, TIZEHRMTHD, Kz, 5-
GG-3', 5-GT-3, 5'-TG-3' ik < i S iz DT xt

o OH ?
C—CH,OH

|
OH

L, 5-GC-3® G DI > = (Fig. 2(A)).
UKL, B b P450 reductase+NADPH fF7E
TO DOX @ DNA {51213, EHEEEMEIIRD S
N9, Cu(ll) FHEFEDHEBICBVWTRERER
ML HENZ (Fig. 2(B)). 512, Cu(ll) #FTE
TIZBWT, DOX IZF{tH) DNA H{5 DT H
% 8-0x0dG % 0-50 uM O ] T (& F2 B9 1 B hn &
.

LED#ER LD, DOXZ Cu (II) H#EFT
ROS Z4:hk L, DNA ZLHICHEET 2 T &V
L 7=, ZOEMMIE, H0, & Cu(l) &ick?
SlE-EEAREEZON, BILEEIF/ 5D
TIVENT D ENHSMNIRS 2. T DGR
Z, B\ uM 7 b b P450 reductase +
NADPH F/E F COELMEIF /> 5PN %
NUELEERRRD, ERN DOX BELIITE
WERBETORISTHDZENS, BILEEIF )
>V DOX OIERFEEL, bbb YR kh—
DAFBBICHELRREEZHEC WS EEZ NS
(Fig. 3).

5. BHYIC

PMAKI DT R b — 3 R38R I O DNA {15
HBREICDWNWT, EHITROS NE-THREZDLE

(0] (@)

OCH, O  OH

Doxorubicin
CH,
HO

NH,,
NADPH 0y
O,
O- OH

\\

H20,

A=

Cytochrome P450 redutase

NADP*

(7Y

g
C—CH,OH
2009 @x
/ \ 1 H
H O

cu(ll)

Cu(l) OCH; O o]

CH,
HO
NH,

Cu(l)OOH

l

Semiquinone radical
(oxidized form)

02

o OH
Il
O‘O T ‘ Site-specific DNA damage
~OH
1 YH '
0% € on 0 DNA damage

Semiquinone radical
(reduced form)

o]
CH,
HO
NH,
Fig. 3.
Reproduced from Ref. 13).

Proposed Mechanisms for DNA Damage Induced by DOX
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LTI L7z, finARINTnNE S TERT 2
ROS T &% DNA HE{GHEMITINA, £¥ 5 MR
L7z THiAAKNT &% DNA #8{5—>PARP OiE AL
—NAD* D% —NAD (P) H oxidase D& (L —
H,0, DERL] WD HE O THMEL, PiatAH
DT R —2 ZFBICEEREHZRZLTNSD
DEEZLEND. 5%, IO ULEWMEROREDNS, #H
BT AU D BT BT AU A D Tird 1 H R > OF FH B
DR, X 5ITHID AKIDRIER OBEHEAL A~ & F R
U, MEXRGBOBEEMSMH] KHIRTE 3 Z &2
L7z,

BEE AWROZRITICHERL, &, S S
HEEMO XL =ZEXRFHEZR NIEEHLE
(B BEEERERFAIR) COXDEHEL L
TET. ik, MREOKRZSATWELEESELE
ZHERFEAARMERGEEATR NSRBI
WM B HEAEICEH B L £9. AR =H
RFRFBEERAFRIRE D TEA A BHA I =
HRFA R ER AR B N TTThb iz O
ThO, REDTEEDE OV LRGN, &I
(ZH) bt KJIE—d8R, HHEHET
T BIFRE O ERRICIRBIR L X 9. 7B, &
WD — I3 H A AR 2R AR 7S B i B 2t O
W EHEARIRBSAFE RS L Dbz
DTHY, PFETEHBLXT.
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