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Abstract Purpose: DA-125 [(8S,10S)-8-(3-Aminopropa-
noyloxyacetyl)-10-[(2,6-dideoxy-2-fluoro-a-L-talopyranosyl)
oxyl-7,8,9,10-tetrahydro-6,8,11-trihydroxy-1-methoxy-5,12-
naphthacene-dione hydrochloride] is a novel anthracy-
cline derivative with anticancer activity. In the present
study, we compared the cytotoxicity of DA-125 with
that of doxorubicin in H4IIE rat hepatoma cells and
investigated the mechanistic basis. Because activation of
MAP kinases, in particular c-Jun N-terminal kinase
(JNK), is implicated in apoptotic cell death, the signal-
ing pathways responsible for DA-125-induced apoptosis
were studied. Methods: Cytotoxicity and apoptosis were
measured in H4IIE cells and cells were stably transfected
with a dominant-negative mutant of JNK1 (JNK1°) by
MTT and TUNEL assays. Inhibition of topoisomerase
IT activity was determined in vitro. Drug accumulation
and DNA binding affinity were determined by fluores-
cence spectroscopy. Results: The cytotoxicity of DA-125
was greater than that of doxorubicin (ICsy 11.5 vs 70
uM). DA-125 induced apoptosis with 30-fold greater
potency than doxorubicin. Inhibition of topoisomerase
II by DA-125 was fourfold greater. The presence of
excess f;-alanine, a DA-125 moiety, failed to alter cyto-
toxicity and accumulation of DA-125, indicating that
the improved cytotoxicity of DA-125 did not result from
the f-alanine moiety. Greater cellular accumulation of
DA-125 correlated with its high-affinity DNA binding.
Although neither PD98059 nor SB203580 altered the
degree of cytotoxicity induced by DA-125, INK1™ cells
exhibited about a twofold greater viability than control
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cells. DA-125-induced apoptosis was also decreased in
JNK1 -transfected cells. Conclusions: DA-125 potently
inhibited topoisomerase II activity and induced apop-
tosis by a high rate of prooxidant production. DA-125
exhibited high-affinity DNA binding with improved
cellular drug accumulation. Apoptosis induced by DA-
125 involved the pathway of JNKI1, but not ERK1/2 or
p38 kinase.
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Introduction

DA-125 [(8S,10S)-8-(3-Aminopropanoyloxyacetyl)-
10-[(2,6-dideoxy-2-fluoro-a-L-talopyranosyl) oxy]-7,8.9,
10-tetrahydro-6,8,11-trihydroxy-1-methoxy-5,12-napht-
hacenedione hydrochloride] is a novel anthracycline
derivative with anticancer activity [8, 11]. To improve
the pharmacological efficacy of anthracycline, a f-ala-
nine moiety and a pyranose ring with fluoride were in-
troduced into the nucleus (Fig. 1). Clinical studies have
shown that DA-125 at doses in the range 60—100 mg is
tolerable in patients with advanced non-small-cell lung
cancer [11]. Other studies of cellular uptake in human
cancer cell lines have indicated that DA-125 may achieve
earlier and higher levels of intracellular accumulation
from the bloodstream into its target tissues than doxo-
rubicin (DX) [15].

The present study was designed to investigate the
mechanism involved in the activity of DA-125 and to
compare its anticancer pharmacological effect with that
of DX. The anticancer effects of anthracyclines result
from topoisomerase II poisoning and apoptosis [6].
Anthracycline-induced apoptosis may be mediated by
activation of caspases, loss of mitochondrial membrane
potential and release of apoptogenic factors [5]. We
found that DA-125 potently inhibited topoisomerase 11
activity and showed high-affinity DNA binding with
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Fig. 1 Chemical structure of DA-125

enhanced drug accumulation in cells. Anthracycline
chemotherapeutic agents generate reactive oxygen spe-
cies (ROS) including hydroxyl, superoxide free radicals
and hydrogen peroxide [13, 17]. We compared the effects
of DA-125 and DX on prooxidant production.

Three distinct mammalian mitogen-activated protein
(MAP) kinase modules including extracellular signal-
regulated kinase (ERK), p38 MAP kinase and c-Jun
NH,-terminal kinase (JNK) have been characterized [1].
Apoptosis is a form of programmed cell death that
accompanies activation of cellular MAP kinases [2, 18].
It has been shown that DX induces apoptosis of cancer
cells in vitro and in vivo [7, 16]. We assessed the effects
of DA-125 on cell viability and the extent of apoptotic
cell death and showed that DA-125 was an effective
apoptosis-inducing cytotoxic agent. We also determined
which MAP kinase was responsible for the apoptotic cell
death induced by DA-125. Stress-activated protein kin-
ases/JNK (SAPK/JNK) are activated in response to a
variety of cellular stresses and are involved in apoptotic
signaling [25]. Apoptosis induced by DA-125 appeared
to be mediated by the pathway of JINK1, as evidenced by
experiments using a cell line stably expressing a domi-
nant negative mutant of JNK1 (JNKI1").

Materials and methods

Materials

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide] was obtained from Life Technologies (Gaithersburg, Md.).
2’,7-Dichlorofluorescein diacetate (DCFH-DA) and other reagents
in the molecular studies were supplied by Sigma Chemical Company
(St. Louis, Mo.). The JNKI mutant vector was a kind gift from
Dr. C.H. Lee (Hanyang University Medical School, Seoul, Korea).

Cell culture

The H4IIE rat hepatoma cell line was obtained from the American
Type Culture Collection (ATCC, Rockville, Md.) and maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum, 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in
humidified atmosphere containing 5% CO,. H4IIE cells were
plated at a density of 5 x 10° per 10-cm? dish and preincubated for
24 h at 37°C. For all experiments, cells were grown to 80-90%
confluency, and were subjected to no more than 20 passages.

MTT cell viability assay

HAIIE cells were plated at a density of 5 x 10* cells/well in a 96-well
plate to assess cytotoxicity. Cells were exposed to DA-125 at con-
centrations in the range 0.3-30 pM or DX at concentrations in the
range 3—100 uM at 37°C under an atmosphere containing 5% CO,.
After 24 h of incubation with either DA-125 or DX, viable
adherent cells were stained with MTT (2 mg/ml) for 4 h. The me-
dium was then removed and the formazan crystals produced were
dissolved by the addition of 200 pl dimethylsulfoxide. Absorbance
was determined at 540 nm using a Titertek Multiskan Automatic
ELISA microplate reader (Model MCC/340; Huntsville, Ala.). Cell
viability was defined relative to untreated control cells: viability (%
control) = (absorbance of treated sample)/(absorbance of con-
trol)\times 1000.

TdT-mediated dUTP nick end-labeling (TUNEL) assay

The TUNEL assay was performed with an in situ cell death de-
tection kit (Roche Diagnostics, Germany). After 24 h incubation
with either DA-125 or DX, H4IIE cells were washed with phos-
phate-buffered saline (PBS) and fixed in paraformaldehyde solution
(4% in PBS, pH 7.4) for 1 h at room temperature. The cells on
slides were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 1
h at room temperature, and incubated in a blocking solution of
0.3% H,0, in methanol for 1 h at room temperature. The cells
were then permeabilized with 0.1% Triton X-100 in 0.1% sodium
citrate for 2 min on ice. Cells were washed with PBS, and incubated
for 60 min at 37°C after the addition of 50 pl TdT enzyme solution.
The reaction mixture was incubated for 30 min at 37°C following
the addition of 50 pl antifluorescent antibody (Fab fragment from
sheep conjugated with horseradish peroxidase), and further incu-
bated in the presence of 400 ul 3,3’-diaminobenzidine solution for
10 min. Slides were rinsed with PBS, mounted under coverslips, and
analyzed under the microscope.

Cellular accumulation of DA-125

The transport of DA-125 or DX was fluorometrically quantified in
HAIIE cells. Cells (1 x 107) were incubated with 30 pM DA-125 or
DX for 1-20 min, washed three times, scraped and sonicated.
Disrupted cells were then placed in the dark at room temperature
overnight. To the sample was added 200 pl 40% trichloroacetic
acid twice at an interval of 5 min. After centrifugation of the
samples at 3000 g for 20 min, the fluorescent absorbance of DA-125
or DX in the supernatant was determined at the excitation and
emission wavelengths of 485 nm and 530 nm, respectively [14].

DNA binding assay

The binding of DA-125 or DX to DNA was compared according to
the method of DuVernay et al. [3]. The equilibrium binding of the
chemotherapeutic agent to DNA was then assessed by Scatchard
plot analysis. Briefly, an equilibrium reaction was carried out in a
reaction mixture containing 50 mM sodium phosphate buffer (pH
6.2), 50 mM sodium chloride, 10 mM EDTA, and 4-512 uM calf
thymus DNA in the presence or absence of 3 uM of each drug at
25°C for 90 min. The concentration of bound drug was fluoro-
metrically determined as described above. The amount of DNA in
the reaction mixture was converted to the concentration of nucle-
otide. The ratio of bound to free drug versus the concentration of
bound drug was plotted to obtain the binding affinity and the total
number of binding sites.

Inhibition of topoisomerase II activity

The effects of DA-125 or DX on the activity of topoisomerase 11
were assessed using a topoisomerase II assay kit (Topogen,



Columbus, Ohio). Briefly, the incubation mixture contained 0.2 pg
kinetoplast DNA (kDNA) and 2 U topoisomerase II (human type
II) with or without DA-125 (0.1-30 pM) or DX (0.1-100 pM) in
buffer containing 50 mM Tris-Cl (pH 8.0), 120 mM KCI, 10 mM
MgCl,, 0.5 mM ATP, 0.5 mM dithiothreitol and 30 pg/ml bovine
serum albumin in a total volume of 20 pl. The reaction was con-
tinued for 30 min at 37°C and was terminated by the addition of 4
pl gel loading buffer containing 5% sarcosyl, 0.0025% brom-
ophenol blue and 25% glycerol. The relative inhibition of decate-
nated DNA formation was determined by 1% agarose gel
electrophoresis.

Assay of intracellular peroxides

Production of intracellular peroxides was monitored spectroflu-
orometically using DCFH-DA as a fluorescent dye [12]. Oxidation
of DCFH by peroxides yields dichlorofluorescein (DCF) a fluo-
rescent derivative. H4IIE cells were suspended 20 min after incu-
bation in medium with either DA-125 or DX, and DCFH-DA
dissolved in ethanol was then added to a final concentration of 10
uM. The dye-loaded cells were incubated at 37°C for 5-35 min
following measurements of the initial fluorescence. Production of
fluorescent DCF was monitored at an excitation wavelength of 485
nm and an emission wavelength of 530 nm using a fluorescence
plate reader (Tecan, Tecan US, Research Triangle Park, N.C.).
Data are expressed as the relative change from the initial fluores-
cence.

Stable transfection of a JNK1 mutant

Cells were transfected using Transfectam according to the manu-
facturer’s instructions (Promega, Madison, Wis.). H4IIE cells were
replated 24 h before transfection at a density of 2 x 10° cells in a
10-cm? plastic dish. For JNK1 transfection, 20 pl Transfectam was
mixed with 10 pg of a JNK1™ mutant plasmid (KmJNK1) in 2.5 ml
minimal essential medium (MEM). Cells were transfected by the
addition of MEM containing each plasmid and Transfectam, and
then incubated at 37°C in a humidified atmosphere containing 5%
CO, for 6 h. After the addition of 6.25 ml MEM with 10% fetal calf
serum, cells were incubated for 48 h. To establish a stable JNK1-
transfected H41IE cell line, viable cells were subcultured at least five
times in medium containing 50 pg geneticin (Gibco-BRL Life
Technologies, Gaithersburg, Md.). Cells stably transfected with
JNKI1™ were subjected to MTT or TUNEL assay.

Expression of JNK1/2 and its activity in JNK1™ stable cells

JNK expression in JNK 1~ stable cells was determined as described
previously (Son et al., submitted for publication). Cells were lysed
in buffer containing 20 mM Tris-Cl (pH 7.5), 1% Triton X-100, 137
mM sodium chloride, 10% glycerol, 2 mM EDTA, 1 mM sodium
orthovanadate, 25 mM f-glycerophosphate, 2 mM sodium pyro-
phosphate, 1 mM phenylmethylsulfonyl fluoride and 1 pg/ml leu-
peptin. Lysates were centrifuged at 10,000 g at 4°C for 10 min.
Anti-JNK antibody was added to the supernatant containing 500
pg of lysate, and the reaction mixture was incubated with gentle
agitation at 4°C for 2 h. The immune complex was allowed to bind
protein A-agarose for 2 h and precipitated by centrifugation. The
immune complex-protein A-agarose was washed twice with lysis
buffer and once with kinase buffer containing 25 mM Tris-Cl (pH
7.4), 25 mM [-glycerophosphate, 25 mM magnesium chloride, 1
mAM dithiothreitol and 0.1 mM sodium orthovanadate. The im-
mune complex was precipitated by centrifugation at 10,000 g for 2
min, and resuspended in 25 ul kinase buffer. The reaction was
initiated by the addition of 2 pg GST-c-Jun (1-79) and 5 pCi
[y-**P]ATP to the reaction mixture, continued at 30°C for 30 min,
and terminated by the addition of 25 ul 2 x SDS-PAGE sample
dilution buffer. Proteins were separated on 12% gel, which were
autoradiographed after fixing and drying. Unphosphorylated
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JNK1/2 in each sample was determined using anti-JNK antibody
as a positive control.

Data analysis

One-way analysis of variance (ANOVA) was used to assess the
significance of differences among treatment groups. For each sig-
nificant effect of treatment, the Newman-Keuls test was used for
comparisons of multiple group means. The criterion for statistical
significance was set at P<0.05 or P<0.01.

Results
Cell viability and apoptosis

The MTT assay was carried out to determine the extent
of cell death caused by the presence of DA-125. The
presence of DA-125 (0.3-30 puM) induced 80-90% cell
death in a concentration-dependent manner (Fig. 2A).
The ECsq value for DA-125 was 11.5 pM, whereas that
for DX was 70 pM. The potency of DA-125 was about
sixfold greater than that of DX.

Whether DA-125 induced apoptosis was investigated
to establish the mechanistic basis of its cytotoxicity. DA-
125 induced apoptosis with 50% of apoptotic cell death
being observed at a concentration of about 3 pM (Fig.
2B). Treatment of cells with 0.3-3 pM DA-125 for 24 h
caused 5-50% of cells to be apoptotic (Fig. 2B). DX
resulted in a similar degree of apoptosis at concentra-
tions in the range 10-30 pM. The potency of DA-125 in
inducing apoptosis was 30-fold greater than that of DX.
The greater potency of DA-125 was consistent with the
results of the MTT assay.

Cellular drug accumulation

Cells were incubated with DA-125 or DX at 30 uM for
1-20 min to determine the relative cellular drug accu-
mulation. The concentrations of DA-125 or DX in cells
were determined by fluorescent spectroscopy using cell
lysates. DA-125 had accumulated in cells by 20 min to a
greater extent than DX, and DA-125 had accumulated
by 1 min (Fig. 3A). The intracellular concentration of
DA-125 was 12.7 pmol/107 cells at 20 min, whereas the
concentration of DX was 5.4 umol/10” cells. The accu-
mulation of DA-125 in cells was 2.4-fold greater than
that of DX.

A DNA binding experiment was performed to de-
termine whether greater accumulation of DA-125 in cells
was associated with its high-affinity binding to DNA.
DA-125 exhibited more than twofold greater DNA
binding affinity than DX. Scatchard plot analysis
showed that the DNA binding affinities of DA-125 and
DX were 0.216 and 0.530 nmol/nucleotide, respectively
(Fig. 3B). Total numbers of DNA binding sites were
identical between the two drugs. High-affinity binding of
DA-125 to DNA would be associated with cellular
accumulation.
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Fig. 2A, B The effects of DA-125 and DX on the viability and
apoptosis of H4IIE hepatoma cells. A MTT cell viability assay.
HA4IIE cells were cultured with various concentrations of DA-125
or DX for 24 h. The MTT assay was performed to determine the
viability of the cells after treatment with each chemotherapeutic
agent for 24 h. Data are the means+SD from four separate
experiments. B The relative extent of apoptosis as determined by
the TUNEL assay. Apoptosis was assessed in cells cultured with
0.3-3 pM DA-125 or with 10-30 uM DX for 24 h. The apoptotic
index was calculated as the number of apoptotic cells per total
number of cells x 100. Data are the means+SEM from five
independent experiments (**P <0.01 vs control)

Role of the f-alanine moiety of DA-125

We were interested in whether the f-alanine moiety
present in DA-125 was responsible for its transport into
cells. Cells were incubated with each drug for 24 h in the
presence or absence of 1 mM f-alanine, and cell viability
was assessed (Table 1). The presence of f-alanine (1
mM) failed to alter cell viability. We also determined
whether excess f-alanine interfered with accumulation
of DA-125. The competition experiment showed that the
extent of drug accumulation was not affected by excess
p-alanine in cells incubated with DA-125 for 20 min
(Table 1). These results indicate that the [-alanine
moiety of DA-125 is not responsible for the improved
cellular drug accumulation.
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Fig. 3A, B Enhanced accumulation of DA-125 in cells. A Cells
were incubated with each chemotherapeutic agent for 1 or 20 min
at 37°C. Drug concentrations in disrupted cells were measured by
fluorometric analysis. Data are the means +SD from four separate
experiments. One-way ANOVA was used for comparisons of
multiple group means followed by Newman-Keuls test (**P <0.01
vs control; control mRNA level=1). B Scatchard plots for
equilibrium drug binding. The interaction of DA-125 or DX with
calf thymus DNA was studied in an equilibrium experiment

Inhibition of topoisomerase II activity

Inhibition of topoisomerase II activity by DA-125 or
DX was determined in an in vitro assay. DA-125
inhibited topoisomerase II activity in a concentration-
dependent manner with the ICsq value being 3.4+1.0
uM, whereas DX exerted its effect at a concentrations
about fourfold greater (IC5 11.2+1.3 pM, P<0.01)
(Fig. 4). These findings show that the improved cyto-
toxicity of DA-125 also resulted from the high-affinity
inhibition of topoisomerase II activity.

Prooxidant production

The rate of peroxide production was assayed in dye-
loaded cells in the presence or absence of DA-125. DA-



Table 1 Viability of cells treated with DA-125 or DX in combi-
nation with f-alanine. Cell viability was determined by MTT assay
following treatment of H4IIE cells with each chemotherapeutic
agent in the presence or absence of 1 mM f-alanine for 24 h. Drug
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accumulation in the cells was measured 20 min after treatment.
Data are the means+ SD from four separate experiments (ND not
determined)

Treatment Cell viability (% control) Drug accumulation (umoles/1 x 107 cells)
No f-alanine p-alanine No fp-alanine p-alanine

Control 10011 102+10 ND ND

+DA-125 (10 pM ) 26+2 28 +2 12.7£2.0 124+0.9

+DX (100 pM) 4342 45+3 5.440.1 54402

125 at 1 pM increased oxidation of DCFH to DCF in a
time-dependent manner, whereas DA-125 at 0.3 uM was
less effective (Fig. 5SA). DX at the same concentrations
increased prooxidant production minimally (Fig. 5B).
Hence, DA-125 at micro- or submicromolar concentra-
tions actively produces ROS.

Role of MAP kinases

MAP kinases constitute important cellular signaling
pathways, which convert various stress signals into in-
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Fig. 4A, B Inhibition of topoisomerase II activity. A Representa-
tive photographs for the inhibition of topoisomerase II activity by
various concentrations of DA-125 or DX (Linear linear kDNA
marker, Decat topo II decatenated kKDNA marker). B Percent
control of topoisomerase II activity determined by scanning
densitometry of the band intensities. Data are the means=+SD
from three determinations

tracellular responses. To determine whether the path-
ways of MAP kinases including ERK1/2, p38 MAP
kinase and JNK were involved in DA-125-induced cy-
totoxicity, H4IIE cells were incubated with 10 uM of
DA-125 in the presence or absence of a specific MAP
kinase inhibitor. Both PD98059 (50 uM), an ERK in-
hibitor, and SB203580 (10 uM), a p38 kinase inhibitor,
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Fig. 5A, B Oxidized DCF fluorescence in H4IIE cells. H4IIE cells
loaded with DCFH-DA were incubated with 0.3—1 pM DA-125 (A)
or DX (B), and the fluorescence of oxidized DCF was monitored at
an excitation wavelength of 485 nm and an emission wavelength of
530 nm using a fluorescence plate reader. Data are the means = SD
from five separate experiments. One-way ANOVA was used for
comparisons of multiple group means followed by Newman-Keuls
test (**P <0.01 vs respective control)
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Fig. 6A, B The role of MAP kinases in the cell death induced by
DA-125 and DX. A The effects of PD98059 (PD) or SB203580 (SB)
on the cytotoxicity of DA-125 or DX in H4IIE cells. B Effects of
DA-125 and DX on the viability of INK 1 stably transfected cells.
The viability of the cells was determined 24 h after treatment with
10 uM DA-125 or 100 uM DX. Data are the means + SD from five
separate experiments. One-way ANOVA was used for comparisons
of multiple group means followed by Newman-Keuls test
(**P<0.01 vs respective control)

failed to alter the cytotoxicity of DA-125 (Fig. 6A).
PD98059 at 50 uM and SB203580 at 10 pM effectively
inhibit activation by oxidative stress of ERK1/2 and p38
MAP kinase induced by sulfur amino acid deprivation in
HA41IE cells (Son et al., submitted for publication).

Table 2 JNK1/2 expression and JNK activity in cells stably
transfected with JNK1™. The levels of unphosphorylated JNK were
determined in control and JNKI1™ cells. Cells stably transfected
with JNK 1~ showed no expression of JNK1. The activity of JINK

To further study the role of JNK1 in DA-125-induced
cytotoxicity, the viability of cells stably transfected with
JNK1~ was assessed. These cells expressed JNK2, but
not JNKI1 (Table 2). The viability of untransfected
HA4IIE cells was decreased to 36% and 41% in the
presence of DA-125 at 10 pM and DX at 100 pM, re-
spectively, but the viability of cells stably expressing
JNKI1 increased to 68% and 64%, respectively (Fig.
6B). The TUNEL assay confirmed a significant reduc-
tion in DA-125-inducible apoptosis in JNK1 -trans-
fected H4IIE cells, as compared to control cells
(26% £12% vs 80% x£10%, P<0.01; Fig. 7). These
findings provide evidence that activation of JNKI1, but
not ERK1/2 and p38 kinase, is responsible for the
cytotoxicity of DA-125.

Discussion

A previous study has shown that DA-125 exerts anti-
tumor activity in human stomach, colon and liver cell
lines and reaches higher intracellular levels earlier than
the prototype drug DX [11]. In the present study, we first
characterized the action of DA-125 on the cytotoxicity
of HA4IIE rat hepatoma cells and investigated the
mechanistic basis for the improved cytotoxicity. DA-125
induced cell death more potently than DX with an ICs,
value of 11.5 pM (i.e. a sixfold greater potency). Intro-
duction of f-alanine and a fluoropyranose ring to the
nucleus of anthracycline markedly enhances its binding
affinity to DNA. We initially proposed the hypothesis
that the f-alanine moiety might be responsible for the
enhanced accumulation of DA-125 in cells. However,
the competition experiment with DA-125 and excess f-
alanine showed no alteration in cytotoxicity or in drug
accumulation. The results support the notion that an
increase in cellular accumulation of DA-125 is not as-
sociated with the f-alanine moiety.

We also determined whether the improved accumu-
lation of DA-125 resulted from its high-affinity binding
to DNA. Equilibrium DNA-binding experiments re-
vealed that the binding affinity of DA-125 to DNA was
twofold greater than that of DX. The higher DNA
binding of DA-125 would accelerate drug accumulation
in cells. This was confirmed by a 2.4-fold greater accu-
mulation of DA-125 in cells, which would increase the
concentration of the drug in the locality of the DNA.

was determined by phosphorylation of GST-c-Jun for 3 h in cells
exposed to oxidative stress induced by sulfur amino acid depriva-
tion (Son et al., submitted for publication). Results were confirmed
in repeated experiments (ND not determined)

Cell lines

Expression of JNK1/2 (% control)

JNK activity (% control)

JNK1 JNK2 Unactivated Activated
HAIIE cells 100 100 100 221
JNK 1~ HA4IIE cells 0 95 ND 83




Fig. 7A, B TUNEL assay of apoptosis in JNK1~ cells. Marked
apoptosis is apparent in H4IIE cells cultured with 10 pM DA-125
for 24 h (A), but apoptosis is decreased in JNK 1~ H4IIE cells (B).
The results were confirmed in multiple experiments (x200)

Furthermore, we revealed that DA-125 potently inhibits
topoisomerase II activity in vitro and that the ICsq value
of DA-125 for topoisomerase Il inhibition was much
smaller than that of DX. Hence, the effective cytotox-
icity of DA-125 may result from its potent topoisomer-
ase II inhibition as well as from its high-affinity DNA
binding and improved drug accumulation in cells.
Studies were extended to determine whether the
cytotoxicity of DA-125 resulted from apoptosis. The
TUNEL assay revealed that DA-125 induced apoptotic
cell death at relatively low concentrations (0.3-3 pM),
whereas DX-induced apoptosis was observed at con-
centrations of 30 uM or greater. A number of cytotoxic
agents including anthracycline chemotherapeutic agents
increase oxidative stress in cells, the extent of which
correlates with the cytotoxicity of the agent. Oxidative
stress was measured by oxidation of DCFH in H4IIE
cells incubated with DA-125. DA-125 at concentrations
in the range 0.3—1 uM was effective in oxidizing DCFH,
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whereas DX in the same concentration range was min-
imally active. These results clearly demonstrate that DA-
125 at low concentrations effectively produces ROS.
This may result from interruption of energy metabolism.
The extent of prooxidant production by DA-125 is in
agreement with enhanced cellular accumulation of the
anticancer agent. Production of prooxidant species by
DA-125 together with its high-affinity binding to DNA
may be associated with its high apoptotic potency.

Studies have shown that activation of MAP kinases
including ERK1/2, p38 MAP kinase and JNK is asso-
ciated with apoptotic pathway(s) for cytotoxic chemicals
[10, 19]. Because the MAP kinase family have been im-
plicated in regulating cell survival and cell death, we
further determined whether DA-125 activated the three
MAP kinases. Preliminary studies showed that DA-125
activated ERK1/2 and JNK at early times (e.g. 5-10
min), whereas p38 kinase was not activated during the
first 6 h after DA-125 treatment. Activation of ERK has
been explained as a cell survival or proliferation signal.
Extensive studies support the role of ERK activation as
an antiapoptotic signal [24]. In contrast, ERK activation
may also be involved in signaling cell death. Recently,
we have shown that potentiation of the toxicity of cad-
mium in sulfur amino acid deficiency is mediated by the
activation of MAP kinases (Son et al., submitted for
publication).

In the present study, PD98059, a specific inhibitor of
ERK, failed to affect cytotoxicity induced by DA-125,
demonstrating that ERK activation is not related to
DA-125-induced cytotoxicity. Activation of p38 kinase
or JNK is an early response of cells to exposure to
a variety of stresses including DNA-damaging agents
[4, 22, 23, 25]. Activation of p38 MAP kinase or JNK
precedes the induction of apoptosis. We determined
whether suppression of p38 MAP kinase or JNK1 would
prevent the extent of apoptosis inducible by DA-125. A
specific inhibitor of p38 MAP kinase, SB203580, did not
prevent DA-125- or DX-induced cytotoxicity.

Although a variety of stressful stimuli concomitantly
activate p38 MAP kinase and JNK, JNK represents a
distinct stress-activated pathway. JNK-induced phos-
phorylation of c-Jun activates AP-1 and activation of
AP-1 is considered an apoptotic signal [9, 20]. Moreover,
an antisense oligonucleotide of JNK reduces apoptosis
through downregulation of SAPK/JINK when cells are
treated with the anticancer agents etoposide or cam-
ptothecin [21]. We carried out experiments with cells
expressing JNK 1. These cells reduced DA-125-induced
cell death. However, JNK1 inhibition failed to com-
pletely prevent DA-125-induced cytotoxicity, which
might have been because of a contribution from other
forms of JNK. The TUNEL assay also revealed that the
extent of DA-125-induced apoptosis was markedly re-
duced in JNK1~ cells. This result confirms that DA-125
induces apoptotic cell death via a pathway involving
JNKI1.

In summary, DA-125 exerted potent cytotoxicity via
high-affinity DNA binding and topoisomerase I inhi-
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bitory activities and induced apoptotic cell death with
prooxidant production, and the apoptosis induced
by DA-125 was mediated via a pathway involving c-Jun
N-terminal kinase 1, but not ERK1/2 or p38 kinase.

Acknowledgements This work was financially supported by the
Critical Technology 21 Project (98-J13-04-01-A-01) from the
Ministry of Science and Technology, Republic of Korea.

References

—

10.

11.

. Cahill MA, Janknecht R, Nordheim A (1996) Signalling path-

ways: jack of all cascades. Curr Biol 6:16

. Chuang SM, Wang IC, Yang JL (2000) Roles of JNK, p38 and

ERK mitogen-activated protein kinases in the growth inhibition
and apoptosis induced by cadmium. Carcinogenesis 21:1423

.DuVernay VH, Parchter JA, Crooke ST (1980) Molecular

pharmacological differences between carminomycin and its
analog, carminomycin-11-methylether, and Adriamycin. Can-
cer Res 40:387

. Fritz G, Kaina B (1999) Activation of c-Jun N-terminal kinase

1 by UV irradiation is inhibited by wortmannin without
affecting c-jun expression. Mol Cell Biol 19:1768

.Gamen S, Anel A, Perez-Galan P, Lasierra P, Johnson D,

Pineiro A, Naval J (2000) Doxorubicin treatment activates a
Z-VAD-sensitive caspase, which causes Ay, loss, caspase-9
activity and apoptosis in Jurkat cells. Exp Cell Res 258:223

. Guano F, Pourquier P, Tinelli S, Binaschi M, Bigioni M,

Animati F, Manzini S, Zunino F, Kohlhagen G, Pommier Y,
Capranico G (1999) Topoisomerase poisoning activity of novel
disaccharide anthracyclines. Mol Pharmacol 56:77

. Hayakawa K, Hasegawa M, Kawashima M, Nakamura Y,

Matsuura M, Toda H, Hayakawa K, Mitsuhashi N, Niibe H
(2000) Comparison of effects of doxorubicin and radiation on
p53-dependent apoptosis in vivo. Oncol Rep 7:267

.Hong WS, Jung HY, Yang SK, Kim HR, Min YI (1997) An-

titumor activity of DA-125, a novel anthracycline, in human
gastric and pulmonary adenocarcinoma cells resistant to
Adriamycin and cisplatin. Anticancer Res 17:3613

.Ishikawa Y, Kitamura M (2000) Anti-apoptotic effect of

quercetin: intervention in the JNK- and ERK-mediated apo-
ptotic pathways. Kidney Int 58:1078

Jarvis WD, Fornari FA Jr, Tombes RM, Erukulla RK, Bittman
R, Schwartz GK, Dent P, Grant S (1998) Evidence for in-
volvement of mitogen-activated protein kinase, rather than
stress-activated protein kinase, in potentiation of I1-beta-p-
arabinofuranosylcytosine-induced apoptosis by interruption of
protein kinase C signaling. Mol Pharmacol 54:844

Kang YK, Ryoo BY, Kim TY, Im YH, Kim BS, Park YH, Lee
CT (1999) A phase II trial of DA-125, a novel anthracycline, in
advanced non-small-cell lung cancer. Cancer Chemother
Pharmacol 44:518

12.

14.

15.

19.

20.

21.

22.

23.

24.

25.

Kim GS, Yurkow EJ (1996) Chromium induces a persistent
activation of mitogen-activated protein kinases by a redox-
sensitive mechanism in H4 rat hepatoma cells. Cancer Res
56:2045

. Kogawa K, Muramatsu H, Tanaka M, Nishihori Y, Hagiwara

S, Kuribayashi K, Nakamura K, Koike K, Sakamaki S, Niitsu
Y (1999) Enhanced inhibition of experimental metastasis by the
combination chemotherapy of Cu-Zn SOD and Adriamycin.
Clin Exp Metastasis 17:239

Kunimoto S, Komuro K, Nosaka C, Tsuchiya T, Fukatsu S,
Takeuchi T. (1990) Biological activities of new anthracyclines
containing fluorine, FAD104 and its metabolites. J Antibiot
(Tokyo) 43:556

Lim KH, Kim HS, Yang YM, Lee SD, Kim WB, Yang H, Park
JG (1997) Cellular uptake and antitumor activity of the new
anthracycline analog DA-125 in human cancer cell lines. Cancer
Chemother Pharmacol 40:23

.Lu Y, Tatsuka M, Takebe H, Yagi T (2000) Involvement of

cyclin-dependent kinases in doxorubicin-induced apoptosis in
human tumor cells. Mol Carcinog 29:1

. Muller I, Niethammer D, Bruchelt G (1998) Anthracycline-

derived chemotherapeutics in apoptosis and free radical cyto-
toxicity. Int J Mol Med 1: 491

.Obata T, Brown GE, Yaffe MB (2000) MAP kinase pathways

activated by stress: the p38 MAPK pathway. Crit Care Med
28:67

Persons DL, Yazlovitskaya EM, Cui W, Pelling JC (1999)
Cisplatin-induced activation of mitogen-activated protein kin-
ases in ovarian carcinoma cells: inhibition of extracellular sig-
nal-regulated kinase activity increases sensitivity to cisplatin.
Clin Cancer Res 5:1007

Rabinovich GA, Alonso CR, Sotomayor CE, Durand S, Bocco
JL, Riera CM (2000) Molecular mechanisms implicated in
galectin-1-induced apoptosis: activation of the AP-1 transcrip-
tion factor and downregulation of bel-2. Cell Death Differ 7:747
Seimiya H, Mashima T, Toho M, Tsuruo T (1997) c-Jun NH,-
terminal kinase-mediated activation of interleukin-1lbeta
converting enzyme/CED-3-like protease during anticancer
drug-induced apoptosis. J Biol Chem 272:4631

Treinies I, Paterson HF, Hooper S, Wilson R, Marshall CJ
(1999) Activated MEK stimulates expression of AP-1 compo-
nents independently of phosphatidylinositol 3-kinase (PI-3’-
kinase) but requires a PI-3’-kinase signal to stimulate DNA
synthesis. Mol Cell Biol 19:321

Wesselborg S, Bauer MKA, Vogt M, Schmitz L, Schulze-Ost-
hoff K (1997) Activation of transcription factor NF-xB and p38
mitogen-activated protein kinase is mediated by distinct and
separate stress effector pathway. J Biol Chem 272:12422
Wilson DJ, Alessandrini A, Budd RC (1999) MEK1 activation
rescues Jurkat T cells from Fas-induced apoptosis. Cell Im-
munol 194:67

Zanke BW, Boudreau K, Rubie E, Winnett E, Tibbles LA, Zon
L, Kyriakis J, Liu FF, Woodgett JR (1996) The stress-activated
protein kinase pathway mediates cell death following injury in-
duced by cisplatinum, UV irradiation, or heat. Curr Biol 6:606



