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Abstract. Background/Aim: This study aimed to investigate
aclarubicin (ACR)-induced oxidative DNA damage and
apoptosis. Materials and Methods: ACR-induced apoptosis
was analyzed using HL-60 leukemia cells and HP100 cells,
hydrogen peroxide (H,0,)-resistant cells derived from HL-
60 cells. ACR-induced DNA damage was analyzed using
plasmid DNA. Results: HL-60 cells were more sensitive to
ACR than HPI100 cells. In HPI100 cells, DNA ladder
formation and caspase-3/7 activity induced by ACR were
suppressed or delayed in comparison to those in HL-60 cells.
ACR-induced DNA damage occurred in the presence of
Cu(ll), and scavenger experiments showed that the reactive
species causing DNA damage appeared to be generated from
H,0, and Cu(I). Moreover, we detected intracellular Cu(I)
induced by ACR in HL-60 cells, using CopperGREEN™ , a
fluorescent probe for detection of Cu(l) ion specifically.
Conclusion: ACR-induced DNA damage and apoptosis can
be accounted for by the involvement of H,O, and Cu(I).

Anthracyclines comprise one of the most important drug
classes in anticancer treatment (1). One anthracycline,
aclarubicin (aclacinomycin A, ACR), with a trisaccharide
chain, was discovered and characterized by Umezawa et al.
in the 1970s (2). ACR has potent efficacy against solid as
well as hematological malignancies, and shows the same
growth inhibition of solid sarcoma-180 and Gardner
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6C3HED/OG lymphosarcoma transplanted subcutaneously
in mice as doxorubicin and daunorubicin (3). The
cardiotoxicity of ACR is weaker than that of doxorubicin in
hamsters (4). ACR is clinically approved in Japan for
treatment of cancer of the stomach, lung, breast and ovary,
as well as acute leukemia and malignant lymphoma; ACR is
often used in place of daunorubicin or idarubicin to reduce
cardiotoxicity in patients with acute myeloid leukemia and
myelodysplastic syndrome (5-7).

It is believed that the main anticancer action of
anthracyclines is apoptosis through DNA damage (1). ACR-
induced DNA damage is caused by inhibition of topoisomerase
I and II, and by DNA intercalation and the action of reactive
oxygen species (ROS) (8-11). It has been reported that ACR
induced DNA damage and apoptosis, one cause of which was
ROS generation (12, 13). However, the mechanism of ACR-
induced ROS generation has not well been elucidated. In this
study, we investigated apoptosis induced by ACR using human
leukemia cell lines, HL-60, and HP100, a hydrogen peroxide
(H,0O,)-resistant clone derived from HL-60 cell line (14, 15).
The apoptotic mechanisms were analyzed by examining cell
viability assay, DNA ladder assay and caspase-3/7 activity
assay. We also examined ACR-induced DNA damage using
plasmid DNA and O,"~ production in the presence of Cu(Il) in
a cell-free system. In addition, we detected intracellular Cu(I)
induced by ACR using a fluorescent probe to detect Cu(I) ion
specifically in HL-60 cells.

Materials and Methods

Materials. Aclarubicin hydrochloride was purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). Superoxide
dismutase (SOD; 3,000 U/mg from bovine erythrocytes), catalase
(45,000 U/mg from bovine liver) and cytochrome ¢ (from equine
heart) were purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). Plasmid DNA (pBR322) and DNA gel loading dye (6x) were
from Toyobo Co. (Osaka, Japan). Copper chloride (CuCl,*2H,0)
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Figure 1. Determination of cell viability in HL-60 and HP100 cells after treatment with aclarubicin (ACR) for 6 (A) and 24 h (B). After treatment,
cell viability was determined by the luminescent assay kit. The data are presented as means=SD (n=3). Significantly different at: *p<0.05, **p<0.01
and *¥¥p<0.001 vs. control by ANOVA followed by the Tukey’s HSD test; *p<0.05 and ""*p<0.001 by the Student’s t-test.

was from Nacalai Tesque Co. (Kyoto, Japan). Diethylenetriamine-
N,N,N’,N”,N”-penta-acetic acid (DTPA) and bathocuproine-
disulfonic acid were from Dojindo Laboratories Co. (Kumamoto,
Japan). Methional [3-(Methylthio)propionaldehyde] was from Tokyo
Chemical Industry Co. (Tokyo, Japan). CopperGREEN™, a
fluorescent probe used to detect Cu(I) ions, was from Goryo
Chemical Inc. (Sapporo, Japan). All other chemicals used were of
the highest purity commercially available.

Cell culture and treatment with ACR. Human leukemia HL-60 and
HP100 cells were obtained from Riken BioResource Research
Center (Tsukuba, Japan). HP100 cells have approximately 340-fold
higher resistance to H,O, (14) and 18 times higher catalase activity
(15) than HL-60 cells. By use of HP100 cells, effects of
intracellular catalase can be evaluated (16). HL-60 and HP100 cells
were grown in RPMI 1640 (FUJIFILM Wako Pure Chemical Co.)
supplemented with 6% fetal bovine serum (Biowest Co., Nuaillé,
France) at 37°C under 5% CO, in a humidified atmosphere. The
cells (0.5x10° or 1x106 cells/ml) were then treated with 0.05, 0.1,
0.2 and 0.5 pM of ACR.

Determination of cell viability treated by ACR in HL-60 and HP100
cells. A luminescent assay kit quantitating the ATP present
(CellTiter-Glo® Assay, Promega, Fitchburg, W1, USA) was used for
determining the number of viable cells in culture. A total of 5.0x104
cells were seeded into each well of 96-well white cell culture plates
(Thermo Fisher Scientific, Waltham, MA, USA). After ACR (0.05,
0.1,0.2 and 0.5 pM) treatment for 6 h or 24 h, the cell viability was
analyzed according to the manufacturer’s explanatory notes.
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Detection of ACR-induced apoptosis of HL-60 and HP100 cells. For
analyses of DNA ladder formation in treated cells by ACR, cells
were washed twice with phosphate-buffered saline (PBS). The
fragmented DNA was extracted from HL-60 and HP100 cells
(2x109 cells) according to previous reports (17, 18). DNA ladder
formation was analyzed by conventional electrophoresis.

Analysis of caspase-3/7 activity in HL-60 and HP100 cells. A total
of 5.0x104 cells were seeded into each well of 96-well black cell
culture plates (Thermo Fisher Scientific). After ACR treatment
(0.05, 0.1, 0.2 and 0.5 uM) for 6 h, caspase-3/7 activity was
analyzed use of a caspase-3/7 activity fluorescent assay kit (Apo-
ONE® Homogeneous Caspase-3/7 Assay; Promega, Fitchburg, WI,
USA) according to the manufacturer’s explanatory notes.

Analysis of ACR-induced DNA damage in the presence of Cu(Il) in a
cell-free system. The standard reaction solution in a 1.5 ml Eppendorf
Tubes® 3810X (Eppendorf AG, Hamburg, Germany) contained ACR,
20 uM CuCl, and pBR322 plasmid DNA (0.2 pg/tube) in 50 pl of
10 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA,
a chelator, for removal of trace amounts of contaminating metals.
After incubation at 37°C for 60 min, DNA gel loading dye was added
to the reaction solution and the reacted DNA was electrophoresed on
a 0.7% agarose gel containing ethidium bromide. The obtained DNA
gels were analyzed using a UV transilluminator (19, 20).

Analysis of ACR-induced DNA damage in the presence of metals in
a cell-free system. The reaction solution placed in a 1.5 ml
Eppendorf Tubes® 3810X contained 20 uM ACR, 20 pM metals



Mizutani et al: Oxidative DNA Damage and Apoptosis Induced by Aclarubicin

HL-60 HP100
I I | I

{SL;;Z:? M C 005 0102 05 C 00501 02 05 pM

1353

603

#
2500
= B HL-60 ]
< ] HP100 e
g 2000
G
2
> 1500
=
5
(]
~ 1000
[32]
8
W
§ 500
o
0

0 0.05 0.1
Aclarubicin (uM)

0.2 0.5

Figure 2. Detection of aclarubicin (ACR)-induced apoptosis of HL-60 and HP100 cells. A: DNA ladder formation in HL-60 and HP100 cells after
treatment with ACR for 6 h. The DNA was extracted from cell lysate and analyzed by conventional electrophoresis. Marker line: Size marker DNA
(®X174/Hae III digest). B: Caspase-3/7 activation in HL-60 and HP100 cells treated with ACR for 6 h. After ACR treatment, caspase-3/7 activity
was determined by caspase-3/7 activity assay kit. The data are presented as means+SD (n=3). Significantly different at: **p<0.01 and ***p<0.001
vs. control by ANOVA followed by the Tukey’s HSD test; *p<0.05 and #"p<0.001 by the Student’s t-test.

(Cuclz, FCC13, FCSO4(NH4)2SO4, ZnSO4, NISO4, MgClz, COC12 or
MnCl,) and pBR322 plasmid DNA (0.2 pg/tube) in 50 pl of 10 mM
sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After
incubation at 37°C for 60 min, the DNA gel loading dye was added
to the reaction solution and the reacted DNA was electrophoresed
on a 0.7% agarose gel containing ethidium bromide. The obtained
DNA gels were analyzed by using a UV transilluminator (20).

Analysis of effects of ROS scavengers and bathocuproine on ACR-
induced DNA damage in the presence of Cu(ll) in a cell-free
system. The reaction solution placed in a 1.5 ml Eppendorf Tubes®
3810X contained 20 uM ACR, 20 pM CuCl,, pBR322 plasmid
DNA (0.2 pg/tube) in 50 pl of 10 mM sodium phosphate buffer
(pH 7.8) containing 5 uM DTPA with ROS scavengers and 50 uM
bathocuproine, as a Cu(I)-chelating agent. ROS scavengers were
1.7 M (10%) ethanol, 0.1 M mannitol, 0.1 M sodium formate,
0.7 M (10%) dimethyl sulfoxide (DMSO), 50 or 100 units of SOD,
50 or 100 units of catalase, and 0.1 M methional. After incubation
at 37°C for 60 min, the DNA gel loading dye was added to the
reaction solution and the reacted DNA was electrophoresed on a
0.7% agarose gel stained with ethidium bromide. The obtained
DNA gels were analyzed by using a UV transilluminator (20).

Detection of O,*~ derived from ACR in the presence of Cu(ll) in a
cell-free system. To detect O,*~ generation from ACR, 100 uM
cytochrome ¢ was added to a reaction solution containing 20 uM
ACR and 20 pM Cu(Il) in 1 ml of 10 mM sodium phosphate buffer
(pH 7.8) with 2.5 uM DTPA. The reduction of ferricytochrome c
produces ferrocytochrome ¢ that has an absorption maximum at

550 nm; absorption was measured at 37°C with a UV-visible
spectrophotometer (UV-2600; Shimadzu, Kyoto, Japan). The actual
amount of reduced cytochrome ¢ was calculated by subtracting
absorbance with 100 U/ml SOD from that without SOD at 550 nm
(e=21.1x103 M-1 cm1) (20, 21).

Determination of intracellular Cu(I) induced by ACR in HL-60 cells.
CopperGREEN™ , a fluorescent probe for detection of Cu(l) ions,
was used to determine intracellular Cu(l) in cultured cells (22). HL-
60 cells (1x106 cells) were treated with ACR at 37°C for 3 h in the
presence of 5 uM CopperGREEN™ . Cells were then washed twice
with PBS. After resuspension in PBS, cells were analyzed using a
fluorescence microscopy (EVOS® FLo0id® Cell Imaging Station;
Thermo Fisher Scientific). Obtained data were analyzed using Image
J 1.43u (National Institute of Health, Bethesda, MD, USA).

Statistical analysis. All statistical analyses were performed using
Kaleida Graph version 4.1.3 (Synergy Software, Reading, PA,
USA). ANOVA followed by Tukey’s HSD test was used to compare
differences between the test groups and the control groups.
Student’s 7-test was used to compare differences between the test
groups. Values of p<0.05 were regarded as statistically significant.

Results

Cell viability in HL-60 and HP100 cells treated with ACR.
We determined cell viability in the cells treated with ACR by
use of CellTiter-Glo® assay. As shown in Figure 1, HL-60
cells were significantly more sensitive to 0.2 pM and 0.5 uM
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Figure 3. Analysis of aclarubicin (ACR)-induced DNA damage in the
presence of Cu(ll). A: Plasmid pBR322 DNA was treated with the
indicated concentrations of ACR in the presence of 20 uM CuCl, for
1 h. B: Plasmid pBR322 DNA was treated with 20 uM ACR in the
presence of 20 uM CuCl, for the indicated times. The supercoiled (SC)
and open circular (OC) forms of DNA are indicated.

ACR than were HP100 cells after 6-h and 24-h incubation.
The cytotoxicity of 24-h ACR treatment was higher than that
of 6-h ACR treatment.

DNA ladder assay in HL-60 and HP100 cells treated with
ACR. After treatment with ACR, DNA ladder formation,
which reflects apoptotic events, was analyzed using
conventional electrophoresis. In HL-60 cells, ACR-induced
DNA ladder formation was detected after 6-h incubation with
0.2 and 0.5 pM, while it was only detected at 0.5 uM in
HP100 cells (Figure 2A).

Caspase-3/7 activity in HL-60 and HP100 cells after ACR
treatment. ACR-induced apoptosis was assessed by caspase-
3/7 activity. The caspase-3/7 activity after 6-h ACR treatment
was remarkably increased at 0.2 and 0.5 pM in HL-60 cells
(0.2 uM, p<0.01; 0.5 pM, p<0.001), and at 0.5 uM in
HP100 cells (p<0.001). Caspase-3/7 in HL-60 cells had
significant higher activity than that in HP100 cells at 0.2 and
0.5 uM (Figure 2B) (0.2 pM, p<0.001; 0.5 pM, p<0.05).
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Figure 4. Analysis of aclarubicin (ACR)-induced DNA damage in the
presence of metals in a cell-free system. A: Plasmid pBR322 DNA was
treated with 20 uM ACR in the presence of 20 uM a metal (CuCl,,
FeCl3, FeSO4NH,),S04, ZnSO4, NiSO4, MgCl,, CoCl, or MnCl,)
1 h. B: Plasmid pBR322 DNA was treated with 20 uM metal and 20 uM
ACR for 1 h. The supercoiled (SC) and open circular (OC) forms of
DNA are indicated.

These events were in good agreement with DNA ladder
formation induced by ACR.

ACR-induced DNA damage in the presence of Cu(Il). Figure
3 shows agarose gel electrophoretic DNA cleavage patterns
of plasmid DNA pBR322 after ACR treatment. The intensity
of DNA damage increased depending on the ACR
concentration in the presence of Cu(Il) (Figure 3A). ACR
induced DNA damage at 1 pM and clear strong DNA
damage above 2 uM in the presence of Cu(Il). ACR or
Cu(II) did not induce DNA damage alone. The intensity of
ACR-induced DNA damage also increased dependent on
incubation time in the presence of Cu(Il). DNA damage was
induced by ACR at 5 min in the presence of Cu(Il) (Figure
3B). On the other hand, DNA damage was not caused by
ACR in the presence of Fe(Ill), Zn(II), Ni(II), Mg(II), Co(II)
or Mn(II) (Figure 4A). Moreover, since Fe(II) alone induced
DNA damage, it is suggested that ACR itself may not cause
DNA damage in the presence of Fe(II) (Figure 4B).

Effects of ROS scavengers and bathocuproine on ACR-
induced DNA damage in the presence of Cu(ll). The effects
of ROS scavengers and bathocuproine on ACR-induced
DNA damage in the presence of Cu(ll) in the cell-free
system using plasmid DNA pBR322 are shown in Figure 5.
Little or no inhibition of DNA damage induced by ACR was
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Figure 5. Inhibition by scavengers of reactive oxygen species (ROS) and
bathocuproine, a Cu(l)-chelating agent, of aclarubicin (ACR)-induced
DNA cleavage in the presence of Cu(ll). A: Plasmid pBR322 DNA was
treated with 20 uM ACR in the presence of Cu(Il) (20 uM) for 1 h with
and without 1.7 M (10%) ethanol, 0.1 M mannitol, 0.1 M sodium
formate, 0.7 M (10%) dimethyl sulfoxide (DMSO), 50 or 100 units of
superoxide dismutase (SOD), 50 or 100 units of catalase, 0.1 M
methional, or 50 uM bathocuproine was added. The supercoiled (SC)
and open circular (OC) forms of DNA are indicated.

found after incubation with typical *OH scavengers, ethanol,
mannitol, sodium formate and DMSO (Figure 5A). SOD and
catalase inhibited DNA damage induced by ACR. Methional
and bathocuproine completely inhibited DNA damage
induced by ACR (Figure 5B).

Detection of O,"~ derived from ACR in the presence of Cu(Il)
in a cell-free system. Figure 6 shows the production of
reduced cytochrome ¢ as a result of ACR in the presence
Cu(Il). The presence of ACR and Cu(Il) led to a time-
dependent increase in reduced cytochrome c. The quantity of
reduced cytochrome ¢ decreased with the addition of SOD,
reflecting the production of O,*". From these results, the
quantity of O," produced by 20 uM ACR was about 1.4 uM
in the presence of 20 uM Cu(Il). The inhibition of
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Figure 6. Temporal pattern of the production of reduced cytochrome ¢
with aclarubicin (ACR) in the presence of Cu(Il). The reaction solution
contained 100 uM cytochrome ¢, 20 uM ACR and 20 uM Cu(ll).
Absorption at 550 nm was measured at 37°C with a spectrophotometer.
The actual amount of reduced cytochrome c¢ was calculated by
subtracting absorbance with 100 U/ml superoxide dismutase (SOD)
from that without SOD at 550 nm (e=21.1x103 M~! cm~!1). The data
are presented as means+SD (n=3).

cytochrome ¢ reduction by SOD was only partial, it suggests
that there are O, -independent mechanisms of reduction of
cytochrome ¢, possibly mediated by Cu(I) (20, 23).

Determination of intracellular Cu(l) in HL-60 cells treated
with ACR. Figure 7 shows intracellular Cu(I) detection induced
by ACR in HL-60 cells. We used CopperGREEN™ , a green
fluorescent probe for detection of Cu(I) ions specifically, in
order to determine intracellular Cu(l) in cultured cells (22). The
results showed that ACR treatment coincided with an increase
in Cu(I)-positive cells in a dose-dependent manner.

Discussion

In this study, we showed ACR induced apoptosis of both
HL-60 cells and HP100 cells, the H,O,-resistant clone of
HL-60. ACR-induced cytotoxicity, DNA ladder formation
and caspase-3/7 activity of HP100 cells were suppressed, in
comparison with that of HL-60 cells. HP100 cells have
approximately 340-fold higher resistance to H,O, than HL-
60 cells (14). Therefore, these observations can be explained
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by the mediation of H,O, production in the apoptotic
mechanism induced ACR. Our previous reports have shown
that doxorubicin and pirarubicin induce oxidative DNA
damage by H,O, production, followed by mitochondrial
dysfunction and subsequent activation of caspase-3/7,
resulting in apoptosis (16, 24). Therefore, these observations
show the possibility that oxidative DNA damage by H,0,
production induces apoptosis.

In order to verify the mechanism of DNA damage, we
demonstrated that ACR induced oxidative DNA damage of
plasmid DNA in the presence of Cu(Il) in a cell-free system.
DNA damage was inhibited by SOD and catalase, suggesting
the involvement of O," and H,0,. Bathocuproine entirely
inhibited DNA damage, since bathocuproine prevents H,O,-
activation by chelating Cu(I) (25, 26). This suggests that
Cu(I) is involved in DNA damage. As typical *OH
scavengers (ethanol, mannitol, sodium formate and DMSO)
did not prevent DNA damage, it is suggested that free *OH
is not involved in DNA damage induced by ACR. Methional
completely inhibited DNA damage. Methional inhibits not
only *OH but also other radicals, for example, metal-oxygen
complexes (27). Hence, Cu(Il)-mediated DNA damage
appears to be due to ROS such as Cu(I)OOH. Moreover, we
demonstrated that ACR generated O, in the presence of
Cu(Il), suggesting that ACR and Cu(Il) produced Cu(l),
which reacted with O, to produce O," and subsequently
H,0,. In addition, we revealed that ACR treatment generated
intracellular Cu(I) using a fluorescent probe that specifically
detects Cu(I) in HL-60 cells.

We previously demonstrated that doxorubicin and
pirarubicin induced oxidative DNA damage in the presence
of Cu(Il) through oxidation of its p-hydroquinone moiety by
copper ion (20, 23). ACR has an anthraquinone moiety
similar to doxorubicin and pirarubicin. Therefore, it appears
that ACR induces oxidative DNA damage in the presence of
Cu(Il) in a similar way to that of doxorubicin and
pirarubicin. We propose the mechanism of ACR-induced
oxidative DNA damage to be as follows: ACR undergoes
Cu(II)-mediated one-electron oxidation at the OH group on
the anthraquinone aromatic moiety to produce Cu(I) and the
semiquinone radical. Cu(I) undergoes O, production from
0O,, subsequently generating H,O,. DNA binding to produce
Cu(I) interacts with H,O,, resulting in the formation of
DNA-—copper-hydroperoxo complex [DNA-Cu(I)OOH]
(Figure 8). Although typical *OH scavengers did not prevent
DNA damage, *OH may be involved in DNA damage
mediated by the formation of DNA—-Cu(I)OOH, which can
release *OH in the proximity of DNA. *OH readily attacks
an adjacent component of DNA, before it is inhibited by
*OH scavengers (20, 23). Moreover, we demonstrated that
ACR treatment generated intracellular Cu(I) in HL-60 cells,
confirming that Cu(I) has important roles in ACR-induced
DNA damage and apoptosis.
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Figure 7. Determination of intracellular Cu(l) generation induced by
aclarubicin (ACR) in HL-60 cells. HL-60 cells (1x100 cells) were
treated with ACR for 3 h in the presence of 5 uM CopperGREEN™ , a
Sfluorescent probe used to detect Cu(l) ion. Cells were washed twice with
phosphate-buffered saline (PBS). After resuspension in PBS, cells were
analyzed by fluorescence microscopy.

Furthermore, it is reported that 40 uM of copper exist in
the nucleus of the normal mouse hepatocytes (28, 29). DNA
has greater affinity for copper ions than for other essential
metal ions (29, 30). These findings suggest that ACR with
intracellular copper may induce oxidative DNA damage in
cells. Our and other groups reported that anticancer agents
(doxorubicin, pirarubicin, hydroxyurea, procarbazine,
cyclophosphamide, dacarbazine, 6-mercaptopurine,
methotrexate and etoposide) in the presence of copper-
induced oxidative DNA damage in a cell-free system (20, 23,
31-37). Previous reports described that anthracyclines
induced ROS generation and oxidative DNA damage in the
presence of iron (38, 39), whereas we demonstrated that
H,0, production and copper also have important roles in
DNA-damaging and apoptotic activity of anthracyclines.
Therefore, oxidative DNA damage, mediated by H,0O,
production and copper, followed by apoptosis may be an
important general anticancer mechanism for anthracyclines.
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