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Arsenic trioxide (As,O;) was recently demonstrated to be
an effective inducer of apoptosis in patients with relapsed
acute promyelocytic leukemia (APL) as well as in patients
with APL in whom all- trans-retinoic acid and conventional
chemotherapy failed. Chronic myelogenous leukemia cells
are highly resistant to chemotherapeutic drugs. To
determine if As,O; might be useful for the treatment of
chronic myelogenous leukemia, we examined the ability of
As,O; to induce apoptosis in K562 cells.In vitro
cytotoxicity of As,O; was evaluated in K562 cells by a MTT
assay; the IG, value for AsO;was determined to be
10uM. When analyzed by agarose gel electrophoresis, the
DNA fragments became evident after incubation of the
cells with 20uM As,O; for 24h. We also found
morphological changes and chromatin condensation of the
cells undergoing apoptosis. Activation of caspase-3 was
observed 6h after treatment with 2QuM As,O; by a
Western blot analysis. Next, we examined the MAP kinase-
signaling pathway of AsOsinduced apoptosis in K562
cells. AsO; at 10uM strongly induced the activation of p38
and JNK 1/2, while ERK 1/2 was inhibited. In addition,
pretreatment of SB203580, a specific inhibitor of p38,
inhibited As,O;induced apoptotic cell death. These results
suggest that AgO;is able to induce the apoptotic activity in
K562 cells, and its apoptotic mechanism may be associated
with the activation of p38.

differentiation and apoptosis (Shenal, 1997; Soignett al,
1998). The NB4 promyelocytic leukemia cell line has been
extensively used as a model for mamyitro studies that are
designed to more fully understand the cellular and molecular
effects that underlie the mechanism of action gDAéViu et

al., 1994; Cheret al, 1997; Wanget al, 1998). The clinical
efficacy of AsO; in APL has also been confirmed, even in
patients that are resistant to conventional chemotherapy
(Soignet et al, 1998). Recent reports suggest that the
apoptotic effect of A©;, is not specific for APL cells. The
newly recognized potential efficacy of this chemotherapeutic
agent for the treatment of other human malignancies and
myeloproliferative syndromes is currently being studied
(zhanget al, 1998; Bazarbaclgt al, 1999; Rousselat al,
1999).

Human chronic myelogenous leukemia (CML) is a
malignancy of pluripotent hematopoietic cells that is caused
by the dysregulated activity of the tyrosine kinase that is
encoded by the chimeribcr-abl oncogene (Witteet al,
1999). CML cells are highly resistant to chemotherapeutic
drugs and very difficult to treat (Amarante-Mendssal,
1998); therefore, anticancer drugs that are active against this
type of leukemia are urgently needed.

Several years ago, it was suggested that apoptosis might be
enhanced by the disruption of survival-associated MAP kinase
signal transduction (Eastmaat al, 1995; Kimet al, 1999;

Lee et al, 2001; Scet al, 2001). This offers an attractive
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Introduction

Arsenic trioxide (Ag0;) is an effective drug in the treatment
of acute promyelocytic leukemia (APL), via induction of
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could be used in conjunction with current chemotherapeutic
agents. Ag); induced apoptosis in NB4 cells that were cloned
from a relapsed patient with APL by inducing the loss of the
PML/RARa protein (Shacet al, 1998) and suppressing the
expression of the Bcl-2 protein (Chenhal, 1996). Several
studies reported on the ability of 8% to increase the activity

of IJNK, p38 in other cell lines (Kawasakial, 1996; lwama

et al, 2001). However, the mechanism for arsenics relative
selectivity is still unclear. It is probably related to the
biological property and phenotype of the cells, arsenics
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metabolism by the cells, and target differences in differenDNA fragmentation analysis The 5x 10 cells that were treated
cells. The precise role that MAP kinases play in the regulatioffor 24 h were washed twice in a solution of 50 mM Tris-HCI, pH
of As,Osinduced apoptosis in K562 cells is still unclear. To 8.0, 1 mM EDTA, and 100 mM NaCl. They were then lysed with a
more clearly define the cellular mechanism through whichbOOH! lysis buffer (1% Triton X-100, 50 mM Tris-HCI, pH 7.4,
As,0, is capable of inducing apoptosis, we investigated?0 MM EDTA). The lysates were centrifuged by 18G9 for
intracellular signaling pathways that lead to apoptosis int0min. The supernatants were incubated for 3h & 3vith
response to A, in human leukemia K562 cells. 100pl, 1% SDS 1Qul, TE/RNase (RNase lO.mg/mI, 10 mM Tris-
In the present study, we demonstrated that apoptosis [2C! PH 7-5. 15 mM NaCl), and 5@ proteinase K (1 mg/ml,
induced in CML cell lines with significant cytotoxicity. Also, Si9Ma USA). Then, the DNA was extracted with phenol/
the activation of p38 kinase signaling pathways markedI)F hloroformhsoamylalcohol (25:24:1, S'ng‘a' USA). After
affects the induction of apoptosis and may provide a usef recipitation, the pellets were resuspended in gl 3E buffer

i le for the treatment of chronic myelogenous leukemia 10mM Tris-HCI, pH 8.0, 1 mM EDTA). Each DNA sample was
fationa Yyelog electrophoresed through a 1.8% agarose gel (TAE buffer 35 ml,

0.63 g SeaKem gold agarose) that contained ethidium bromide. The
Materials and Methods DNA bands were visualized by UV light.

Materials As,0O,was purchased from the Sigma Chemical Co.Chromatin condensation The cells were incubated withug/ml
(St. Louis, USA). Ag, was dissolved in sodium hydroxide Hoechst 33258 (Sigma, USA) for 30 min atG7An aliquot of the
(NaOH) at a concentration of 1 mM/L and diluted to a working cells was transferred to a microscope slide and fitted with a
solution before use. The maximum concentration of NaOH incoverslip. DNA was visualized with a fluorescent microscope. The
culture had no influence on the cell growth in the cell lines. DMSO,cells that exhibited condensed chromatin and fragmented nuclei
NaOH, MTT, PBS, RNase, SB203580, and Hoechst 33258 werevere scored as apoptotic. At least 200 cells were scored from each
purchased from the Sigma Chemical Co. CycleTest-Plus DNAgroup, and data were expressed as the percentage of cells with
reagent KIT was purchased from Becton Dickinson (Mountaincondensed chromatin.
View, USA). Anti-phospho-p38, anti-phospho-ERK1/2, anti-
cleaved caspase 3 were from New England Biolab. Anti-phosphocell cycle analysis The cells that were treated with @& of
JNK was from Santa Cruz Biotechnology. As,O; for a variety of time periods and controls were collected and
fixed in 70% ethanol and stored aPC’C before use. After
Cell culture and in vitro cytotoxicity assay Human chronic  resuspension, the cells were washed with PBS and treated with
myelogenous leukemia K562 cells were maintained in a RPMICycle TESTY Plus DNA Reagent Kit (Becton Dickinson). The
1640 medium that was supplemented with 10% fetal bovine seruntells were resuspened in 2800f a 1.12% sodium citrate buffer
All of the cells were grown at 3Z in a humidified atmosphere of (pH 8.4) together with 12j5g of RNase at 3T for 30 min. Then
5% CQ. Cytotoxicity was measured by the microculture the cellular DNA was stained by 250 ml of propidium iodide
tetrazolium (MTT) method. The cells were resuspended inul00 (50 pg/ml) for 30 min at room temperature. The stained cells were
RPMI 1640 at & 10' cells/ml after verifying cell viability by a  analyzed with a FACScan flow cytometer (Becton Dickinson) for
trypan blue dye exclusion assay. One hungtexd cell suspension  relative DNA content, based on increased red fluorescence. Each of
were distributed into each well of a 96-well plate. After the treatecthe G1, S, G2/M phases of the cell cycle was calculated using the
cells were incubated for 24 h, GFDMTT (1 mg/ml, Sigma) was  RFIT program.
added into each well. The plates were incubated for 4 h. To dissolve
formazan, 15U DMSO was added and the absorbance values oPreparation of cell lysates and Western blot analysis The cells
each well at 540 nm were read using an ELISA Reader (Moleculawere washed twice with PBS. The washed cells were lysed in a
Device, Menlo Park, USA). The JCvalues were determined by lysis buffer (10 mM HEPES pH 7.9, 0.5% Triton X-100, 1 mM
plotting the drug concentration versus the survival ratio of theNaF, 10 mMp-glycerophosphate, 1 mM N&O,, 1.5 mM MgC},
treated cells. Assays were performed at least three times, and ddt@@mM KCI, 1 mM DTT, 1 mM PMSF), then the lysate was
shown are representative of those assays. centrifuged at 15,000 g for 10 min. The protein concentration was
determined by Bradford's method (1976) using bovine serum
Morphological features of apoptosis After treatment with or  albumin as a standard. The supernatant was used for a Western blot
without AsO,, 5x 10, the cells were washed with PBS (pH 7.4) analysis. A cell lysate that contained & of the protein was
and resuspended in the same buffer. The cells that were to Weactionated by SDS-PAGE on the appropriate percent
processed for electron microscopy (JEM 1200 EX-Il, JEOL, Japanpolyacrylamide gel. Then the proteins were transferred to
were centrifuged at 400g, fixed with 2.5% glutaraldehyde in PBS nitrocellulose membranes at a constant current of 220 mA for 90
for 2h, washed in 0.1 M Caocodylate (pH 7.4), and fixed withmin. The membrane was blocked with 5% skim milk in TBST
0.1% OsQin 0.1 M Caocodylate for 1.5 h. After fixation, the cells (10 mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.15% Tween-20) for 1 h
were washed with in 0.1 M Caocodylate, then dehydrated in gradest room temperature. It was subsequently probed overnigh€ at 4
ethanol. Next, the cells were impregnated with propylene oxide andiith anti-phospho-p38 antibody, anti-phospho-ERK1/2 (New
embedded in Polybed 812 (Polyscience, Inc.,Warrington, USA)England Biolabs, Beverly, USA), anti-cleaved caspase-3, and anti-
After incubation at 61C, the cells were cut and stained with uranyl phospho-JNK (Santa Cruz Biotechnology, Santa Cruz, USA)
acetate and lead citrate. primary antibodies at a 1 : 1,000 dilution in TBS (10 mM Tris-HClI,
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pH 8.0, 150 mM NaCl). After the membrane was washed thregedox system, caspase activation, and cell cycle arrest may
times with TBST, it was incubated for 1 h at room temperature withparticipate in the process that leads to cell death in the APL
horseradish peroxidase-conjugated anti-mouse or anti-rabbit 19@ell line (Cheret al, 1996; Soignett al, 1998; Bazarbaclait
antibodies (NEB) at a 1:10,000 and 1:2,000 dilution in TBS.qa|,, 1999). Therefore, we continued to investigate whether or
After washing the membrane with TBST, the protein bands on th,ot the cytotoxic effect is caused by apoptosis in K562 cells.
membrane were detected with an enhanced chemiluminescengg order to determine the apoptotic effect of @swe
detection method by immersing the blots for 1min in a 1:1gyamined the apoptotic response, as judged by the appearance
mixture of chemiluminescence reagents A and B (Amershamut 5 pDNA |adder, by gel electrophoresis. A characteristic
Buckinghamshire, England). They were then exposed to Kodakyoserm of nucleosomal DNA fragmentation, which is the
film for a few minutes. biochemical hallmark of apoptosis, was detected 24 h after
Statistical analysis All of the assays were set up in triplicate. The ﬁﬁg%iuggm: é?\l'\,: f(: ; fnsé%s(lzlgé dﬁ:l)ll -il;::?e:srzzuccitr(\) fthe
results were expressed as the mean + SD. Statistical analysis was trati find ? T 9 t ty f leukemia K562
determined by a Studentsest. concentration of inden ,9(93._ reatment of leukemia
cells with AsO; at concentrations above i also resulted

in the condensation of the chromatin and fragmentation of
Results and Discussion nuclei, detected after staining with Hoechst 33258 (Fig. 2B).

) ) o This result supports the conclusion that,@\s induces
Cytotoxic effects of AgO; We examined the cytotoxicity apoptosis in K562 cells.
effect of AsO;on the human leukemia cell line KS62 by 14 jnvestigate the apoptotic morphological changes after an
treating with different concentrations ofz&_for 24 h and As,O, treatment, the condensed nuclei were fixed with
48 h. K562 cells were exposed 10,8 ranging from 110 g1 iaraldehyde and examined by a thin section of EM. The

80uM, and cytotoxicity was determined by a MTT assay.yeatment of the K562 cells with A3 resulted in
Cell death increased with increased concentrations &;As

The IG, value for AgO;was 10uM (Fig. 1). Chenet al

(1997) reported that at concentrations of OfVE As,O; (A
triggers the apoptosis of both NB4 and the cultured priman

APL cells that are derived from patients. The cytotoxicity of

K562 cells was shown at higher 8 concentrations than

that of NB4 cells. The experiments clearly showed thaDAs

induced cytotoxicity in the K562 CML cell line in a dose-
dependent manner.

Induction of apoptosis by AsO; The K562 cells are
particularly resistant to apoptosis against various agents ar
have a poor prognosis. However, the consensus of sevel
reports recently is that AQ;induces apoptosis in leukemia (B
cells. Enhanced translocation of promyelocytic leukemia
proteins to nuclear bodies, modification of the glutathione
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Fig. 1. Cytotoxic effects of A©; on K562 cells. The cells were Lane 3, 5uM As,O; Lane 4, 1M As,O;; Lane 5, 2QuM

incubated with various concentrations of ,@s for 24 h and As,O,. (B) The cells were treated with the indichte

48 h. Cytotoxicity was measured by a MTT assay. The resultconcentration for 12 h and 24 h and stained with Hoechst 33258.

are presented as mean = SD for triplicate, and the bar represerThe cells with condensed and fragmented nuclei were counted as

the standard deviation. apoptotic under a fluorescence microscop&QQ).

o



380 Moon Jeong Shiret al.

Fig. 3. Effect of AsO; treatment on the morphology of K562 cells. The cells were treated with the control vehicle (&), A0,
for 24 h (B), or 2QuM As,O;for 24 h (C), 36 h (D), 48 h (E), stained with uranyl acetate and lead citrate, then analyzechunder a
electron microscopex(4,000).

morphological changes that are consistent with the process ' - lime (k)

apoptosis. Morphological changes that are consistent with th

process of apoptosis (including blebbing of the plasme 0 05 i 3 P
membrane, chromatin condensation, fragmentation of nucle

and formation of apoptotic bodies) were observed after 24 h i jeqyed caspase-3 » -J

a concentration of higher than M (Fig. 3).

Caspases, especially caspase-3 (CPP-32) that plays Fig- 4. Western blot analysis of cleaved caspase-3 in K562 cells.
essential role in the induction of apoptosis, is synthesizelThe cells were harvested at the indicated times after incnbatio

initially as an inactive precursor of 32kDa. Proteolytic with 20uM of As,O;. The whole cell lysates were prepared an

o - - .. subjected to a Western blot analysis with an antibody specific to

processing is required in order to generate the two subunits
. cleaved caspase-3.
17 and 12 kDa that form the active protease. The cleave
caspase-3 antibody detects only the large fragment c
activated caspase-3 (17 kDa) that results from cleavage afteeported that the apoptotic signal pathway is related to the
Aspl75. To determine whether or not apoptosis that isrrested phase of the cell cycle (Molraral, 1997). To
induced by AgO; was regulated by caspase-3, we examinednvestigate the anti-proliferative mechanisms ofQsthe cell
the expression of cleaved caspase-3 during apoptosis bycsicle phase distribution of cells that were treated with
Western blot analysis. After treatment, activation of cleavedifferent concentrations of AQ; was analyzed by flow
caspase-3 (17 kDa) was observed 6h after the start aytometry. As shown in Table 1, 46.0% of the control cells
treatment with 2QM As,O; (Fig. 4). These finding indicate were in the GO/G1 phase, 50.9% were in the S phase, and
that caspase-3 was involved in Bgsinduced apoptosis in  3.2% were in the G2/M phase. The cells that were treated with
K562 cells. However, further studies will be needed tol0uM As,O; for 48 h showed an accumulation of cells in the
investigate whether or not the activation of caspase-3 might b&2/M phase of the cell cycle, and 15.5% of the cells were in
directly associated with the induction of apoptosis with athe G2/M phase. Perkiret al (2000) recently reported that
specific inhibitor of caspase-3. As,O; increased the percentage of K562 cells that
accumulated in the G2/M phase of the cell cycle. These results

Effect on cell cycle phase distribution It was recently  were consistent with our data. We found thafOA$reatment
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Table 1. Time-dependent alteration of G2/M phase induced by Ik Lk
As,O; Cells were incubated with 1M of As,O, for indicated
times, stained with propidium iodide, and assayed by flow Azl = T =
cytometry. SR80 - - + T
% Cells
. |'h|.l.=\.|1|:-.:--|:l."=H -
Time GO0/G1 S G2/M
0 46.0 50.9 3.2 Fig. 6. The Inhibition of phospho-p38 activation by SB203580,
12 46.2 50.6 33 specific inhibitor of p38. The cells were treated with or withou
24 48.8 43.4 7.8 10uM SB203580 for 1 h, and harvested at the indicated times
48 28.2 56.3 155 after incubation with 1QM of As,O, The whole cell lysates

were prepared and subjected to a Western blot analysis with anti-
phospho-p38.
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Fig. 5. Effect of AsO; on mitogen-activated protein kinases in ; )
K562 cells. (A) Activation of p38 by the treatment of @s Fig. 7. Effect of SB203580 on A®;-induced apoptosis. The

The cells were harvested at the indicated times after incubaticCells were treated with the indicated concentrations for 24ih an

with 10pM of As,O,. The whole cell lysates were prepared an stained with Hoechst 33258. The cells with condensgd chromati

subjected to a Western blot analysis with anti-phospho-p38. (82nd fragmented nuclei were counted as apoptotic uader

Activation of JNK 1/2 by the treatment of &, The cells were  fluorescence microscops £00).

harvested as noted previously. Activated forms of JNK 1/2 were

detected with anti-phospho-JNK 1/2. (C) Inhibition of ERK 1/2

by the treatm(_ent of A®,. The cells were harvested as ldote_ only minimal data about the MAP kinase signaling

previously. Activated forms of ERK 1/2 were detected with anti- mechanism of A®, action on the CML cell line. Therefore,

phospho-ERK 1/2. the activities of ERK, JNK, and p38 were examined by a
Western blot analysis with phospho-specific antibodies that
recognize the active form of each kinase. Marked activation of

increased the percentage of cells that accumulated in the G238 and JNK was observed by treatment witpti0As,O;in

M phase of the cell cycle. K562 cells (Fig. 5A)These characteristics of the activation of
JNK and p38 are quite similar to those that were reported

Effects on the MAP kinase activity Many forms of when mouse fibroblast NIH3T3 cells were treated with

cellular stress, including treatment with anticancer drugs, haveodium arsenite (Linet al, 1998). In contrast to the marked

been shown to modulate MAP kinase signaling pathways andctivation of JNK and p38, we observed a decrease in the

induce apoptosis. The classical MAP kinases (ERK 1/2) aréevels of the activated forms of ERK 1/2 upon treatment of the

activated by a variety of cell growth and differentiation cells with AsO; (Fig. 5C)It was reported recently that the

stimuli, and play a central role in mitogenic signaling activation of the JNK and p38 kinase, as well as the

(Marshallet al, 1995; Kimet al, 2001). During the course of concurrent inhibiton of ERK, are critical for NGF

apoptosis that is induced by stress (such as UV irradiationyithdrawal-induced apoptosis in rat PC-12 cells (¥iaal,

ceramide, anticancer drugs, and crosslinking of membran995).

IgM), the activation of SAPK and p38 kinase are associated

with or required for apoptosis (Gravetsal, 1996; Butterfield  Inhibition of apoptotic cell death by SB203580 Although

et al, 1997; Jucet al, 1997). However, the role of these the AsO;-induced apoptosis in K562 cells was accompanied

signaling pathways in cell death has not yet been fullyby the activation of JNK and p38 kinase, it was unclear which

established, and contradictory evidence exists. Also, there gathway was associated with ;8sinduced apoptosis. To
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examine whether or not the activation of p38 byOGAsnight Eastman, A. (1995) Survival factors, intracellular signal
be associated with the induction of apoptosis in K562 cells, transduction, and the activation of endonucleases in apoptosis
we treated the cells with SB203580, a specific inhibitor of ~Semin. Cancer Biob, 45-52.

p38. In the presence of SB203580, we confirmed that th&raves, J. D., Draves, K. E., Craxton, A., Saklatvala, J., Krebs, E.
activation of p38 kinase was blocked during@streatment G. a_nd (_:Iark, E. A (1996.) Involver_nent of strgss-a}ctlvateq
(Fig. 6). Severe nuclear condensation and fragmentation were protein kinase and p38 mitogen-activated protein kinase in

A . . migM-induced apoptosis of human B lymphocytesc. Natl.
-450 -
inhibited in approximately 38-45% of the non-treated cells 5 -4 g USA3, 13814-13818.

(Fig. 7)_. Inhibiting p38 significantly redu_ced_ nuclear lwama, K. Nakajo, S. Aiuchi, T. and Nakaya, K. (2001)
apoptosis. These results suggest that the activation of p38 is apoptosis induced by arsenic trioxide in leukemia U937 cells
associated with A®;-induced apoptosis. is dependent on activation of p38, inactivation of ERK and the
In summary, we demonstrated that the,Gd3nduced Ca*-dependent production of superoxidet. J. Cancer92,
cytotoxicity and cell cycle arrest at the G2/M phase were 518-526.
correlated with apoptosis. The induction of apoptosis byluo, P., Kuo, C. J., Reynolds, S. E., Konz, R. F., Raingeaud, J.,
As,0,was mediated by the activation of caspase-3 and p38. Davis, R. J., Biemann, H. P. and Blenis, J. (1997) Fas
These findings suggest that the potential use gDAs the activation of the p38 mltogen-actlyated protein kinase s.ignaling
treatment of chronic myelogenous leukemia deserves further pathway requires ICE/CED-3 family proteaskfol. Cell Biol

exploration 17, 24-35.
. Kawasaki, H., Moriguchi, T. and Matsuda, S. (1996) Ras-

. dependent and Ras-independent pathway in the stress-activated-
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