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Anti-leukemic effect of sodium metaarsenite (KMLO001)
in acute myeloid leukemia with breaking-down
the resistance of cytosine arabinoside
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Abstract. Sodium metaarsenite (NaAs,0;: code name
KMLOO1) is an orally bioavailable arsenic compound with
potential anti-cancer activity. However, the effect of KMLO001
has not been studied in acute myeloid leukemia (AML). We
investigated the anti-leukemic effect of KML0O1 in AML, and
determined the mode of action of KMLO001. KMLOO1 inhib-
ited the cellular proliferation in all AML cell lines and primary
AML blasts as well as HL-60R (cytosine arabinoside-resistant
HL-60) cells, while As,0; was not effective in primary AML
blasts and AML cell lines including HL-60R cells. KMLO001
induced GI arrest and apoptosis in HL-60 and HL-60R cells.
KMLOOL1 inhibited the activation of STAT (signal transducer
and activator of transcription) 1, 3, 5, NF-xB, AKT and PI3K,
while phosphorylated PTEN was upregulated. In addition,
activation of ERK, p38 and JNK was observed in KMLO0O1-
induced growth inhibition of HL-60 and HL-60R cells.
Furthermore, KMLOOI1 induced telomeric terminal restric-
tion fragment (TRF) length shortening in a time-dependent
manner in HL-60 and HL-60R cells. Real-time PCR with
RNA extracted from KMLOOI-treated HL-60 and HL-60R
cells showed a significant reduction of catalytic subunit of
telomerase, hTERT, in a time-dependent manner. Additionally,
v-H,Ay, a sensitive molecular marker of DNA damage, in
HL-60 and HL-60R cells was induced by KMLO0O1. These
results suggest that KMLOOI1 inhibits the proliferation of AML
cells including cytosine arabinoside-resistant AML cells via
various mechanisms such as cell cycle arrest, induction of
apoptosis, inhibition of JAK/STAT and PI3K pathways, activa-
tion of MAPK pathway and telomere targeting.
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Introduction

Arsenic compounds have been used in traditional medicine
as anti-tumor and anti-inflammatory agents over 2,400 years,
however, their clinical use is strikingly decreased because
of the carcinogenic and toxic effects (1). Since successful
use of arsenic trioxide (ATO; As,0;) in patients with acute
promyelocytic leukemia (APL) in China in the 1970s, ATO
was approved for clinical use for patients with relapsed
APL (2,3). Also, in vitro studies have shown that ATO exerts
anti-proliferative effect on solid tumor cells including pros-
tate, ovarian, stomach, breast, lung and cervical cancer (4-6).
The anti-tumoral effect of ATO is accompanied by tubulin
polymerization, induction of differentiation and apoptosis and
inhibition of angiogenesis (4,6-8). Arsenic compounds have
also been reported to target telomere which is a region of
repetitive nucleotide sequences at each end of a chromatid and
protects the end of the chromosome from deterioration or from
fusion with neighbouring chromosomes (9). Arsenic-induced
inhibition of human telomerase reverse transcriptase (hWTERT)
is associated with transcriptional factors, c-Myc and Sp1 (10).
However, the anti-tumor effect of ATO in solid tumors and
other hematologic disorders has not been fully elucidated (11).
Especially, a drawback of ATO is to be administered intra-
venously, and not effective in the treatment of acute myeloid
leukemia (AML) except one type called APL.

KMLO0O01, sodium metaarsenite, is a water-soluble, there-
fore, orally bioavailable, trivalent arsenical compound (12).
KMLOO1 has shown potent anti-tumoral effect in vitro as well
as in human solid tumor cell line xenografts in vivo, and has
entered phase 1/2 clinical trials for the treatment of human
prostate cancer (12,13). It has been suggested that one of the
mechanisms of action of KMLOO1 might be to target the telo-
meres of chromosomes in cancer cells (12). Although KMLO001
has shown cytotoxic effect on a variety of cancer cells, anti-
leukemic effect of KMLO0O1 has not been well studied yet.

In the present study, we investigated the effect of KMLO0O01
on acute myeloid leukemia (AML) cell lines. KMLO0O1 inhib-
ited the proliferation of all AML cell lines including Ara-C
(cytosine arabinoside)-resistant HL.-60 (HL-60R) cells by cell
cycle arrest and induction of apoptosis. In addition, KMLO001
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shortened the telomere length without affecting telomerase
activity. All together, KMLO0O1 seems to be a candidate agent
for clinical investigation in the treatment of refractory acute
myeloid leukemia.

Materials and methods

Cells and cell culture. Human myeloid leukemia cell lines
examined in the present study were HL-60, BV173, HEL,
K562,KCL22,KG1,KU812,MegO1,ML1,NB4 and U937, and
they were kindly presented by Dr H.P. Koeffler (Cedars-Sinai
Medical Center/University of California, Los Angeles, CA,
USA). The cells were cultured in tissue flasks in RPMI-1640
medium (Gibco-BRL, Gaithersburg, MD, USA) supplemented
with 10% (vol/vol) fetal bovine serum (FBS; Gibco-BRL),
100 U/ml penicillin and 100 pg/ml streptomycin (Sigma
Chemical, St. Louis, MO, USA) and maintained in a humidi-
fied atmosphere, 5% CO, at 37°C. The culture medium was
changed every 3-4 days. The Ara-C-resistant cell line HL-60R
was established by stepwise increase of concentrations of cyto-
sine arabidoside in medium. Leukemic blasts were harvested
from bone marrow aspirates of 4 AML patients (2 AML
Ml and 2 AML M?2), who were initially diagnosed when
the blasts counts were high (>85%) at presentation and gave
written informed consent. Mononuclear cells (MNCs) from
bone marrow were collected by separation on Ficoll-Paque
(Amersham Biosciences AB, Uppsala, Sweden) gradients at
a density of 1.077, washed twice in phosphate-buffered saline
(PBS), and suspended in Iscove's modified Dulbecco's medium
(IMDM; Gibco-BRL) containing 10% heat-inactivated FBS
(Gibco-BRL).

Reagents. KMLO00I (sodium metaarsenite) was obtained from
Komipharm International, 10° M drug stocks were prepared
in distilled water and aliquots were stored at 4°C. The stock
solution was stable for >1 year. Working concentrations were
freshly prepared daily by diluting the stock with RPMI-1640.
As,0; was purchased from Sigma-Aldrich, 5x102 M stock
solution was prepared in 5 M NaOH, and aliquots were stored
at 4°C. SP600125, a specific INK inhibitor, and SB202190,
specific inhibitor of p38 protein were purchased from
Calbiochem (San Diego, CA, USA) (14). These inhibitors were
dissolved in dimethyl sulfoxide (DMSO) at 1 mM as stock
solutions and these stock solutions were stored at -20°C.

Growth inhibition assay. Cellular growth inhibition effect
of KMLO0OO1 was determined by measuring the MTT [3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
dye absorbance of living cells as previously described (15).
Briefly, cells (1x10* cells/well) were seeded in 96-well
microtiter plates (Nunc, Roskilde, Denmark) and incubated at
37°C for 72 h. MTT solution (50 ul) (2 ug/ml in PBS) from
Sigma was added to each well, and the plates were incubated
for an additional 4 h at 37°C. The MTT solution in the medium
was aspirated. To achieve solubilization of the formazan
crystal formed in viable cells, 200 ul of DMSO was added to
each well. The plates were shaken for 30 min at room tempera-
ture, and absorbance was read immediately at a wavelength
of 540 nm on a scanning multiwell spectrophotometer (Titert
Multiscan MC; Flow Laboratory, CA).
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Cell cycle analysis. Cells were fixed with methanol for 1 h
and stained with 50 pg/ml of propidium iodide (PI) containing
50 pug/ml of RNaseA. The DNA contents of the cells (10,000
cells/experimental group) were analyzed using a FACStar flow
cytometer (Becton-Dickinson, San Jose, CA, USA) equipped
with a ModFit LT program (Lysis II, CellFit). The percentage
of cell population in each cell cycle phase (G1, S or G2/M)
was calculated from DNA content histograms, excluding the
population in the sub-Gl1 phase.

Evaluation of apoptosis. Apoptosis was determined by staining
cells with Annexin V-FITC (BD Biosciences, San Diego, CA,
USA) and PI (16). To quantify the apoptosis of cells, the cells
were washed twice with cold PBS and were resuspended in
binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl,
2.5 mM CaCl,) at a density of 1x10° cells/ml. This cell solution
(100 pl) (total 1x10° cells) was transferred to a 5-ml culture
tube with 5 ul of Annexin V-FITC and 10 pl of PI (20 ug/ml)
and was analyzed with the FACStar flow cytometer.

Immunoblot analysis. Cells were suspended in lysis buffer
containing 50 mM Tris (pH 7.5), 1% NP-40, 2 mM EDTA,
10 mM NaCl, 20 ug/ml aprotinin, 20 ug/ml leupeptin and
1 mM phenylmethylsulphonyl fluoride and were placed on ice
for 20 min. Samples containing 20-100 ug of total protein were
resolved in SDS-polyacrylamide denaturing gel, transferred to
nitrocellulose membranes, and probed with antibodies. The
blots were developed using the ECL kit (Intron Biotechnology,
Gyeonggi-do, Korea).

Immunoprecipitation and kinase assay. Cells were suspended
in an extraction buffer [50 mM Tris-Cl (pH 7.5), 250 mM
NaCl,0.1% NP-40,5 mM EDTA, 50 mM NaF, 0.1 mM NavO,,
100 mM phenylmethylsulfonyl fluoride, 0.2 mM leupeptin,
10 pg/ml aprotinin, 0.1 mM pepstatin A) and incubated on
ice for 15 min. After centrifugation at 13,000 rpm for 20 min,
the supernatant was collected and protein concentration was
determined using a Bio-Rad assay kit. Two micrograms of
each antibody (CDK2, CDK4 and CDKG6) were added to
200 ug of each cell extract in 500 ul of extraction buffer
and incubated for 4 h at 4°C with continuous agitation. To
collect immune complexes, 30 ul of protein A/G-agarose
was added to the mixture, which was then incubated for 2 h.
Immune complexes were centrifuged at 1,200 rpm for 2 min
and the precipitates were washed three times with extrac-
tion buffer and twice with kinase reaction buffer [SO mM
Tris-Cl (pH 7.5), 10 mM MgCl, and 1 mM DTT]. CDK 2
kinase assays on histone H1 was performed by mixing the
respective immune complexes with 5 yg of histone H1 and
1 uCi of [y-**P]-ATP in 35 ul of kinase reaction buffer. CDK 4
and CDK 6 kinase assays on Rb-c residue were performed
in the same way. Kinase reactions were performed at 37°C
for 30 min and were terminated with 2X SDS-PAGE loading
buffer. The reaction mixtures were resolved by SDS-PAGE.
The extent of phosphorylation was determined by autoradi-

ography.

Mean telomere restriction fragment length. For the measure-
ment of telomere length, Roche Diagnostics TeloTAGG
telomere restriction fragment (TRF) length kit was used
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according to manufacturer's instructions (Roche Diagnostics
GmbH, Mannheim, Germany).

Quantitative hTERT real-time PCR. Total RNA was isolated
with TRI reagent (Molecular Research Center, Inc., Cincinnati,
OH, USA) and cDNA was synthesized from 1 ug of total RNA
using ImProm-II Reverse Transcriptase (Promega Corp.,
Madison, WI, USA) and random hexamers. Quantitative
PCR was performed using SYBR-Green I as a double-strand
DNA-specific binding dye on iCycler IQ detection system (Bio-
Rad Laboratories). Thermocycling was performed in a final
volume of 20 ul containing; 4 ul cDNA sample, 10 pM of each
primer, 0.125 mM dNTP mixture, 0.25 mg/ml BSA, 0.05%
Tween-20, 1X rTaq reaction buffer containing 1.5 mM MgCl,
(Takara, Shiga, Japan), 1 unit rTaq DNA polymerase (Takara),
and 1X SYBR-Green I (Molecular Probes, Sunnyvale, CA,
USA). After an initial denaturation at 95°C for 10 min, 35
cycles of 94°C for 30 sec, 53°C for 30 sec, and 72°C for 30 sec
were carried out.

All cDNA samples were synthesized in parallel and PCR
reactions were run in triplicate. The mRNA levels were derived
from standard curves and are expressed as relative changes
after normalization vs. f-actin mRNA levels.

Chromatin immunoprecipitation (ChIP). HL-60 and HL-60R
cells were treated with KMLOO1 at a concentration of 107 M
for 24, 48 and 72 h. Chromatin immunoprecipitation (ChIP)
assays for studying the specific association of y-H,Ax with
telomeric repeat sequences were performed as described by
d'Adda di Fagagna et al (17). Briefly, cells were fixed in 1%
formaldehyde in PBS for 10 min at 37°C and lysed with cell
lysis buffer [1% SDS, 50 mM/1 Tris-HCI (pH 8.0) and 10 mM/1
EDTA] at a density of 107 cells/ml. Lysates were sonicated to
shear the DNA and centrifuged for 10 min at 4°C. Lysates
(200 pl) were diluted with a buffer [1.8 ml of 0.01% SDS,
1.1% Triton X-100, 1.2 mmol/l EDTA, 16.7 mmol/l Tris-HCI
(pH 8.0) and 150 mmol/l NaCl] and precleaned with a protein G
plus/protein A agarose suspension (Calbiochem, San Diego,
CA, USA)/salmon sperm DNA (Invitrogen, Carlsbad, CA,
USA). Control IgG (mouse; Santa Cruz Biotechnology, Santa
Cruz,CA,USA), mouse monoclonal anti-phospho-H, A (EMD
Millipore, Darmstadt, Germany; clone JBW301), or anti-
telomere repeat biding factor 1 antibodies (clone C-19; Santa
Cruz Biotechnology) were added to the lysates and incubated
overnight at 4°C. Immunoprecipitated pellets were washed
with 0.1% SDS, 1% Triton X-100, 2 mmol/l EDTA (pH 8.0)
and 20 mmol/l Tris-HCI (pH 8.0) containing 150 mmol/I NaCl
in the first wash and 500 mmol/l NaCl in the second wash.
Further washes were with 0.25 mol/l LiCl, 1% NP-40, 1%
sodium deoxycholate, 1 mmol/l EDTA (pH 8.0) and 10 mmol/I
Tris-HCl (pH 8.0) and with 10 mmol/l Tris-HCI (pH 8.0) and
1 mmol/l EDTA. Chromatin was eluted from the beads with
500 ul of 1% SDS and 0.1 mol/l NaHCO;. After addition of
20 ul of 5 mol/l NaCl, cross-links were reversed for 4 h at
65°C. Samples were then treated with 20 ul of 1 mol/l Tris-HCl
(pH 6.5), 10 ul of 0.5 mol/l EDTA and 20 ug Proteinase K
(Invitrogen) and incubated at 45°C for 1 h. Phenol-chloroform
extractions were done and the DNA was precipitated overnight
at -80°C. The precipitate was dissolved in 20 ul water just prior
to setting up qPCR runs (18).
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Table I. Cell cycle analysis in KMLOO1-treated HL-60.
0h 12h 18 h 24h  48h 72h

GO-G1 4621 4802 4161 4233 ND 6456
S 4048 38.76 2905 3452 ND 2377
G2/M 1231 1322 2933 2115 ND 11.67
SubGl 2.10 1122 70.79 5130 7458 48.04
Debris 204 1133 90.77 6607 ND  50.36

N.D, not detected.

Table II. Cell cycle analysis in KMLOO1-treated HL-60R.

Oh 12h 18h 24h 48h  72h
GO-GI 2828 3634 5090 3513 ND 5967
S 56.11 46.13 3848 1896 ND 3695
G2M 1507 1753 1062 1590 ND 337
SubGl 399 2181 11.13 308 6371 57.86
Debris 627 2159 1189 437 ND 6634

N.D, not detected.

Statistical analysis. The data represent mean values + SEM
(error bars) of experiments repeated at least 3 times. Statistical
significance was determined using the Student's t-tests.
P-values <0.05 were considered statistically significant.

Results

Antileukemic effect of KMLOOI on human leukemic cells.
KMLOOLI inhibited the cellular proliferation in all AML cell
lines in a dose-dependent manner with ICs, of 5x10® M, while
arsenic trioxide (As,0;) did not (Fig. 1A and B). KML0O0O1
effectively inhibited cellular proliferation of HL-60 cells
(ICsp; 5x10°® M) as well as HL-60R cells (ICs,; 1x10% M),
and its anti-leukemic effect was almost the same as Ara-C
(ICs; 5x10°® M). Ara-C did not inhibit cellular proliferation in
HL-60R cells as expected (Fig. 1C and D). In addition, growth
of primary leukemic blasts from AML patients was inhibited
in a dose-dependent manner by KMLOO01 with ICs, of 5x107 M,
however, arsenic trioxide did not inhibit the primary leukemic
blast cells (Fig. 1E and F). These data indicated that KMLO0O01
might be a potent anti-leukemic agent, and have biological
effects different from arsenic trioxide on AML cells including
Ara-C-resistant HL-60 cells.

Cell cycle analysis in HL-60 and HL-60R cells. The effect
of KMLOOI on the cell cycle was determined in HL-60
and HL-60R cells by FACS analysis. Three independently
performed DNA flow cytometric analyses indicated that
KMLO0O01 induced a G1 arrest in HL-60 and HL-60R cells at a
concentration of 1x107 M during 72 h of exposure; population
of HL-60 cells in G1 phase was 46.21% at 0 h and 64.56%
at 72 h (Table I). Population of HL-60R cells was 28.82% at
0 h and 59.67% at 72 h (Table II). In contrast, no cell cycle
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Figure 1. Effect of KMLOOI and As,O; on cellular proliferation. (A) Effect of KMLO0OI in AML cell lines. Cellular proliferation of AML cell lines was
determined by MTT assay after treatment of KMLOO1 for 72 h. (B) Effect of As,0; in AML cell lines. Cellular proliferation of AML cell lines was determined
by MTT assay after treatment of As,O; for 72 h. (C) Effect of KMLO0O01, Ara-C and As,0; on HL-60 cells. Proliferation of HL-60 cells was determined by
MTT assay after treatment of agents for 72 h. (D) Effect of KML001, Ara-C and As,O; on HL-60R cells. Proliferation of HL-60R cells was determined by
MTT assay after treatment of agents for 72 h. (E) Effect of KML0OI on AML blasts isolated from AML patients. Cellular proliferation of AML blasts was
determined by MTT assay after treatment of KMLO0OI for 72 h. (F) Effect of As,O; on AML blasts isolated from AML patients. Cellular proliferation of AML

blasts was determined by MTT assay after treatment of As,O; for 72 h.

arrest was observed in HL-60 and HL-60R cells with As,O,
treatment (data not shown).

Cell cycle arrest was associated with downregulation of
CDKs of CDK4, CDK®6, as well as cyclins of cyclin D1 and
cyclin E. In addition, the expression of p21 and p27 proteins,
and cyclin-dependent kinase inhibitors (CDKIs), was increased
in HL-60 and HL-60R cells. In contrast, no significant change
of CDKs and cyclins was observed and the expression of
CDKIs was decreased in arsenic trioxide-treated HL-60 and
HL-60R cells (Fig. 2A).

Association of p27 with cell cycle-regulatory proteins in
KMLOOI-treated HL-60 and HL-60R cells. Since western blot
analysis showed that KMLO0O1 induced a marked accumulation
of p27 protein, we investigated whether the KMLOO1-induced
p27 protein existed in complexes with CDKs active in the
G1 phase of the cell cycle in HL-60 and HL-60R cells. As
shown in Fig. 2B, the complexes immunoprecipitated with

anti-CDK?2, anti-CDK4 and anti-CDK6 antibodies exhibited

higher levels of immunodetectable p27 protein in HL-60 and
HL-60R cells at 72 h.

Effect of KMLOOI on CDK-associated kinase activity. To
determine whether the increased CDKIs and the changed
cell cycle-regulatory proteins result in the inhibition of CDK
activity in KMLOO1-treated HL-60 and HL-60R cells, in vitro
CDK activity assay on Rb-c substrate and histone H1 was
performed using immunoprecipitation with anti-CDK?2, anti-
CDK4 and anti-CDK6 antibodies. HL-60 and HL-60R cells
treated with KMLOO1 at a concentration of 1x107 M showed
a decrease in CDK?2-associated kinase activity on histone H1,
and CDK4- and CDK6-associated kinase activity on Rb-c
substrate at 72 h (Fig. 2C).

Taken together, these results suggest that p27 protein could
play a critical role in a GI1 arrest via its increased binding to
CDK2, CDK4 and CDK®6 proteins and subsequent inhibition
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Figure 2. Effect of KMLOO1 and As,O; on cell cycle. (A) Modulation of cell cycle-regulatory proteins in HL-60 and HL-60R. Cells were harvested at the
indicated times after incubation with KMLOO1 (107 M) or As,0, (107 M). Cells were then lysed, and the supernatants were subjected to western blot analysis.
(B) Association of p27 with CDKs in HL-60 and HL-60R cells. Cells were treated with KMLO001 (107 M) for 72 h. Total lysates were immunoprecipitated with
anti-CDK2, anti-CDK4 and anti-CDKG6 antibodies. The bound p27 in each immunocomplex was determined by western blot analysis. (C) Effect of KMLO0O01
and As,0; on CDK-associated kinase activities in HL-60 and HL-60R cells. Cells were treated with KMLO0O1 (107 M) or As,O, (107 M) for 72 h. CDK activity
assays on substrates were performed using immunoprecipitation with indicated antibodies.

of CDK2-, CDK4-, CDK6-associated kinase activities in
KMLOO1-treated HL-60 and HL-60R cells.

In contrast, arsenic trioxide did not reduce the activity of
CDK2-, CDK4- and CDK6-associated kinase in HL-60 and
HL-60R cells (Fig. 2C).

Induction of apoptosis by KMLO0OOI in HL-60 and HL-60R
cells. In order to determine whether KMLOO1 treatment could
induce apoptosis in HL-60 and HL-60R cells, in vitro apop-
tosis detection assay was performed. Cells were stained with
Annexin V-FITC and propidium iodide (PI) and analyzed by
FACS. The proportion of Annexin V-FITC-stained cells was
dramatically increased in a time-dependent manner following
treatment of HL-60 and HL-60R cells with KMLOO1 at a
concentration of 1x107 M (Fig. 3A). In addition, Bcl-2 protein
was downregulated in a dose-dependent manner in HL-60
and HL-60R cells (Fig. 3B). Next, it was evaluated whether
caspase might be activated during the induction of apoptosis by

KMLOO0L1, since cell death can be completed through caspase
activation after external stimuli. The expression of effector
caspase-3 was downregulated in a dose-dependent manner
(Fig. 3B). Collectively, these results indicate that induction of
apoptosis could be another mechanism of the antiprolifera-
tive effect of KMLOO1 besides cell cycle arrest in HL-60 and
HL-60R cells.

Effect of KMLOOI on cell signaling in HL-60 and HL-60R
cells. STATs are cytoplasmic transcription factors and key
mediators of cytokine and growth factor signaling pathways.
Many malignant cells have shown to consistently express
STAT molecules. In order to investigate the role of STAT
molecules in anti-leukemic effect of KMLOO1, HL-60 and
HL-60R cells were treated with KMLOO1 for 2 h at indicated
concentrations.

The expression of p-STAT1, p-STAT3 and p-STATS was
downregulated in HL-60 and HL-60R cells following treat-
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Figure 3. Effect of KMLO0O1 and As,O; on apoptosis. (A) Induction of apoptosis by KML0O01 in HL-60 and HL-60R cells. Cells were stained with
Annexin V-FITC and PI and analyzed by FACS. (B) Modulation of apoptosis-related proteins in HL-60 and HL-60R cells. Cells were treated with KML0O01
or As,0; at indicated doses for 72 h. Total protein was resolved in SDS-polyacrylamide denaturing gel, transferred to nitrocellulose membranes, and probed

with indicated antibodies.

ment with KMLO0O1, while no significant expressional change
was noted in As,O;-treated HL-60 and HL-60R cells (Fig. 4A).
Regarding the MAPK signaling, the phosphorylated forms of
p42/p44 ERK, INK and p38 were increased following treat-
ment of HL-60 and HL60-R cells with KMLOOI for 2 h in
a dose-dependent manner, while no dramatic expressional
change was shown in As,Os-treated cells, suggesting that the
KMLOO1-induced activation of MAPK pathways might be
related to the growth inhibition of HL-60 and HL-60R cells
(Fig. 4B). Furthermore, pre-treatment of cells with 10 uM of
SP600125, a specific INK inhibitor, for 12 h blocked KMLOO1-
induced phosphorylation of JNK, and subsequently abrogated
the effect of KMLOO1 on STAT1 and STAT?3 (Fig. 4C).

Additionally, pre-treatment of HL-60 and HL-60R cells
for 12 h with 20 M of SB202190, specific inhibitor of p38
protein, blocked KMLOO1-induced p-p38, and subsequently
abrogated the effect of KMLOO1 on STAT1 (Fig. 4D). The
examination of the effect of KMLO0O1 on PI3K/Akt signaling
showed downregulation of p-mTOR, p-Akt and p-Raf proteins,
while p-PTEN was upregulated in HL-60 and HL-60R cells
(Fig. 5). In contrast, no alteration in expressions of the proteins
was observed in As,O;-treated HL-60 and HL-60R cells.

Additional study showed that the expression of P65 and
P50 subunits of NF-kB was decreased in KMLO0O1-treated
HL-60 and HL-60R cells (Fig. 5). These results suggest that
the anti-proliferative effect of KMLO0O1 might be mediated via
various cell signaling including JAK/STAT, MAPK/ERK and
PI3K/Akt pathways in HL-60 and HL-60R cells.

The effect of telomere length and hTERT in HL-60 and
HL-60R. The maintenance of telomere lengths is critical
for chromosomal integrity in cells. It has been shown that
KMLOOI targets the telomere (12). In this experiment,
KMLO001 (1x107 M) induced TRF length shortening in a
time-dependent manner in HL-60 and HL-60R cells (Fig. 6A).
In order to examine whether KMLOOI has an effect on the
catalytic subunit of telomerase, hTERT, real-time PCR anal-
ysis with RNA extracted from KMLOOI-treated HL-60 and
HL-60R cells was done, showing that \TERT mRNA expres-
sion was inhibited in KMLOO1-treated HL-60 and HL-60R
cells in a time-dependent manner (Fig. 6B).

Induction of telomere-associated DNA damage by KMLOOI.
Uncapping the telomere signal can induce cellular growth
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arrest/apoptosis via telomere length shortening. It accelerates
the double-strand break-mediated DNA damage signaling path-
ways, including phosphorylation of y-H,Ay at Ser139, which
represents an early event of DNA damage signaling (12,19,20).
Therefore, p-y-H,A has been known to be a marker for DNA
damage checkpoint response in telomere-initiated senescence
(20,21). Accordingly, we examined whether KMLOO1 treat-
ment would induce the y-H,A phosphorylation in HL-60 and
HL-60R cells. Our ChIP assay demonstrated that p-y-H,Ay

was upregulated in HL-60 and HL-60R cells at 24 h after
treatment with 1x107 M of KMLO0O01, and their phosphorylated
form of y-H,Ay was maintained up to 48 h (Fig. 7).

Discussion
In the present study, we demonstrated for the first time that

KMLOO1 potently inhibited the proliferation of HL-60 and
HL-60R cells by inducing cell cycle arrest and triggering
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Figure 7. Effect of KMLOOI on telomere-associated DNA damage. The
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chromatin immunoprecipitation (ChIP) assay. ChIP with y-H,Ay revealed its
very strong association with telomeres after KMLOO! treatment in HL-60
and HL-60R cells for 12 h.

apoptosis. KMLO0O0I1 induced a dose-dependent inhibition of
cellular proliferation of all AML cell lines including HL-60R
cells as well as primary leukemic blasts from AML patients.
The cell cycle analysis revealed that KMLOO1 was able to
prominently induce a G1 growth arrest of HL-60 and HL-60R
cells at a concentration of 107 M during 72-h exposure, in
contrast, cell cycle arrest was not observed in As,O;-treated
HL-60 and HL-60R cells. Among CDKs that regulate the
cell cycle, CDK4 and CDKG6 are activated in association with
cyclin D during G1 progression, whereas CDK?2 is activated
primarily in association with cyclin E in the late Gl phase
(22,23). We found that the expression of CDK2, CDK4, and
CDK6 was decreased in a time-dependent manner following
treatment of KMLOOI1, and the expression of cyclin D1 and
cyclin E was also decreased in HL-60 and HL-60R cells.
These results suggested that KMLOO1 affected the cell cycle
arrest in HL-60 and HL-60R cells through changes in the cell
cycle-regulatory proteins. It is known that a family of cyclin-
dependent kinase inhibitors (CDKIs) plays a major role in the
negative regulation of CDKs and is involved in the arrest of G1
cell cycle resulting in antiproliferative signals. In the present
study, KMLOOI treatment showed a marked upregulation of

CDKI, p27 protein, in HL-60 and HL-60R cells. In addition,
the accumulation of p27 protein in association with G1 arrest
was detected largely in complexes with CDK2, CDK4 and
CDKG6. These increased formations of p27-CDK?2, p27-CDK4
and p27-CDK6 complexes support the notion that KMLO001
may decrease CDK4-, CDK6- and CDK2-associated kinase
activities in HL-60 and HL-60R cells. In fact, our kinase
assay showed that KMLOOI reduced CDK2-, CDK4- and
CDK6-associated kinase activities in HL-60 and HL-60R
cells, in contrast, As,O; did not. Taken together, the G1 arrest
by KMLO00I might be mediated by downregulation of CDK2-,
CDK4- and CDKG6 kinase activities in association with induc-
tion of p27 in HL-60 and HL-60R cells.

Our data demonstrated that KML00O1 markedly induced
the apoptosis in HL-60 and HL-60R cells, showing the
downregulation of Bcl-2 and effector procaspase-3 in a dose-
dependent manner in HL-60 and HL-60R cells, in contrast,
As,0; did not. We confirmed apoptosis using Annexin/PI
double staining in which apoptotic cells were increased in a
time-dependent manner in HL-60 and HL-60R cells.

Signal transduction pathways regulate cellular differen-
tiation, division and cell death. Therefore, we investigated
the effect of KMLOO1 on the signal transduction pathways.
STATSs are latent cytoplasmic transcription factors activated
by JAK which are constitutively associated with cytokines
and growth factor receptors, and frequently activated in many
types of human malignancies including leukemia (24,25).
Activated/phosphorylated STATs by external stimuli are
dimerized and translocated to the nucleus where they bind to
response elements on DNA, and activate the transcription of
target genes, resulting in cellular survival, proliferation, differ-
entiation and apoptosis (26-28). The present study showed that
KMLO0O1 decreased p-STATI1, p-STAT3 and p-STATS in
HL-60 and HL-60R cells in a dose-dependent manner. Thus,
JAK/STAT pathways might be involved in KMLOOI-induced
apoptosis. Mitogen-activated protein kinase (M APK) pathways
contribute to control and determine the cell fate in response
to many environmental stimuli. It has been suggested that
ERK activation exerts a cytoprotective effect, whereas JNKs
and p38-MAPKs seems to be involved in apoptosis (29,30).
However, the involvement of subfamilies of MAPK regarding
the apoptosis depends on the cell type and stimulating
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agents (30). In the present study, KMLOO1 increased levels
of p-JNK as well as p-p38 protein. Furthermore, SP600125,
a specific JNK inhibitor, blocked KMLO0O1-induced phos-
phorylation of JNK, and subsequently abrogated the effect of
KMLOO1 on STAT1 and STAT?3 in HL-60 and HL-60R. Also,
pre-treatment of HL-60 and HL-60R cells with SB202190,
specific inhibitor of p38 protein, blocked KMLO0O1-induced
p-p38, and subsequently abrogated the effect of KMLO0O1 on
STAT1. The amount of phosphorylated ERK was increased by
treatment of KMLOO1. These results suggest that KMLO0O1-
induced apoptosis may be dependent upon or tightly regulated
by activation of MAPK pathways.

Phosphatidylinositol 3-kinase (PI3K)/Akt pathway is
crucial in signaling of diverse biological functions, including
cell proliferation, survival and metastasis (31-33). PTEN, a
tumor suppressor gene, downregulates the PI3K signal, thus, the
loss of function of PTEN results in inappropriate signaling to
downstream molecules, including Akt, Raf and mTOR (34-36).
In the present study, the p-PTEN was upregulated, while p-Akt
and p-Raf were downregulated in KMLOOI-treated HL-60
and HL-60R cells. Taken together, these results suggest that
induction of PTEN by KML00I may downregulate the inter-
mediate molecules of PI3K/Akt pathway including Raf which
deactivates MAPK signaling, or may directly inhibit MAPK
signaling, thereby inhibiting cellular proliferation of HL-60
and HL-60R cells.

NF-«B is a heterodimer composed of the p65 and p50
subunits that contains the transcriptional activation domain
required for initiation of gene transcription (37). Also, NF-kB
protein is known to be a positive regulator of cell cycle progres-
sion, and it activates target genes, such as cyclin D1, D2, D2
and E (38,39). In this study, the expression of p65 and p50 was
decreased in the KMLOO1-treated HL-60 and HL-60R cells,
suggesting that KMLO0OO1 may inhibit the activation of NF-«B.

Arsenic has been found to target telomere by inhibition of
the transcription of the human telomerase reverse transcrip-
tase (hnTERT) and alteration of telomere length, telomerase
activity, and telomere binding proteins (40). We demonstrated
that the telomere length (TRF) in HL-60 and HL-60R cells
was shortened after treatment with KMLOO1. In addition, real-
time PCR with RNA extracted from KMLOOI-treated HL-60
and HL-60R cells showed a reduction of catalytic subunit of
telomerase, hTERT, in a time-dependent manner.

Uncapping the telomere signal can induce cellular growth
arrest/apoptosis via telomere length shortening. It accelerates
the double-strand break-mediated DNA damage signaling path-
ways, including p-y-H,A at Ser139, which represents an early
event of DNA damage signaling (20). Therefore, p-y-H,A is
known to be a marker for DNA damage checkpoint response
in telomere-initiated senescence (21). Our telomere associated
p-v-H,Ax ChIP assay showed that KMLOOI1 increased y-H,A
phosphorylaton in HL-60 and HL-60R cells, suggesting that
KMLOO01 might target the telomere.

In summary, KMLOOI inhibited the cellular prolifera-
tion of human primary leukemic blasts as well as AML cell
lines including HL-60R via induction of the cell cycle arrest,
triggering apoptosis and modulation of STATs, MAPK, PI3K
and NF-«xB signaling. In addition, KMLOO1 targeted the
telomere. Therefore, KMLOOI might be a candidate agent for
the treatment of de novo as well as refractory AML patients.
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