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Abstract
Diallyl trisulfide (DATS), a cancer chemopreventive consti-
tuent of garlic, inhibits growth of cancer cells by inter-
fering with cell cycle progression, but the mechanism is
not fully understood. Here, we show the existence of a
novel ataxia-telangiectasia mutated and Rad3 related
(ATR)/checkpoint kinase 1 (Chk1)–dependent checkpoint
partially responsible for DATS-mediated prometaphase
arrest in cancer cells, which is different from the recently
described ; irradiation–induced mitotic exit checkpoint.
The PC-3 human prostate cancer cells synchronized in
prometaphase by nocodazole treatment and released to
DATS-containing medium remained arrested in prometa-
phase, whereas the cells released to normal medium exited
mitosis and resumed cell cycle. The mitotic arrest was
maintained even after 4 h of culture of DATS-treated cells
(4-h treatment) in drug-free medium. The DATS-arrested
mitotic cells exhibited accumulation of anaphase-
promoting complex/cyclosome (APC/C) substrates cyclin
A and cyclin B1 and hyperphosphorylation of securin,
which was accompanied by increased phosphorylation of
the APC/C regulatory subunits Cdc20 and Cdh1. The
DATS-mediated accumulation of cyclin B1 and hyper-
phosphorylation of securin, Cdc20, and Cdh1 were

partially but markedly attenuated by knockdown of Chk1
or ATR protein. The U2OS osteosarcoma cells expressing
doxycycline-inducible kinase dead ATR were significantly
more resistant not only to DATS-mediated prometaphase
arrest but also to the accumulation of cyclin B1 and hyper-
phosphorylation of securin, Cdc20, and Cdh1 compared
with cells expressing wild-type ATR. However, securin
protein knockdown failed to rescue cells from DATS-
induced prometaphase arrest. In conclusion, the present
study describes a novel signaling pathway involving ATR/
Chk1 in the regulation of DATS-induced prometaphase
arrest. [Mol Cancer Ther 2007;6(4):1249–61]

Introduction

Epidemiologic studies continue to support the premise that
dietary intake of Allium vegetables such as garlic may be
protective against the risk of various types of malignancies,
including cancer of the prostate (1–4). Anticarcinogenic
effect of Allium vegetables is attributed to organosulfur
compounds (OSC), which are released upon processing
(e.g., cutting or chewing) of these vegetables (5). Allium
vegetable-derived OSCs, including diallyl sulfide (DAS),
diallyl disulfide (DADS), and/or diallyl trisulfide
(DATS), have been shown to inhibit cancer in animal
models induced by a variety of carcinogens including
tobacco-derived chemicals (6–10). For instance, naturally
occurring OSC analogues are highly effective in affording
protection against benzo(a)pyrene-induced forestomach
and pulmonary carcinogenesis in mice (7), N-nitrosome-
thylbenzylamine–induced esophageal cancer in rats (8),
azoxymethane-induced colon carcinogenesis in rats (9), and
N-methyl-N-nitrosourea–induced rat mammary carcino-
genesis (10). The OSCs are believed to inhibit chemically
induced cancers by increasing the expression of phase 2
carcinogen-detoxifying enzymes, including glutathione
transferases and quinone reductase and/or by inhibiting
cytochrome P450–dependent monooxygenases (11–13).
We have also shown previously that p.o. administration
of DADS and DATS significantly inhibit growth of H-ras
oncogene transformed and PC-3 human prostate cancer
xenografts in nude mice, respectively, without causing
weight loss or any other side effects (14, 15).
More recent studies have revealed that certain naturally

occurring OSC analogues can inhibit growth of cultured
cancer cells by causing G2-M phase cell cycle arrest and
apoptosis induction (16–26). In addition, DATS inhibits
angiogenic features of human umbilical vein endothelial
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cells in vitro (27). An understanding of the mechanism by
which OSCs cause apoptosis and cell cycle arrest is critical
for their further development as clinically useful anticancer
agents because this knowledge could facilitate identifica-
tion of mechanism-based biomarkers potentially useful in
future clinical trials. Significant progress has been made
toward our understanding of the signaling pathways
leading to OSC-induced apoptosis. For example, the
DADS-induced apoptosis in human colon cancer cells
correlates with an increase in the level of intracellular
calcium (16). In MDA-MB-231 human breast cancer cell
line, the DADS-induced apoptosis is associated with
induction of Bax protein, down-regulation of Bcl-xL protein
expression, and activation of caspase-3 (17). Using PC-3
and DU145 human prostate cancer cells as a model, we
have shown that the DATS-induced cell death is caused by
c-Jun NH2-terminal kinase and extracellular signal-regu-
lated kinase–mediated phosphorylation of Bcl-2 and
inhibition of Akt kinase (21, 25). Despite these advances,
however, the mechanism by which DATS causes cell cycle
arrest is not fully defined.
Recently, we investigated the mechanism of DATS-

induced cell cycle arrest using PC-3 and DU145 cells as a
model (22, 24). We found that the DATS-treated cells are
arrested in both G2 phase and mitosis (22, 24). The DATS-
induced G2 phase cell cycle arrest correlates with reactive
oxygen species (ROS)–dependent destruction and Ser216

phosphorylation of Cdc25C, leading to the inhibition of
cyclin-dependent kinase 1 (Cdk1; ref. 22). The DATS-
mediated ROS generation is caused by an increase in labile
iron due to increased degradation of iron storage protein
ferritin (26). Interestingly, we also found that the DATS-
induced mitotic arrest is significantly attenuated by
knockdown of DNA damage checkpoint intermediary
checkpoint kinase 1 (Chk1; ref. 24). Despite these advances,
the mechanism by which Chk1 regulates DATS-induced
mitotic arrest remains elusive. The present study indicates
that DATS treatment causes prometaphase arrest in cancer
cells due to the inactivation of anaphase-promoting
complex/cyclosome (APC/C), which is partially depen-
dent on ataxia-telangiectasia mutated and Rad3 related
(ATR)/Chk1 activation.

Materials andMethods
Reagents
DATS was purchased from LKT Laboratories (St. Paul,

MN). OligofectAMINE was from Invitrogen (Carlsbad,
CA), G418, tissue culture media, penicillin/streptomycin
antibiotic mixture, and fetal bovine serum (FBS) were from
Life Technologies (Grand Island, NY), propidium iodide,
nocodazole, 4’,6-diamidino-2-phenylindole (DAPI), and
phosphatase inhibitors were from Sigma (St. Louis, MO),
RNase A was from Promega (Madison, WI), doxycycline
was from Clontech (Palo Alto, CA), E protein phosphatase
was from New England Biolabs (Beverly, MA), and
protease inhibitor cocktail was from BD PharMingen
(San Diego, CA). The antibodies against cyclin B1, cyclin

A, Cdc20, Cdc27 and ATR, and protein A agarose beads
were from Santa Cruz Biotechnology (Santa Cruz, CA); the
antibodies against Chk1 and phospho-(Ser317)-Chk1 were
from Cell Signaling Technology (Beverly, MA); an antibody
against securin was from MBL (Woburn, MA); anti-Cdh1
antibody was from NeoMarkers (Fremont, CA); anti–
a-tubulin and anti-Flag antibodies were from Sigma; and
antibody specific for the detection of phospho-(Ser10)-
histone H3 was from Upstate Biotechnology (Lake Placid,
NY); anti-actin antibody was from Oncogene Research
Products (San Diego, CA), and FITC-conjugated goat anti-
rabbit immunoglobulin G was from Jackson Immunore-
search (West Grove, PA).

Cell Culture and Cell Synchronization
Monolayer cultures of PC-3 cells were maintained in

F-12K Nutrient Mixture (Kaighn’s modification) supple-
mented with 7% (v/v) non–heat-inactivated FBS and
antibiotics. The PC-3 cells were synchronized in prometa-
phase stage by a 24-h treatment with 0.1 Ag/mL nocoda-
zole. Subsequently, the cells were collected by mechanical
shaking, washed with PBS, and plated in fresh medium
containing either DMSO or 40 Amol/L DATS. Stock
solution of DATS was prepared in DMSO, and an equal
volume of DMSO was added to controls (final concentra-
tion, 0.2%). The DU145 cultures were maintained in Eagle’s
MEM supplemented with 1 mmol/L sodium pyruvate,
0.1 mmol/L non–essential amino acids, 1.5 g/L sodium
bicarbonate, 10% (v/v) non–heat-inactivated FBS, and
antibiotics. Osteosarcoma U2OS cells with doxycycline-
inducible expression of either wild-type ATR or a dominant
negative ATR mutant, a generous gift from Dr. P. Nghiem
(Dana-Farber Cancer Institute, Boston, MA), were cultured
in McCoy’s 5A modified medium supplemented with
10% FBS (Tet system approved; Clontech, Palo Alto, CA),
400 Ag/mL G418, and 200 Ag/mL hygromycin (28).
Expression of Flag-tagged wild-type ATR or kinase dead
ATR was induced by treatment with 1 Ag/mL doxycycline
for 48 h. Each cell line was maintained at 37jC in an
atmosphere of 5% CO2 and 95% air.

Analysis of Cell Cycle Distribution
Cell cycle distribution in control (DMSO-treated) and

DATS-treated PC-3 cells was determined by flow cyto-
metry following staining with propidium iodide as we
described previously (22, 24). Briefly, cells (5 � 105) were
plated, allowed to attach by overnight incubation, and
exposed to DMSO (control) or desired concentration of
DATS for specified time periods. Both floating and
adherent cells were collected, washed with PBS, fixed with
70% ethanol, and incubated for 30 min at room temperature
with propidium iodide and RNase A (22, 24). Stained cells
were analyzed using a Coulter Epics XL Flow Cytometer
(Miami, FL). Cells in different phases of the cell cycle were
computed for control and DATS-treated cultures.

Immunoblotting
Cells were treated with DATS as described above and

lysed as we described previously (24). The lysate was
cleared by centrifugation at 14,000 rpm for 15 min. Lysate
proteins were resolved by SDS-PAGE and transferred onto
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polyvinylidene difluoride membrane. The membrane was
treated with a solution containing 10 mmol/L Tris
(pH 7.4), 150 mmol/L NaCl, 0.05% Tween 20, and 5%
nonfat dry milk and incubated with the desired primary
antibody for 1 to 2 h at room temperature or overnight
at 4jC. The membrane was treated with appropriate
secondary antibody for 1 h at room temperature. The
immunoreactive bands were visualized by enhanced
chemiluminescence method. The blots were stripped and
reprobed with anti-actin or anti–a-tubulin antibody to
normalize for differences in protein loading. To quantify
changes in protein levels, the intensity of the immunore-
active bands was determined by densitometric scanning
and corrected for loading control.

RNA Interference
RNA interference of Chk1 was done using small interfer-

ing RNA (siRNA) duplexes (GCG UGC CGU AGA CUG
UCC AdTdT) from Dharmacon (Lafayette, CO). The
securin-specific siRNA 1 (sequence not revealed by the
manufacturer) and a control nonspecific siRNA (UUC UCC
GAACGUGUCACGUdTdT)were purchased fromQiagen
(Valencia, CA). The securin-specific siRNA2,which is a pool
of three target-specific 20- to 25-nt siRNA, was purchased
from Santa Cruz Biotechnology. The ATR-targeted siRNA
(GAC GGU GUG CUC AUG CGG CdTdT) was obtained
from Qiagen. For transfection, cells were plated in six-well
plates, allowed to attach, and transfected at 30% confluency
with siRNA (200 nmol/L for Chk1 siRNA, 25 nmol/L for
securin siRNA 1, and 100 nmol/L for securin siRNA 2 and
ATR siRNA) using OligofectAMINE according to the
manufacturer’s recommendations. After 24 h, cells were
treated with DATS or DMSO (control) for the specified time
period. Both floating and adherent cells were collected and
processed for flow-cytometric analysis of histone H3
phosphorylation or immunoblotting of different proteins.

Microscopic Analysis of Mitotic Cells
The mitotic cells were analyzed by fluorescence micros-

copy after staining with anti–a-tubulin antibody and/or
DAPI. Briefly, desired cells (2 � 105) were grown on
coverslips and allowed to attach by overnight incubation at
37jC. The cells were then exposed to DMSO or the indicated
concentration of DATS for specified time period at 37jC,
washed with PBS, and fixed at 4jC overnight using 2%
paraformaldehyde. Subsequently, the cells were permeabi-
lized with 0.1% Triton X-100 for 15 min at room tempera-
ture, washed with PBS, and blocked with PBS containing
0.5% (w/v) bovine serum albumin (BSA) and 0.15% (w/v)
glycine (BSA buffer) for 1 h at room temperature. Cells were
treated with anti–a-tubulin antibody (1:4,000 dilution in
BSA buffer) for 1 h at room temperature. Cells were then
washed with BSA buffer and incubated with 1 Ag/mLAlexa
Fluor 568–conjugated goat anti-mouse antibody (Molecular
Probes, Eugene, OR) for 1 h at room temperature followed
by counterstaining with DAPI. In some experiments, control
(DMSO-treated) and DATS-treated cells were stained with
DAPI alone. Slides were mounted, and mitotic figures or
multinucleated cells were examined under a Leica DM IRB
fluorescence microscope.

L Protein Phosphatase Treatment
The E protein phosphatase treatment was done according

to the protocol provided by the manufacturer (New
England Biolabs). Briefly, 60 Ag of protein from lysates of
cells treated for 8 h with 40 Amol/L DATS or DMSO were
incubated with either E protein phosphatase (400 units) or
the control buffer at 30jC for 4 h. The samples were used
for the immunoblotting of securin.

Flow Cytometric Analysis of Ser10 Phosphorylated
Histone H3
The effect of DATS treatment on Ser10 phosphorylation

of histone H3, a sensitive marker for mitotic cells, was
determined by flow cytometry (29) with some modifica-
tions. Briefly, the cells were treated with DATS as described
above, fixed in 70% ethanol at 4jC, suspended in 1 mL of
0.25% Triton X-100 in PBS, and incubated on ice for 15 min.
The cells were collected, suspended in 100 AL of PBS
containing 1% BSA and 0.75 Ag of a polyclonal anti–
phospho-(Ser10)-histone H3 antibody, and incubated at 4jC
overnight with gentle shaking. The cells were then rinsed
with PBS containing 1% BSA and incubated in the dark
with FITC-conjugated goat anti-rabbit antibody (1:50
dilution in PBS containing 1% BSA) for 45 min at room
temperature. The cells were washed with PBS containing
1% BSA and treated with propidium iodide and RNase A
for 30 min. Cellular fluorescence was measured using a
Coulter Epics XL Flow Cytometer.

Results
DATS Treatment Delayed Mitotic Progression in
Synchronized PC-3 Cells
We have shown previously that exposure of unsynchro-

nized PC-3 cells to growth-suppressive concentrations of
DATS (10, 20, and 40 Amol/L) results in a Chk1-dependent
mitotic arrest characterized by the disruption of the
a-tubulin network, chromatin condensation, and increased
Ser10 phosphorylation of histone H3 (24). The Chk1 is an
intermediary of DNA damage checkpoint and is known to
regulate DNA damage–induced S and G2-M phase arrest
(30–33). The Chk1 dependence of the DATS-mediated
mitotic arrest observed in our model (24) resembled a
newly described mitotic exit checkpoint in g-irradiated
HeLa cells (34), where nocodazole-synchronized HeLa cells
exposed to g-irradiation accumulated in the late telophase
stage (34). We raised the question of whether DATS-
mediated mitotic arrest in our model was due to the
inhibition of mitotic exit. To address this question, we
synchronized PC-3 cells in prometaphase stage by a
24-h treatment with 0.1 Ag/mL nocodazole. The synchro-
nized cells were released to fresh medium with or without
40 Amol/L DATS for 1, 2, or 4 h before analysis of cell
morphology or cell cycle distribution. As can be seen in
Fig. 1, nocodazole treatment resulted in the accumulation
of cells with 4N DNA content (G2-M population) mainly
due to a reduction in G1 and S phase cells. Fluorescence
microscopic analysis of DAPI-stained cells confirmed
that nocodazole-treated PC-3 cells were arrested in
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prometaphase stage characterized by chromatin condensa-
tion and disruption of the nuclear envelope (Fig. 1). The
cells released to normal medium after the removal of
nocodazole restarted cycling as evidenced by the appear-
ance of interphase cells (DAPI staining) and a progressive
decrease in G2-M fraction (4N DNA content) that was
accompanied by an increase in G1 phase cells (2N DNA
content). However, synchronized PC-3 cells released to
DATS-containing medium remained arrested in prometa-
phase stage (Fig. 1). For instance, 2 h after release to the
control medium, f24% cells exhibited G1 phase DNA
content, whereas the percentage of G1 fraction in cells
released to DATS-containing medium was only 2.5%. Even
after 4 h of release, f80% of the DATS-treated cells were
unable to complete mitosis and contained 4N DNA content.
By contrast, more than 58% of the control cells had
completed mitosis after 4 h of release in medium lacking
DATS. Unlike g-irradiated HeLa cells which progressed
to the telophase stage (34), the DATS-treated PC-3 cells
were unable to progress beyond the prometaphase stage as
judged by fluorescence microscopy after staining with
DAPI (Fig. 1). These results indicated that the DATS-
induced mitotic arrest observed in synchronized PC-3 cells
(Fig. 1) was different from the mitotic exit checkpoint
described previously for g-irradiated HeLa cells (34).

DATS Treatment Caused Accumulation of Substrates
of APC/C and Phosphorylation of Cdc20 and Cdh1
Initiation of anaphase as well as mitotic exit depends on

active APC/C, which is a multisubunit ubiquitin-protein
ligase complex (35–38). To determine if DATS-mediated
prometaphase arrest was due to the inactivation of APC/C,
we compared the protein levels of known APC/C
substrates (cyclin A, cyclin B1, and securin) by immuno-

blotting using lysates from PC-3 cells synchronized with
nocodazole (0.1 Ag/mL for 24 h) and released to medium
containing DMSO (control) or 40 Amol/L DATS for 2 or 4 h.
As expected, nocodazole-synchronized PC-3 cells
expressed high levels of cyclin A, cyclin B1, and securin
(Fig. 2A). The levels of cyclin A, cyclin B1, and securin
proteins were reduced markedly in a time-dependent
manner in cells released to control medium without DATS,
which is an indication of active APC/C. However, cells
released to DATS-containing medium maintained high
levels of cyclin A, cyclin B1, and securin for the duration of
the experiment (Fig. 2A). Interestingly, securin protein
accumulation was accompanied by the appearance of a
slower migrating band corresponding to the phosphorylat-
ed form of the protein. We also determined the levels of key
APC/C subunits in nocodazole-synchronized cells as well
as in cells released to control or DATS-containing medium
by immunoblotting, and representative blots are shown in
Fig. 2B. Cdc27 is one of the core subunits of APC/C, which
becomes phosphorylated in mitosis (38). Nocodazole-
synchronized PC-3 cells revealed characteristic mitotic
phosphorylation pattern of Cdc27 protein (slower migrat-
ing band), which was reduced markedly in cells released
to control medium. Hyperphosphorylation of Cdc27 was
maintained in cells released to the DATS-containing
medium, which confirmed that the DATS-treated cells
were blocked in mitosis. The Cdc20 and Cdh1 are the
regulatory subunits of APC/C responsible for substrate
recognition by the holoenzyme (39, 40). Nocodazole-
synchronized prometaphase cells contained phosphorylat-
ed Cdc20 (slower migrating bands), which was reduced in
cells released to the control medium without DATS.
Phosphorylation of Cdc20 was maintained in cells released

Figure 1. Representative histo-
grams for cell cycle distribution in
control or nocodazole-synchronized
PC-3 cells (0.1 Ag/mL for 24 h) and
those released to normal medium or
medium containing 40 Amol/L DATS
for the indicated time periods.
Insets, representative fluorescence
microscopic images of DAPI-stained
cells. Similar results were observed
in two independent experiments.
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to the DATS-containing medium (Fig. 2B). Cdh1 is inactive
when phosphorylated by Cdk1/cyclin B1 kinase complex,
and its activation correlates with cyclin B1 degradation
following dephosphorylation by Cdc14 phosphatase (41).
The nocodazole-arrested cells revealed a slower migrating
band of Cdh1 corresponding to its phosphorylated form,
which disappeared in cells released to control medium.
The phosphorylated form of Cdh1 was observed in cells
released to the DATS-containing medium (Fig. 2B).
Collectively, these results indicated that nocodazole-
synchronized cells released to the DATS-containing medi-
um were unable to complete mitosis possibly due to the
inactivation of the APC/C.

Dose Response and Time Course Kinetics of DATS-
InducedMitotic Arrest
We conducted a dose response study to further charac-

terize DATS-induced mitotic arrest using unsynchronized
PC-3 cells and by monitoring Ser10 phosphorylation of

histone H3 (a sensitive marker for mitotic cells) and
hyperphosphorylation of APC/C substrate securin. As
can be seen in Fig. 3A, the DATS-mediated hyperphos-
phorylation of both histone H3 and securin (fold changes in
the levels of top band representing hyperphosphorylated
securin are shown) was apparent following 8-h treatment
of PC-3 cells with 10, 20, and 40 Amol/L concentrations. In
a time course kinetic study, increased phosphorylation of
histone H3 at Ser10 in cells exposed to 40 Amol/L DATS
was evident as early as 2 h after treatment compared with
DMSO-treated control (Fig. 3B). Similarly, hyperphosphor-
ylation of securin (quantitative data for the top band
representing hyperphosphorylated form of securin are
shown) was evident at the 4- to 8-h time points (Fig. 3B).
These results indicated that DATS treatment caused mitotic
arrest in unsynchronized PC-3 cells in a concentration- and
time-dependent manner.
To test if DATS-inducedmitotic arrest was reversible, cells

were first exposed to either DMSO (control) or 40 Amol/L
DATS for 4 h at 37jC. Subsequently, the cells were either
examined for mitotic fraction or washed and maintained in
fresh complete medium without DMSO or DATS for an
additional 2 or 4 h. The cells were then collected and
processed for fluorescence microscopic analysis of prom-
etaphase cells with chromatin condensation and disruption
of the nuclear envelope (DAPI staining) or immunoblotting
for phospho–(Ser10)-histone H3 and securin. As can be seen
in Fig. 3C, a large fraction of DATS-treated cells was unable
to complete mitosis even after 4 h of culture in drug-free
medium as quantified by fluorescence microscopy after
DAPI staining. The morphology of DAPI-stained nuclei of
the released cells and the fact that DATS-mediated
stabilization of cyclin B1, Ser10 phosphorylation of histone
H3, and hyperphosphorylation of securin were maintained
for at least up to 4 h after drug removal (results not shown)
point toward prometaphase arrest, because cell cycle
progression beyond anaphase correlates with cyclin B1
degradation and dephosphorylation of histone H3. Collec-
tively, these results indicated that a large fraction of DATS-
treated cells were unable to progress beyond prometaphase
at least for up to 4 h of culture in drug-free medium.

Hyperphosphorylation of Cdc20 and Cdh1WasMedi-
ated by Chk1
We have shown previously that DATS-induced mitotic

arrest in PC-3 and DU145 cells correlates with the
activation of Chk1 (24), and the mitotic block caused by
DATS is partially but significantly attenuated by knock-
down of Chk1 protein using two independent siRNAs
targeting distinct regions of Chk1 gene (24). To gain further
insight into the mechanism by which Chk1 may contribute
to DATS-mediated mitotic arrest, we determined the effect
of Chk1 protein knockdown on protein levels/phosphor-
ylation of APC/C substrates (cyclin B1 and securin) and
its regulatory subunits (Cdc20 and Cdh1). Consistent with
our previous data (24), DATS treatment (40 Amol/L for 8 h)
caused a reduction in protein level of Chk1 in PC-3 cells
transiently transfected with a control nonspecific siRNA.
Moreover, Chk1 protein was barely detectable in PC-3 cells

Figure 2. A, immunoblotting for APC/C substrates (cyclin A, cyclin B1,
and securin) using lysates from control or nocodazole synchronized PC-3
cells (0.1 Ag/mL for 24 h) and those released to normal medium or medium
containing 40 Amol/L DATS for 2 or 4 h. B, immunoblotting for APC/C
subunits (Cdc20, Cdh1, and Cdc27) using lysates from control or noco-
dazole synchronized PC-3 cells (0.1 Ag/mL for 24 h) and those released to
normal medium or medium containing 40 Amol/L DATS for 2 or 4 h. The
blots were stripped and reprobed with anti-actin antibody to ensure equal
protein loading. Similar results were observed in at least two experiments
using independently prepared lysates. Note a progressive decrease in
levels of cyclin A and cyclin B1 and as well as a decrease in the
phosphorylation of APC/C subunits in nocodazole synchronized PC-3 cells
released to normal medium, but not in cells released to DATS-containing
medium. P, phosphorylated forms of different proteins.
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transfected with Chk1-targeted siRNA confirming knock-
down of Chk1 protein (Fig. 4). Similar to nocodazole-
synchronized PC-3 cells (Fig. 2), DATS treatment caused a
marked increase in the protein level of cyclin B1 and
hyperphosphorylation of securin in control nonspecific

siRNA-transfected PC-3 cells, which was reduced marked-
ly in Chk1-depleted PC-3 cells. For instance, DATS
treatment caused an approximate 5-fold increase in the
levels of cyclin B1 protein in nonspecific control siRNA-
transfected cells. A similar DATS treatment resulted in
about a 2-fold increase in cyclin B1 protein level in cells
transfected with Chk1-specific siRNA as judged by
densitometric scanning of the immunoreactive bands and
corrected for actin loading control (Fig. 4). Similarly, the
DATS-mediated phosphorylation of securin was about
1.7-fold higher in control nonspecific siRNA-transfected
cells compared with cells transfected with Chk1-specific
siRNA (Fig. 4). These results indicated that DATS treatment
might cause the inactivation of APC/C that is partially
dependent on Chk1 kinase.

Figure 4. Immunoblotting for total Chk1, APC/C substrates (cyclin B1
and securin), and APC/C regulatory subunits (Cdc20 and Cdh1) using
lysates from PC-3 cells transiently transfected with a nonspecific control
siRNA or Chk1-specific siRNA and treated for 8 h with either DMSO
(control) or 40 Amol/L DATS. The blots were stripped and reprobed with
anti-actin antibody to ensure equal protein loading. Similar results were
observed in replicate experiments. P and U , phosphorylated and
unphosphorylated forms of different proteins, respectively. Numbers on
top of the immunoreactive bands, changes in the levels of total and
phosphorylated proteins, determined by densitometric scanning of the
immunoreactive bands and corrected for actin loading control.

Figure 3. A, immunoblotting for the analysis of phospho– (Ser10)-
histone H3 and the phosphorylated form of securin using lysates from PC-
3 cells treated for 8 h with DMSO (control) or the indicated concentrations
of DATS. B, immunoblotting for phospho– (Ser10)-histone H3 and the
phosphorylated form of securin using lysates from PC-3 cells treated with
DMSO (control) or 40 Amol/L DATS for the indicated time periods. The
blots were stripped and reprobed with anti-actin antibody to ensure equal
protein loading. Numbers on top of the bands, changes in protein levels
determined by densitometric scanning of the immunoreactive bands and
corrected for actin loading control. For securin, the quantitative data for
the top band representing the hyperphosphorylated form of the protein (P )
are shown in A and B. C, percentage of mitotic fraction in cells treated
with DMSO (control) or 40 Amol/L DATS for 4 h and then maintained in
drug-free fresh complete media for an additional 2 or 4 h after washing.
The mitotic cells were scored by fluorescence microscopy after staining
with DAPI. Columns, mean (n = 3); bars, SE. *, P < 0.05, significantly
different compared with corresponding control by paired t test.
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Next, we raised the question of whether the DATS-
mediated hyperphosphorylation of APC/C subunits Cdc20
and Cdh1 was regulated by Chk1. To test this possibility,
we determined the effect of Chk1 protein knockdown
on DATS-mediated phosphorylation of Cdc20 and Cdh1.
As can be seen in Fig. 4, DATS treatment caused an
approximate 3- and 11-fold increase in the levels of
phosphorylated Cdc20 and Cdh1, respectively, in control
nonspecific siRNA-transfected PC-3 cells. The DATS-
mediated phosphorylation of Cdc20 and Cdh1 was
partially yet markedly reduced in Chk1 siRNA-transfected
cells. These results suggested that DATS-induced phos-
phorylation of Cdc20 and Cdh1 might be mediated by
Chk1 kinase.

Expression of Kinase Dead ATR in U2OSOsteosarco-
ma Cells Partially Abrogated DATS-Induced Mitotic
Arrest
To address the questions of (a) whether DATS-mediated

and Chk1-dependent prometaphase arrest was restricted to
the PC-3 cell line due to its unique characteristics and (b)
whether DATS-induced activation of Chk1 was mediated
by ATR, we determined the effect of DATS treatment on
Chk1 activation (Ser317 phosphorylation), accumulation of
APC/C substrates (securin and cyclin B1), and phosphor-
ylation of Cdc20 and Cdh1 using U2OS osteosarcoma cells
expressing doxycycline-inducible and Flag-tagged wild-
type (ATR-wt) or kinase dead ATR (ATR-kd). As can be
seen in Fig. 5A, doxycycline treatment caused the induction
of wild-type as well as kinase dead ATR proteins as judged
by immunoblotting for Flag and ATR. The DATS-mediated
Ser317 phosphorylation (activation) of Chk1 was relatively
more pronounced in ATR-wt cells than in kinase dead
ATR-expressing cells. Moreover, DATS treatment caused
the accumulation of cyclin B1 and hyperphosphorylation of
securin in ATR-wt cells, but these effects were relatively
less pronounced in ATR-kd cells (Fig. 5A). Similar to PC-3
cells (Fig. 4), DATS treatment caused an increase in
phosphorylation of Cdc20 and Cdh1 in ATR-wt cells,
which was relatively less pronounced in ATR-kd cells
(Fig. 5B). Collectively, these results indicated that the
DATS-induced accumulation/phosphorylation of APC/C
substrates and phosphorylation of APC/C subunits Cdc20
and Cdh1 was not restricted to the PC-3 cell line, and that
Chk1 phosphorylation (activation), upon treatment with
DATS, was at least in part mediated by the ATR kinase.
Next, we determined the effect of DATS treatment

(40 Amol/L for 4 or 8 h) on mitotic progression using
ATR-wt and ATR-kd cells. Cells in different stages of
mitosis in asynchronous cultures of DATS-treated ATR-wt
and ATR-kd cells were examined by immunofluorescence
microscopy following staining with a-tubulin and DAPI.
Representative images of cells in different stages of mitosis
(prometaphase, metaphase, anaphase, and telophase) in
DMSO-treated (control) ATR-wt cultures are depicted in
Fig. 6A. As can be seen in Fig. 6B, cells representing
different stages of mitosis were observed in vehicle-treated
control ATR-wt (left) as well as ATR-kd cells (right). In the
presence of DATS, however, the ATR-wt cells were unable

to progress beyond the prometaphase stage. On the other
hand, the ATR-kd cells were able to proceed through
different stages of mitosis even after treatment with DATS
(Fig. 6B). Approximately 17% of DATS-treated ATR-wt cells
exhibited multinucleation, which is a feature characteristic
of mitotic catastrophe (Fig. 6C). Interestingly, the DATS-
induced multinucleation was barely detectable in ATR-kd
cells even after treatment with DATS (Fig. 6C). These results
provided experimental evidence to indicate ATR/Chk1
dependence of DATS-induced prometaphase arrest.
We used ATR-targeted siRNA and DU145 cells to further

characterize ATR/Chk1 dependence of mitotic arrest in our
model. As can be seen in Fig. 7A, transient transfection of
cells with an ATR-specific siRNA resulted in f60%

Figure 5. A, immunoblotting for Flag, ATR, phospho– (Ser317)-Chk1,
and APC/C substrates (securin and cyclin B1) using lysates from U2OS
osteosarcoma cells expressing doxycycline-inducible Flag-tagged wild-
type ATR (ATR-wt) or kinase dead ATR (ATR-kd) following treatment with
DMSO or DATS. The U20S cells were treated with 1 Ag/mL doxycycline
for 48 h to induce expression of wild-type or kinase dead ATR.
Subsequently, the cells were treated with DMSO or 40 Amol/L DATS for
4 or 8 h. B, immunoblotting for APC/C regulatory subunits (Cdc20, Cdh1,
and Cdc27) using lysates from U2OS osteosarcoma cells expressing ATR-
wt or ATR-kd following treatment with DMSO (control) or 40 Amol/L DATS
for 4 or 8 h. The blots were stripped and reprobed with anti-actin antibody
to ensure equal protein loading. P, phosphorylated forms of different
proteins. Similar results were observed in at least two independent
experiments.
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knockdown of the ATR protein when compared with
nonspecific control siRNA-transfected cells. The DATS-
mediated activation (Ser317 phosphorylation) of Chk1,
accumulation of cyclin B1, phosphorylation of APC/C
subunit Cdh1, and Ser10 phosphorylation of histone H3
(mitotic marker) were much more pronounced in nonspe-
cific control siRNA-transfected cells than in the cells
transfected with the ATR-specific siRNA (Fig. 7B). For
example, DATS treatment (40 Amol/L for 8 h) caused an
approximate 7-fold increase in the levels of phospho–
(Ser10)-histone H3 compared with DMSO-treated control in
cells transiently transfected with a nonspecific control
siRNA (Fig. 7B). On the other hand, a similar DATS
treatment resulted in about 3-fold increase in Ser10

phosphorylation of histone H3 in cells with ATR knock-
down (Fig. 7B). Collectively, these results indicated that the
DATS-mediated prometaphase arrest was, at least in part,
dependent on ATR/Chk1 pathway.

SecurinWas Dispensable for DATS-Induced Mitotic
Arrest
Securin is known to regulate mitotic progression by

functioning as inhibitor of sister-chromatid separation
(42–45). Because DATS treatment resulted in the accumu-
lation as well as emergence of slower migrating bands of
securin (Figs. 2 and 3), we designed experiments to

determine the possible role of this protein in DATS-
mediated prometaphase arrest. Initially, we tested the
possibility whether the slower migrating bands of securin
represented phosphorylated forms of the protein. As can be
seen in Fig. 8A, the DATS-mediated accumulation of slower
migrating bands of securin was abolished if the lysate was
treated with E protein phosphatase before immunoblotting,
confirming the phosphorylation of securin. Next, we used
siRNA technology to determine the role of securin in
DATS-induced prometaphase arrest. DATS treatment
caused the accumulation of phosphorylated securin in
control siRNA-transfected PC-3 cells. The securin protein
was barely detectable in PC-3 cells transfected with securin-
specific siRNA even after treatment with DATS (Fig. 8B),
thus confirming knockdown of securin protein. Interest-
ingly, the securin protein knockdown did not have any
appreciable effect on DATS-mediated accumulation of
cyclin B1 (Fig. 8B). These results suggested that the
depletion of securin protein might not be able to rescue
cells from DATS-induced mitotic arrest. We verified this
speculation by determining the effect of DATS treatment on
Ser10 phosphorylation of histone H3 by flow cytometry in
PC-3 cells transfected with a control nonspecific siRNA
and securin-specific siRNA 1. As can be seen in Fig. 8C,
the DATS-mediated increase in Ser10 phosphorylation of

Figure 6. A, representative fluorescence microscop-
ic images of U2OS osteosarcoma cells expressing
doxycycline-inducible wild-type ATR depicting different
stages of mitosis (prometaphase, metaphase, ana-
phase, and telophase) judged by a-tubulin (red fluores-
cence ) and DAPI (blue fluorescence ) staining.
B, percentage of cells in different stages of mitosis in
U2OS osteosarcoma cells expressing doxycycline-
inducible and Flag-tagged wild-type ATR (ATR-wt) or
kinase dead ATR (ATR-kd) following treatment with
40 Amol/L DATS for 4 or 8 h. The U20S cells were
treated with 1 Ag/mL doxycycline for 48 h to induce
expression of wild-type or kinase dead ATR. Subse-
quently, the cells were treated with DMSO (control) or
40 Amol/L DATS for 4 or 8 h. Cells in different stages of
mitosis were scored under a fluorescence microscope
following staining with anti –a-tubulin antibody and
DAPI. A total of 500 cells from different slides were
scored for mitotic cells. Experiment was repeated twice
with similar results. C, percentage of multinucleated
cells in U2OS osteosarcoma cells expressing ATR-wt or
ATR-kd following treatment with DMSO or 40 Amol/L
DATS for 24 h. Multinucleated cells were scored under
a fluorescence microscope following staining with
anti –a-tubulin antibody and DAPI. A total of 600 to
700 cells from slides were scored for multinucleated
cells. Experiment was repeated twice with similar
results. For data in B and C, columns, mean (n = 3);
bars , SE. Statistical significance of the difference in
DATS-mediated accumulation of multinucleated cells
between ATR-wt and ATR-kd (C) was assessed by one-
way ANOVA followed by Bonferroni’s multiple com-
parison test.
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histone H3 was observed in PC-3 cells transfected with
control nonspecific siRNA and securin-targeted siRNA 1.
We used a second securin-specific siRNA 2 to rule out the
possibility of an off-target effect. Similar to experiments
using securin siRNA 1, the DATS-mediated mitotic arrest
was maintained in cells with more than 90% depletion of
securin protein (Fig. 8D) using siRNA 2 as judged by flow-
cytometric analysis of Ser10 phosphorylated histone H3
(Fig. 8E). These results suggested that securin protein
stabilization and phosphorylation were a consequence
rather than a cause of DATS-induced mitotic arrest.

Discussion
The present study describes an ATR/Chk1-dependent
signaling pathway partially responsible for DATS-induced
prometaphase arrest in cancer cells (Fig. 9). The DATS-
mediated and ATR/Chk1-dependent prometaphase arrest
seems to be caused by the inactivation ofAPC/C. The activity
of APC/C is regulated by reversible phosphorylation of its

components as well as interaction between APC/C core and
the regulatory subunits Cdc20 and Cdh1, which are
responsible for substrate recognition by the holoenzyme
(39). For instance, the APC/Cdc20 ubiquitinates cyclin A,
securin, and part of the cyclin B1 pool, which drives cells to
anaphase (39). During mitotic exit, Cdc20 is replaced by
Cdh1, and the APC/Cdh1 complex ubiquitinates rest of the
cyclin B1 pool, Cdc20 itself, and other mitotic kinases,
including Aurora kinase and polo-like kinase 1 (39, 40).
The present study reveals that the DATS-mediated inactiva-
tion of APC/C is partially linked to Chk1 activation,
but not restricted to the PC-3 cell line. This conclusion is
supported by the followingobservations: (a) DATS treatment
causes the accumulation of APC/C substrates, including
cyclin A, cyclin B1, and securin in PC-3 (Fig. 2A) and U2OS
cells (Fig. 5A); (b) the DATS-mediated accumulation of
APC/C substrates in PC-3 cells is partially but markedly
suppressed by knockdown of Chk1 protein (Fig. 4), and we
have shown previously that Chk1 protein depletion confers
partial yet statistically significant protection against DATS-
mediated mitotic arrest (24); (c) unlike ATR-wt cells, the
ATR-kd cells are able to proceed through telophase even after
treatment with DATS (Fig. 6B); and (d) ATR knockdown
offers partial protection against DATS-inducedmitotic arrest
(Fig. 7). However, the possibility that the DATS-induced
prometaphase arrest is also regulated by ATR/Chk1-
independent mechanism(s) cannot be ignored because >90%
depletion of the Chk1 protein confers only partial protection
against the DATS-mediated accumulation of APC/C sub-
strates (present study) as well as mitotic arrest (24).
Using HeLa cells as a model, Huang et al. (34) have

very recently provided experimental evidence to indicate
involvement of Chk1 in the regulation of DNA damage-
induced (g-irradiation) mitotic exit (34). The Chk1-
dependent mitotic exit checkpoint observed in HeLa cells,
however, is strikingly different from the prometaphase
checkpoint observed in our model. First, the DATS-treated
cells fail to proceed beyond the prometaphase stage,
whereas the HeLa cells are able to enter anaphase, but
unable to exit mitosis as revealed by the accumulation of the
late telophase cells (34). The metaphase-anaphase transition
of HeLa cells is also supported by a lack of stabilization of
APC/C substrate securin (34), which is stabilized as well as
phosphorylated in DATS-treated cells (present study).
Immunoblotting for APC/C subunits Cdc20 and Cdh1

suggested their phosphorylation (slower migrating bands)
in DATS-treated PC-3 cells (Fig. 4) and wild-type ATR-
expressing U2OS osteosarcoma cells (Fig. 5B). Phosphory-
lation of Cdc20 has been shown to inhibit the activity of
APC/C during spindle checkpoint induction (46–48). In
addition, Cdh1 phosphorylation inhibits its binding to
APC/C core, and Cdh1 is dephosphorylated before mitotic
exit (41). It is interesting to note that the interference
of Chk1 activation, either by siRNA-based knockdown of
Chk1/ATR proteins (Figs. 4 and 7) or by overexpression of
kinase dead ATR (Fig. 5B), partially protects against DATS-
induced phosphorylation of Cdc20 and Cdh1. These results
suggest that Chk1 may, either directly or indirectly, cause

Figure 7. A, immunoblotting for ATR protein in DU145 cells transiently
transfected with a nonspecific control siRNA or ATR-targeted siRNA. B,
immunoblotting for phospho– (Ser317)-Chk1, APC/C substrate cyclin B1,
APC/C regulatory subunit Cdh1, and mitotic marker phospho–(Ser10)-
histone H3 using lysates from DU145 cells transiently transfected with a
nonspecific control siRNA or ATR-specific siRNA and treated for 8 h with
either DMSO (control) or 40 Amol/L DATS. The blots were stripped and
reprobed with anti –a-tubulin antibody or anti-actin antibody to ensure
equal protein loading. Similar results were observed in replicate experi-
ments. P and U , phosphorylated and unphosphorylated forms of Cdh1,
respectively. Numbers on top of the immunoreactive bands, changes in
the levels of total and phosphorylated proteins, determined by densito-
metric scanning of the immunoreactive bands and corrected for actin
loading control.
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phosphorylation of Cdc20 and Cdh1, leading to the
inhibition of APC/C. However, further studies are needed
to determine whether Cdc20 and/or Cdh1 are direct
substrates of Chk1, or the Chk1-mediated phosphorylation
of Cdc20 and Cdh1 is mediated by other intermediary
kinases. For example, the phosphorylation of Cdc20 by
Bub1 provides a catalytic mechanism for APC/C inhibition
by the spindle checkpoint (48). The checkpoint protein
BubR1 acts synergistically withMad2 to inhibit APC/C (49).
We considered the possibility whether Chk1-dependent
phosphorylation of Cdc20 is mediated by BubR1. We found
that DATS treatment causes phosphorylation of BubR1 in
PC-3 cells, which is maintained in cells transfected with a
Chk1-specific siRNA.1 These results suggest that DATS-
induced and Chk1-dependent phosphorylation of Cdc20 in
our model may not be mediated by BubR1.

The Chk1 kinase is an intermediary of DNA damage
checkpoint and activated by ATR in response to different
stimuli (reviewed in ref. 50). A fundamental question,
which remains unanswered, is how DATS treatment
activates ATR/Chk1 signaling pathway. Based on available
experimental evidence, we are tempted to postulate that
the activation of ATR/Chk1 in DATS-treated prostate
cancer cells is probably linked to the generation of ROS.
This speculation is based on the following observations: (a)
the DATS-induced cell cycle arrest in PC-3 and DU145 cells
correlates with ROS generation due to an increase in the
labile iron pool (22, 26); (b) pretreatment of cells with
desferrioxamine, an iron chelator, confers significant
protection against both DATS-mediated ROS generation
and cell cycle arrest (26); (c) DATS treatment causes an
increase in phosphorylation of histone H2A.X at Ser139 (24),
a sensitive marker for DNA double-strand breaks; and (d)
ROS can directly cause DNA damage as well as oxidize
nucleotides that can be converted to double-strand breaks
during DNA replication (51, 52). However, further studies

Figure 8. A, immunoblotting for securin protein using lysates from control (DMSO-treated, 8 h) and DATS-treated (40 Amol/L DATS for 8 h) PC-3 cells
with or without a 4-h pretreatment with E protein phosphatase. B, immunoblotting for securin and cyclin B1 using lysates from PC-3 cells transiently
transfected with a nonspecific control siRNA or a securin-specific siRNA (siRNA 1) and treated for 8 h with either DMSO (control) or 40 Amol/L DATS. C,
percentage of mitotic cells, judged by flow-cytometric analysis of Ser10 phosphorylated histone H3 (a mitotic marker), in PC-3 cultures transiently
transfected with a nonspecific control siRNA or a securin-specific siRNA (siRNA 1) and treated for 8 h with either DMSO (control) or 40 Amol/L DATS. D,
immunoblotting for securin and cyclin B1 using lysates from PC-3 cells transiently transfected with a nonspecific control siRNA or pool of three securin-
specific 20- to 25-nt siRNA (siRNA 2) and treated for 8 h with either DMSO (control) or DATS (20 or 40 Amol/L). E, percentage of mitotic cells, judged by
flow-cytometric analysis of Ser10 phosphorylated histone H3 (a mitotic marker), in PC-3 cultures transiently transfected with a nonspecific control siRNA or
a pool of three securin-specific, 20- to 25-nt siRNA (siRNA 2) and treated for 8 h with either DMSO (control) or DATS (20 or 40 Amol/L). In C and E,
columns , mean (n = 3–4); bars , SE. *, P < 0.05, significantly different compared with corresponding DMSO-treated control by paired t test. In A, B,
and D, the blots were stripped and reprobed with anti-actin antibody to ensure equal protein loading. Similar results were observed in replicate experiments.

1 A. Herman-Antosiewicz, and S.V. Singh, unpublished observations.
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are needed to firmly establish if the activation of ATR/
Chk1 in our model is linked to ROS generation or caused by
other mechanisms possibly involving direct interaction
with DATS or ROS-dependent redox modification of other
auxiliary proteins.
Chk1 involvement in the regulation of mitotic transition

has been reported in Saccharomyces cerevisiae (53–56) and
Drosophila melanogaster (57). It has been shown that Chk1
can directly phosphorylate securin, which leads to its
stabilization and pre-anaphase arrest. In addition to the
inhibition of sister chromatid separation, securin negatively
controls the degradation of mitotic cyclins by inhibiting
Cdh1 dephosphorylation (58). In the present study, we
considered the possibility whether Chk1-mediated phos-

phorylation of securin contributes to DATS-mediated
prometaphase arrest. The DATS-mediated phosphorylation
of securin is significantly attenuated by RNA interference
of Chk1 in PC-3 cells (Fig. 4) as well as the overexpres-
sion of kinase dead ATR in U2OS cells (Fig. 5A). These
results indicate that phosphorylation of securin in DATS-
treated cells is indeed caused by ATR/Chk1. We also found
that securin protein physically interacts with Chk1 as
revealed by immunoprecipitation of the securin protein
followed by immunoblotting for Chk1 (results not shown).
Moreover, the interaction between Chk1 and securin is
exacerbated in DATS-treated PC-3 cells (results not shown).
However, in our model, the phosphorylation of securin is
an effect of ATR/Chk1 activation rather than the cause of
DATS-induced prometaphase arrest because knockdown of
securin protein using two different siRNA fails to protect
against DATS-induced mitotic arrest (Fig. 8).
The DATS-mediated cell growth inhibition and cell cycle

arrest is observed at concentrations (10, 20, and 40 Amol/L)
within the range pharmacologically achievable based on
a recent pharmacokinetic study (59). The peak plasma
concentration of DATS in rats following treatment with
10 mg DATS has been shown to be about 31 Amol/L (59).
Although the pharmacokinetic parameters for DATS in
humans have not yet been measured, p.o. administration of
200 mg of synthetic DATS (referred to as allitridum), in
combination with 100 Ag selenium every other day for
1 month to humans, did not cause any harmful side effects
(60). It is therefore possible that the plasma concentrations
of DATS required for cancer cell growth inhibition may be
achievable in humans.
Processing (cutting or chewing) of garlic and other Allium

vegetables generates a number of OSCs besides DATS,
including DAS, DADS, dipropyl sulfide, dipropyl disulfide,
S-allylcysteine, S-allylmercaptocysteine, and ajoene (5).
Although the effects of S-allylcysteine, S-allylmercaptocys-
teine, and ajoene on cell growth or cell cycle progression in
prostate cancer cells have not been determined, we have
shown previously that DATS is a much more potent
suppressor of prostate cancer cell growth and/or cell cycle
progression compared with DAS, DADS, dipropyl sulfide,
and dipropyl disulfide, indicating that even a subtle change
in organosulfide structure (e.g., the oligosulfide chain
length in DAS and DADS versus DATS) could have a
significant impact on its antiproliferative activity (21, 22).
Without direct comparison of cellular effects (e.g., inhibi-
tion of cell growth and cell cycle progression) of different
sulfur compounds generated by processing of garlic or
other Allium vegetables in prostate cancer cells, it is
difficult to gauge the relative contribution of DATS to the
prostate cancer–protective effects of these vegetables.
However, we can conclude with reasonable comfort that
DATS probably plays a major role in anticancer effects of
Allium vegetables, at least against prostate cancer, due to its
relatively higher potency compared with DAS, DADS,
dipropyl sulfide, and dipropyl disulfide (21, 22).
To summarize, data presented in this paper indicate that

(a) DATS activates a prometaphase checkpoint in cancer

Figure 9. Proposed mechanisms explaining DATS-induced G2 and M
phase cell cycle arrest in human prostate cancer cells based on the results
of the present study and our previous observations (22, 24, 26). We have
shown previously that DATS treatment causes degradation of ferritin
leading to the elevation of labile (chelatable) iron pool and ROS generation
in PC-3 and DU145 cells (26). The DATS-mediated ROS generation is
inhibited in the presence of the iron chelator desferrioxamine (DFO ;
ref. 26). The DATS-induced G2 phase cell cycle arrest correlates with the
ROS-dependent destruction of Cdc25C, which is reversible in the presence
of antioxidants N -acetylcysteine (NAC ) and combined catalase and
superoxide dismutase mimetic EUK134 (EUK ), and down-regulation of
Cdk1 protein (22). The mechanism for DATS-mediated down-regulation of
Cdk1 protein expression is not yet clear, but the net result of these effects
is the accumulation of inactive (Tyr15 phosphorylated Cdk1) Cdk1/cyclin
B1 kinase complex (24). The present study reveals the existence of an
ATR/Chk1-dependent mechanism partially responsible for DATS-mediated
prometaphase arrest in cancer cells, which correlates with the inactivation
of APC/C as evidenced by the accumulation of its substrates cyclin A,
cyclin B1, and securin. The mechanism by which DATS may cause the
activation of ATR remains elusive, but may involve ROS-dependent DNA
double-strand breaks (DNA-DSB ).
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cells, which is not a cell line–specific effect; (b) the
prometaphase checkpoint activation by DATS is partially
dependent on the activation of ATR-Chk1 pathway; and (c)
although securin is phosphorylated and stabilized in an
ATR-Chk1–dependent manner, it reflects a downstream
effect of activated Chk1 and is not responsible for DATS-
mediated mitotic block.
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