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Shallot and licorice constituent isoliquiritigenin
arrests cell cycle progression and induces apoptosis
through the induction of ATM/p53 and initiation of
the mitochondrial system in human cervical
carcinoma HeLa cells
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This study is the first to investigate the anticancer effect of isoliquiritigenin (ISL) in human cervical
carcinoma HeLa cells. The results reveal that ISL inhibits HeLa cells by blocking cell cycle progres-
sion in the G2/M phase and inducing apoptosis. Blockade of cell cycle is associated with increased
activation of ataxia telangiectasia-mutated (ATM). Activation of ATM by ISL phosphorylated p53 at
Serine15, resulting in increased stability of p53 by decreasing p53 and murine double minute-2
(MDM2) interaction. In addition, ISL-mediated G2/M phase arrest was also associated with decreases
in the amounts of cyclin B, cyclin A, cdc2, and cdc25C, and increases in the phosphorylation of
Chk2, cdc25C, and cdc2. The specific ATM inhibitor caffeine significantly decreased ISL-mediated
G2/M arrest by inhibiting the phosphorylation of p53 (Serine15) and Chk2. ISL induced apoptotic
cell death is associated with changes in the expression of Bax and Bak, decreasing levels of Bcl-2 and
Bcl-XL, and subsequently triggering mitochondrial apoptotic pathway. In addition, pretreatment of
cells with caspase-9 inhibitor blocked ISL-induced apoptosis, indicating that caspase-9 activation is
involved in ISL-mediated HeLa cell apoptosis. These findings suggest that ISL may be a promising
chemopreventive agent against human uterine cervical cancer.
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1 Introduction

Uterine cervical cancer is still the second most common
cancer for women worldwide, despite the existence of

effective screening methods [1, 2]. This pathology is cur-
rently controlled by surgery and radiotherapy, and is fre-
quently supported by adjuvant chemotherapies [3, 4]. How-
ever, currently available chemotherapeutics yield only
modest increases in the 5-year survival rate among those
patients with advanced cervical cancer, due to the decreased
chemosensitivity of cervical cancer cells to chemotherapeu-
tics [3–5]. Effective chemopreventive treatment for cervi-
cal cancer would have a tremendous impact on cervical can-
cer morbidity and mortality rate.

Ataxia telangiectasia-mutated (ATM) is phosphoinosi-
tide 3-kinase-related kinases (PIKK) that play important,
central roles in cellular biology, including cell proliferation
and DNA repair [6, 7]. Kinase activity of ATM is induced in
response to DNA damage dependent or independent events,
then targets several regulators of cell cycle checkpoint and
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cell death [7–9]. During this process, ATM undergoes auto-
phosphorylation on Ser1981 and is recruited to sites of
DNA damage, where it initiates a signaling cascade through
phosphorylation of multiple DNA damage response and
cell-cycle proteins, including p53, Chk1/2, and breast can-
cer 1 and E3 ubiquitin ligases such as murine double
minute-2 (MDM2) and constitutively photomorphogenic 1
(COP1) [8, 10, 11]. The tumor suppressor protein p53 is tar-
geted by a wide variety of intracellular and extracellular
stimuli, such as withdrawal of growth factors, hypoxia, irra-
diation, chemicals, and defects in nucleotide synthesis [12,
13]. The activation of p53 leads, primarily through its tran-
scriptional function, to either apoptosis, eliminating those
cells harboring severely damaged DNA, or growth arrest,
allowing damaged DNA to be repaired and thereby sup-
pressing tumor formation [12, 13]. Stability and activity of
p53 are believed to be regulated in part by posttranslational
modifications, such as phosphorylation and acetylation [8,
12, 14]. Phosphorylation on NH2-terminal residues, espe-
cially Ser15, Thr18, Ser20, and Ser37, is believed to affect
interaction with the negative regulator MDM2 and hence
contribute to the stabilization of p53 [8, 14]. Phosphoryla-
tion on COOH-terminal Ser315 and Ser392 in particular is
believed to enhance the specific DNA binding of p53 in
vitro [8, 15].

Isoliquiritigenin (ISL), a flavonoid found in licorice
(legume) and shallot (liliaceae), is a potent antioxidant with
anti-inflammatory, antiplatelet aggregation and cancer-pre-
venting properties [16–20]. It exhibits an inhibitory effect
on skin and colon carcinogenesis, and antiproliferation
activity in liver, pulmonary, prostate, breast, gastric cancer
cells [20–26]. In this study, we employed the human cervix
HeLa adenocarcinoma cell line to assess the molecular
mechanisms responsible for the antiproliferative effect of
ISL. We found that ISL caused cell cycle arrest at the G2/M
phase and induced an apoptotic response.

2 Materials and methods

2.1 Chemicals and reagents

Fetal bovine serum (FBS) and DMEM were obtained from
Gibco BRL (Gaithersburg, MD). DMSO, ribonuclease
(RNase), and propidium iodide (PI) were purchased from
Sigma Chemical (St. Louis, MO). The antibodies to p53,
phospho-p53, p21, ATM, phospho-ATM, phospho-H2A.X,
NBS1, phospho-NBS1, Chk2, phospho-Chk2, cyclin B,
cyclin A, cdc2, cdc25C, phospho-cdc2, phospho-cdc25C,
Bax, Bak, Bcl-2, Bcl-XL, and b-actin were obtained from
Cell Signaling Technology (Beverly, MA).

2.2 Cell culture

HeLa (American Type Culture Collection (ATCC)
CCL185) was maintained in DMEM supplemented with

10% FBS, 10 U/mL of penicillin, 10 lg/mL of streptomy-
cin, and 0.25 lg/mL of amphotericin, and was cultured in a
monolayer culture at 378C and 5% CO2.

2.3 Cell proliferation and clonogenic assay

Inhibition of cell proliferation by ISL was measured by XTT
(sodium 39-[1-(phenylamino-carbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro)benzene-sulfonic acid hydrate)
assay. Briefly, cells were plated in 96-well culture plates
(16104 cells/well), and after 24 h incubation, treated with
vehicle alone (0.1% DMSO) and various concentrations of
ISL for 48 h. XTT test solution (150 lL), which was pre-
pared by mixing 5 mL of XTT-labeling reagent with 100 lL
of electron coupling reagent, was then added to each well.
After 4 h of incubation, absorbance was measured on an
ELISA reader (Multiskan EX, Labsystems) at a test wave-
length of 492 nm and a reference wavelength of 690 nm.

To determine the long-term effects, cells were treated
with vehicle alone (0.1% DMSO) and various concentra-
tions of ISL for 1 h. After being rinsed with fresh medium,
cells were allowed to grow for 14 days to form colonies that
were then stained with crystal violet (0.4 lg/L; Sigma).

2.4 Cell cycle analysis

To analyze cell cycle distribution, 56105 cells were plated
in 60 mm dishes and treated with vehicle alone (0.1%
DMSO) and ISL (10 and 20 lM) for 6 h. After treatment,
the cells were collected by trypsinization, fixed in 70%
ethanol, washed in PBS, resuspended in 1 mL of PBS con-
taining 1 mg/mL RNase and 50 lg/mL PI, incubated in the
dark for 30 min at room temperature, and analyzed by
EPICS flow cytometer. The data were analyzed using Multi-
cycle software (Phoenix Flow Systems, San Diego, CA).

2.5 Apoptosis assay

Apoptotic cells were quantitatively carried out by the termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick endlabeling (TUNEL) method, which
examines DNA-strand breaks during apoptosis by using BD
ApoAlertTM DNA Fragmentation Assay kit. Briefly, cells
were incubated with vehicle alone (0.1% DMSO) and ISL
(10 and 20 lM) for the indicated times. The cells were tryp-
sinized, fixed with 4% paraformaldehyde, and permeabi-
lized with 0.1% Triton X-100 in 0.1% sodium citrate. After
being washed, the cells were incubated with the reaction
mixture for 60 min at 378C. The stained cells were then ana-
lyzed with an EPICS flow cytometer and a fluorescence
microscope at 206 magnification.

Quantitative analysis of apoptosis was also analyzed by an
Annexin Vassay kit (BD Biosciences PharMingen, San Jose,
CA, USA). Briefly, ISL-treated cells were harvested with
trypsin and washed in PBS. Cells were then resuspended in
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binding buffer (10 mmol/L HEPES/NaOH (pH 7.4),
140 mmol/L NaCl, 2.5 mmol/L CaCl2) and stained with
Annexin V-FITC and PI at room temperature for 15 min in
the dark. Cells were then analyzed in an EPICS flow cytome-
ter (Coulter Electronics). Apoptotic cells were defined as
Annexin V-FITC-positive and PI-negative cells.

2.6 Assay for caspase-9 activity

The assay is based on the ability of the active enzyme to
cleave the chromophore from the enzyme substrate of cas-
pase-9, LEHD-pNA (Ac-Leu-Glu-His-Asp-pNA) (Calbio-
chem, Cambridge, MA). Cell lysates were incubated with
peptide substrate in assay buffer (100 mM NaCl, 50 mM
HEPES, 10 mM DTT, 1 mM EDTA, 10% glycerol, 0.1%
CHAPS, pH 7.4) for 2 h at 378C. The release of p-nitroani-
line was monitored at 405 nm. Results are represented as
the percentage of change in activity compared to the
untreated control.

2.7 Mitochondrial membrane potential assay

We used mitochondrial-specific cationic dye JC-1
(5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazolylcar-
bocyanine iodide) (Molecular Probes), which undergoes
potential-dependent accumulation in the mitochondria.
Cells were seeded in a 96-well plate. Following treatment
with ISL (10 and 20 lM) for the indicated times, cells were
stained with 25 lM JC-1 for 30 min at 378C. Fluorescence
was monitored with the fluorescence plate reader at wave-
lengths of 490 nm (excitation)/540 nm (emission) and
540 nm (excitation)/590 nm (emission) pairs. Changes in
the ratio between the measurement at test wavelengths of
590 nm (red) and 540 nm (green) fluorescence intensities
are indicative of changes in the mitochondrial membrane
potential.

2.8 Immunoblot/immunoprecipitation

Cells were treated with 20 lM ISL at specified intervals of
time. The cells were lysed on ice for 40 min in a solution
containing 50 mM Tris, 1% Triton X-100, 0.1% SDS,
150 mM NaCl, 2 mM Na3VO4, 2 mM EGTA, 12 mM
b-glycerolphosphate, 10 mM NaF, 16 lg/mL benzamidine
hydrochloride, 10 lg/mL phenanthroline, 10 lg/mL aproti-
nin, 10 lg/mL leupeptin, 10 lg/mL pepstatin, and 1 mM
PMSF. The cell lysate was centrifuged at 140006g for
15 min, and the supernatant fraction was collected for
immunoblot. Equivalent amounts of protein were resolved
by SDS-PAGE (8–12%) and transferred to PVDF mem-
branes. After blocking for 1 h in 5% nonfat dry milk in Tris-
buffered saline, the membrane was incubated with the
desired primary antibody for 1–16 h. The membrane was
then treated with appropriate peroxidase-conjugated secon-
dary antibody, and the immunoreactive proteins were

detected using an enhanced chemiluminescence kit (Amer-
sham, USA) according to the manufacturer's instructions.

For association of p53 and MDM2, cell lysates (300 lg)
were incubated with 10 lL anti-MDM2 for 1 h at 48C.
Immunocomplexes were resolved by 7.5% SDS-PAGE.
Association of MDM2 with p53 was detected by incubating
the blots with anti-MDM2 and anti-p53 antibodies as
described above.

2.9 The p53 activity

p53 activity was determined by ELISA Trans-AM kit used
according to the manufacturer's specifications (Active
Motif, Carlsbad, CA). Briefly, the transcriptional factor of
nuclear extracts, which were prepared by Nuclear Extract
kit (Active Motif), were captured by binding to a consensus
oligonucleotide (59- CTTGGACATGCCCGGGCATGTCC
CTC-39) immobilized on a 96-well plate. The amount of
p53 was determined in a colorimetric reaction using spe-
cific primary antibody and a secondary horseradish peroxi-
dase-conjugated antibody. Spectrophotometric data were
expressed as a ratio of absorbance of each experimental
condition compared with control cells exposed to vehicle
alone [27].

2.10 Stable transfection

Transfection of HeLa cells was carried out using Lipofect-
amine 2000 reagent (Life Technologies). HeLa cells were
exposed to the mixture of Lipofectamine 2000 reagent and
pCMV-p53mt135 plasmid or empty vector for 6 h. After
transfection, cells resistant to neomycin were selected by
incubating with medium containing 1 mg/mL G418 (genet-
icin) (Life Technologies), individual HeLa clones were iso-
lated and tested for constitutive p53 expression. The p53-
positive HeLa cells were selected and maintained in the
presence of G418 (400 lg/mL), as were p53-negative con-
trol cells [27].

2.11 Statistical analysis

Data were expressed as mean l SD. Statistical comparisons
of the results were made using analysis of variance
(ANOVA). Significant differences (p a 0.05) between the
means of control and ISL-treated cells were analyzed by
Dunnett's test.

3 Results

3.1 ISL inhibits cell proliferation and clonogenic
survival in human cervical carcinoma cells

To investigate the potential cell proliferative inhibition
activity of ISL in human cervical carcinoma cells, we first
examined the effect of ISL on cell proliferation and clono-
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genic survival in HeLa cells. As shown in Fig. 1A, exposure
of HeLa cells to ISL for 48 h inhibited the growth of HeLa
cells in a dose-dependent manner. The IC50 values of ISL
were 9.8 lM.

The anticancer activities of ISL were assessed by clono-
genic assays. HeLa cells showed the ability to form clones

in the untreated control wells. However, with the addition of
ISL, a dose-dependent inhibition in clonogenicity was
observed, with a A90% inhibition at a dosage of 20 lM ISL
(Fig. 1B).

3.2 ISL-induced cell cycle arrest and apoptosis in
HeLa cells

To investigate the mechanisms leading to loss of cell prolif-
eration by ISL, we tested whether the observed inhibition
effects of ISL on cell proliferation are due to induction of
cell cycle arrest. As shown in Fig. 2, treatment of HeLa cells
with 10 and 20 lM ISL increased the percentage of cells in
the G2/M phase after 6 h exposure (Fig. 2).

We next assessed the effect of ISL on the induction of
apoptosis in HeLa cells by DNA fragmentation assay. A
quantitative evaluation was also made using TUNEL to
detect DNA-strand breaks. Compared to vehicle-treated
cells, ISL induced 24.3 and 39.5% of apoptotic cells in
HeLa cells at concentrations of 10 and 20 lM at 48 h,
respectively (Fig. 3A). TUNEL-positive cells were also
made visible using a fluorescence microscope (Fig. 3B).
Quantitative assessment of apoptosis was also assayed
using a PI/Annexin V-FITC double. Compared with
vehicle-treated cells, concentrations of 10 and 20 lM ISL
induced 27.3 and 40.1% of the apoptotic HeLa cells at 48 h
(Fig. 3C).
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Figure 1. The inhibitory effects of ISL on cell proliferation
inhibition and colony formation in human cervical carcinoma
HeLa cells. (A) Inhibition effect of ISL on HeLa cell prolifera-
tion. (B) Influence of HeLa on the number of colony-forming
cells, as evaluated by clonogenic assay. Cell growth inhibition
activity of ISL was assessed by XTT. For colony-forming
assay, the clonogenic assay was performed as described in
Section 2. Results are expressed as the percentage of cell
proliferation relative to the proliferation of control. The data
shown are the mean from three independent experiments.
Each value is the mean l SD of three determinations.

Figure 2. The effects of ISL on cell cycle distribution in HeLa
cells. HeLa cells following treatment with vehicle alone (0.1%
DMSO) and ISL (10 and 20 lM) for the indicated times were
fixed and stained with PI, and cell cycle distribution was then
analyzed by flow cytometry. The data indicate the percentage
of cells in G0/G1, S, and G2/M phases of the cell cycle. Each
value is the mean l SD of three determinations. The asterisk
indicates a significant difference between control and ISL-
treated cells, as analyzed by Dunnett's test (p a 0.05).
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3.3 The effect of ISL on G2/M phase-related factors

Because our studies showed that ISL treatment of HeLa
cells results in G2/M phase cell cycle arrest, we examined
the effect of ISL on cell cycle-regulatory molecules. We

first assessed the status of p53 in ISL-treated HeLa cells.
Exposure of cells to 20 lM ISL enhanced the phosphoryla-
tion of p53 on Ser15 and Ser392 (Fig. 4). Phosphorylation
of p53 on Serine residues 6, 9, and 46 were undetectable.
ISL treatment was also associated with an increase p53's
downstream target, p21 (Fig. 4). Similarly, ISL caused a sig-
nificant time-dependent increase in the phosphorylation
(Ser1981) of ATM protein in cells. However, ISL treatment
did not cause any change in the protein levels of total ATM.
Exposure of HeLa cells to ISL resulted in increased levels
of the phosphorylated (activated) form of H2A.X (Ser139)
(a variant form of histone H2A) and NBS1 (Ser343), which
are directly influenced by activated ATM kinase [9, 10]
(Fig. 4). Furthermore, treatment of HeLa cells with 20 lM
ISL resulted in rapid and sustained activation of Chk2
(phosphorylation at Ser345) (Fig. 4).
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Figure 3. ISL induced apoptosis. Quantitative evaluations of
TUNEL assay by flow cytometry (A) and fluorescence micro-
scope (B). (C) The induction of apoptosis was assessed by
Annexin V-FITC/PI dye. Cells were treated with 10 and 20 lM
ISL for 24 or 48 h. PI-negative/Annexin V positive and TUNEL-
positive cells were examined by flow cytometry. TUNEL-posi-
tive cells were observed by fluorescence microscope. Each
value is the mean l SD of three determinations. The asterisk
indicates a significant difference between control and ISL-
treated cells, as analyzed by Dunnett's test (p a 0.05).

Figure 4. The effect of ISL in cell cycle-related factor. The lev-
els of p53, phospho-p53, p21, ATM, phospho-ATM, phospho-
H2A.X, phospho-NBS1, Chk2, phospho-Chk2, cyclin B, cyclin
A, cdc2, cdc25C, phospho-cdc2, and phospho-cdc25C were
assessed by immunoblot assay. Results shown are represen-
tative of three independent experiments. The intensity of the
bands was determined by the SigmaGel software.
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ISL treatment of HeLa cells resulted in a time-dependent
decrease in the protein expression of cyclin B, cyclin A,
cdc2, and cdc25C (Fig. 4). In addition, exposure of these
cells to ISL for 2 h resulted in increased levels of inactive
phospho-cdc2 (Tyr15) and phospho-cdc25C (Ser216).
Results from time-dependent studies have indicated that
increasing phosphorylated Chk2 is followed by an increase
in phospho-cdc25C, which in turn increased phospho-cdc2
(Fig. 4).

3.4 ISL decreases the interaction of p53 with
MDM2

Previous studies have shown that the function and stability
of p53 is principally regulated by phosphorylation at regu-
lated by phosphorylation at various sites [12]. We assessed
the DNA binding activity of p53 using to ELISA-based
method, and the interaction of p53 with MDM2 by immuno-
precipitation assay. As shown in Fig. 5A, ISL treatment
resulted in the enhancement of p53 DNA binding activity.
The enhancement of p53 transcriptal activity is correlated
with the phosphorylation of p53 at Ser392. Furthermore,
the association of p53 and MDM2 decreased in a time-
dependent manner, which correlated with the phosphoryla-
tion of p53 at Ser15 (Fig. 5B).

3.5 The role of ATM on ISL-mediated cell cycle
arrest

To verify the possible role of ATM in ISL-mediated G2/M
arrest, HeLa cells were pretreated for 1 h with caffeine, a
specific inhibitor for ATM. Subsequently, the inhibitor-
treated cells were exposed to ISL, and then cell cycle distri-
bution and associated events were examined. As shown in
Fig. 6A, ISL-mediated ATM activation was effectively
inhibited by 2.5 mM of caffeine. Flow cytometric analysis
of HeLa cells exposed to ISL for 6 h showed that caffeine
blocked ISL-mediated G2/M progression (Fig. 6B). In addi-
tion, pretreatment of cells with caffeine also decreased the
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Figure 5. ISL increased the DNA binding activity and stability
of p53. For (A), cells were treated with vehicle alone (0.1%
DMSO) and ISL (10 and 20 lM) for the indicated times, and
then DNA binding activity was assessed by TranAM p53 activ-
ity kit. For (B), the interaction of p53 with MDM2 was assessed
by immunoprecipitation. Each value is the mean l SD of three
determinations. The asterisk indicates a significant difference
between control and ISL-treated cells, as analyzed by Dun-
nett's test (p a 0.05).

Figure 6. ATM inhibitor blocked ISL-mediated cell cycle arrest
and phosphorylation of p53 and Chk2. For all blocking experi-
ments, cells were incubated for 1 h in the presence or absence
of 2.5 mM caffeine, then 20 lM ISL was added and incubated
for 3 h for ATM, Chk2 and p53 phosphorylation (A) and 6 h for
cell cycle analysis (B). Cell cycle distribution was assessed by
flow cytometric analysis. Each value is the mean l SD of three
determinations. The asterisk indicates a significant difference
between two test groups, as analyzed by Dunnett's test (p a

0.05).
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ISL-mediated phosphorylation of p53 (Ser15) and Chk2
(Fig. 6A).

3.6 The role of ATM on ISL-mediated cell cycle
arrest and apoptosis

To further define the role of p53 in ISL-induced cell cycle
arrest and apoptosis, we transfected pCMV-p53mt135 plas-
mid containing a gene encoding a dominant negative muta-
tion of p53 that blocks normal p53 activity [27]. Overex-
pression of mutant p53 protein in cells transfected with the
dominant negative p53 mutant plasmid was verified by
immunoblot using antibodies for human p53 (recognizing
both wild and mutant types of p53) (Fig. 7A). Cells express-
ing the p53 mutant were subsequently used to document
ISL-mediated cell cycle arrest and apoptosis. As shown in
Fig. 7B, the inhibition of p53 activity was accompanied by
a reduction in the sensitivity of HeLa cells to ISL-mediated
G2/M arrest. Furthermore, compared to vehicle-treated
cells, induction of apoptosis by 20 lM ISL decreased from
36.3% in HeLa cells to 14.2% in p53 mutant cells after a
48 h treatment (Fig. 7C).

3.7 ISL induced apoptosis by initiation of
mitochondrial pathway

To investigate the mitochondrial apoptotic events involved
in ISL-induced apoptosis, we first analyzed the changes in
the levels of the Bcl-2 family proteins. Immunoblot analysis
showed that treatment of HeLa cells with ISL increased
Bax and Bak protein levels (Fig. 8A). In contrast, ISL mark-
edly decreased Bcl-2 levels, which led to an increase in the
Bax/Bcl-2 ratio (Fig. 8A). Additionally, ISL also decreased
the expression of Bcl-XL. These effects of ISL on the Bcl-2
family proteins resulted in the decrease of mitochondrial
membrane potential in HeLa cells (Fig. 8B).

One of the hallmarks of the apoptotic process includes
the activation of cysteine proteases, which represent both
initiators and executors of cell death. Upstream caspase-9
activities also increase significantly when HeLa cells are
treated with ISL (Fig. 8C). Furthermore, when cells are pre-
treated with the specific caspase-9 inhibitor LEHD-CHO
before ISL treatment, the apoptosis induction effect of ISL
was decreased in HeLa cells (Fig. 8D).

4 Discussion

Uterine cervical cancer is the most common neoplasm of
women in both developed and developing countries [1–4].
In our study, we have found that ISL effectively inhibits
tumor cell growth concomitant with induction of cell cycle
arrest and apoptosis.

Tumor suppressor gene p53 is a key element in the induc-
tion of cell cycle arrest and apoptosis following DNA dam-
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Figure 7. Effect of p53 inhibition on ISL-mediated cell cycle
arrest and apoptotic cell death. (A) The expression of p53mt in
stable pCMV-p53mt transfected HeLa cells. The p53 inhibition
decreased the effect of ISL on cell cycle arrest (B) and apopto-
sis induction (C). HeLa cells and mutant p53-transfected HeLa
cells were treated with 20 lM ISL for 6 h (cell cycle assay) and
48 h (apoptosis assay). The induction of apoptosis was deter-
mined by TUNEL analysis. Each value is the mean l SD of
three determinations. The asterisk indicates a significant dif-
ference between two test groups, as analyzed by Dunnett's
test (p a 0.05).
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age or cellular stress in human cells [12, 28]. Cell-cycle
arrest dependent on p53 requires transactivation of p21 or
other cell cycle-related factors [29]. The induction of p21
causes subsequent arrest in the G0/G1 or G2/M phase of the
cell cycle by binding of the cyclin–cdk complex [30, 31].
In this study, we have shown that treatment of HeLa cells
with ISL resulted in the accumulation of p53 and phospho-
p53 (Ser15). We have also found that suppression of normal
p53 activity via dominant-negative p53 decreased ISL-
induced G2/M arrest, suggesting that p53 play an important
role in ISL-triggered cell cycle checkpoint. Indeed, we also
have found that ISL decreases the expression of cyclin B,
cyclin A, cdc25C, and cdc2, while it increases the amount

of p21 and phosphorylation of cdc2, phospho-cdc25C, and
phospho-Chk2. Our results show that ISL induces phos-
phorylation of cdc25C (Ser216) through Chk2 activation,
and remains cdc25C inactive. Further downstream, inacti-
vated cdc2 was not dephosphorylated by cdc25C. There-
fore, cdc2 accumulated in an inactive phosphorylated state
(Tyr15), resulting in cells that were unable to proceed
through the mitotic phase. These data suggest that ISL may
prove to be a valuable tool for inhibition of cdc2/cyclin B
and cdc2/cyclin A complex in cervical cancers for the fol-
lowing reasons: (i) the down-regulation of cyclin B and
cyclin A by ISL, (ii) the induction of p21 by ISL in a p53-
dependent manner, which may subsequently inhibit the
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Figure 8. ISL induces apoptosis through the mitochondrial apoptotic pathway. (A) The effect of ISL on expression of the Bcl-2 family
protein. (B) ISL caused a decrease of mitochondrial membrane potential, but (C) increased caspase-9 activation. (D) Caspase-9
inhibitor decreased ISL-induced apoptosis. The levels of Bcl-2 family proteins were assessed by immunoblot assay. The DWm was
measured by JC-1 staining. Caspase-9 activity was measured by caspase-9 activity assay kit. For caspase-9 inhibitor blocking
experiments, cells were preincubated with LEHD-CHO (20 lM) for 1 h before the addition of 20 lM ISL for an additional 48 h. Each
value is the mean l SD of three determinations. The asterisk indicates a significant difference between control and ISL-treated cells,
as analyzed by Dunnett's test (p a 0.05).
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function of cdc2, and (iii) the increase of activated Chk2
followed by an increase in inactivated phospho-cdc25C and
phospho-cdc2, suggesting that increased cdc25C phosphor-
ylation by Chk2 may also decrease functioning phosphatase
for dephosphorylating and activating cdc2.

ATM pathway has been demonstrated to associate with
the trigger of cell cycle checkpoint by both DNA damage-
dependent and independent manners [7–9, 32]. Once acti-
vated, ATM phosphorylates various downstream molecules
such as p53, MDM2, Chk1, Chk2, H2A.X, and Nijmegen
breakage syndrome (NBS1), resulting in cell cycle arrest or
cell death [9–11]. Phosphorylated NBS1 is an adaptor mol-
ecule for ATM-dependent phosphorylation of Chk2, which
phosphoryaltes the cdc25 phosphatase and is responsible
for S and G2/M phase checkpoints [7, 8, 33–35]. ATM
phosphorylates p53 at Ser15, resulting in prolongation of
p53 half-life by inhibiting p53–MDM2 complex formation
[36, 37]. In this report, we have shown that treatment of
HeLa cells with ISL resulted in the accumulation of phos-
pho-ATM at Ser1981. This ATM activation correlated well
with the ISL-induced increase of H2A.X and NBS1 phos-
phorylation. Furthermore, we observed that blocking the
ISL-induced activation of ATM by the specific inhibitor
caffeine could prevent p53 phosphorylation (Ser15), sug-
gesting that ISL-induced ATM activation contributes to the
stabilization of p53 function by Ser15 phosphorylation,
which decreases the interaction of p53 and MDM2. In addi-
tion, our results showed that exposure of HeLa cells to ISL
led to a concurrent phosphorylation of Chk2, whereas caf-
feine pretreatment inhibited Chk2 phosphorylation, sug-
gesting that the activation of ATM induced by ISL is
involved in the activation of Chk2. Moreover, the ATM
inhibitor caffeine prevented ISL-induced G2/M arrest, fur-
ther suggesting that cooperation of ATM with Chk2 and the
p53-dependent pathway plays a crucial role in ISL-induced
G2/M arrest.

Mitochondrial apoptotic pathway has been described as
an important signaling of apoptotic cell death for mamma-
lian cells [38, 39]. Following the treatment of HeLa cells
with ISL, we observed that ISL treatment resulted in a sig-
nificant increase of Bax and Bak expression, and a decrease
of Bcl-2 and Bcl-XL, suggesting that changes in the ratio of
the proapoptotic and antiapoptotic Bcl-2 family proteins
might contribute to the apoptosis-promotion activity of
ISL. Our finding also showed a collapse of DWm, and the
activation of caspase-9 after HeLa cells were treated with
ISL. These mitochondrial apoptotic events are correlated
with the modulation of ISL on Bcl-2 family proteins. These
results confirm that ISL-induced apoptosis is associated
with regulation of Bcl-2 family proteins.

In conclusion, the present study demonstrated that: (i)
human uterine cervical cancer HeLa cells are highly sensi-
tive to growth inhibition by ISL, (ii) reduced survival of
HeLa cells after exposure to ISL is associated with G2/M
phase cell cycle arrest and induction of apoptosis, (iii) ISL

can inhibit cell cycle progression at the G2/M phase by
increasing p21 expression in a p53-dependent manner, and
by decreasing the expression of cdc2, cdc25C, and cyclin B,
(iv) ISL-induced cell growth inhibition in the HeLa cells is
mediated by activation of ATM, which stabilizes p53 by
phosphorylation of p53 at Ser15, and by decreasing the
interaction of p53 and MDM2, (v) ISL-mediated ATM acti-
vation also phosphorylates Chk2 and subsequently
increases the accumulation of inactive cdc25C and cdc2,
and (vi) ISL finally trigger mitochondrial apoptotic path-
way by regulation of the Bcl-2 family protein expression.
These findings suggest that ISL may be a promising chemo-
preventive agent in the fight against human uterine cervical
cancer.
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