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Resveratrol analogue (E)-8-acetoxy-2-[2-(3,4-diacetoxyphenyl)
ethenyl]-quinazoline induces G,/M cell cycle arrest through the
activation of ATM/ATR in human cervical carcinoma HeLa cells
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Abstract. Styrylquinazolines are synthetic analogues of resve-
ratrol and have been suggested to cause anti-inflammatory
activity by modulating prostaglandin E, (PGE,) production.
In the present study, we evaluated cytotoxic effects of various
styrylquinazoline derivatives and found that (E)-8-acetoxy-
2-[2-(3,4-diacetoxyphenyl)ethenyl]-quinazoline (§-ADEQ)
most potently inhibited the proliferation of the human cervical
carcinoma HeLa cells. Exploring the growth-inhibitory mech-
anisms of 8-ADEQ, we found that it causes a cell cycle arrest
at the G,/M phase by DNA flow cytometric analysis, which
was accompanied by upregulation of cyclin Bl expression and
cyclin-dependent protein kinase 1 (Cdk1) phosphorylation. In
addition, we observed that 8-ADEQ causes phosphorylation of
the cell division cycle 25C (Cdc25C) protein through the acti-
vation of checkpoint kinases 1 (Chk1) and Chk?2, which in turn
were activated via ataxia telangiectasia mutated (ATM)/ataxia
telangiectasia-Rad3-related (ATR) kinases in response to the
DNA damage. Furthermore, ATM/ATR inhibitor caffeine,
p53- or ATM/ATR-specific siRNA significantly attenuated
8-ADEQ-induced G,/M arrest. These results suggest that the
8-ADEQ inhibits the proliferation of human cervical cancer
HeLa cells by DNA damage-mediated G,/M cell cycle arrest.
8-ADEQ-induced G,/M arrest is mediated by the activation
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of both Chk1/2-Cdc25 and p53-p21°TFVWAF! yia ATM/ATR
pathway, and indicates that 8-ADEQ appears to have potential
in the treatment of cervical cancer.

Introduction

Resveratrol (trans-3,4',5-trihydroxy-trans-stilbene) is a
naturally-occurring polyphenolic stilbene found in the
skin of red grapes, various other fruits and the roots of the
Polygonum cuspidatum and is an important constituent of the
Chinese and Japanese folk medicine (1). When used at low
concentrations, resveratrol has cytoprotective activity, which
is mostly attributed to its antioxidant properties (2). At higher
concentrations, resveratrol possesses anticancer activity
by interfering with various cellular events associated with
initiation, promotion and progression of multistage carcinogen-
esis (2). This anticancer property was observed in both in vitro
and in vivo models of the tumor cell lines (3,4). In addition,
resveratrol has been reported to have diverse effects on cellular
signaling pathways, such as downregulation of angiogenesis
associated genes (3), activation of apoptotic mechanisms (5)
and induction of cell cycle arrest (6). Furthermore, resveratrol
was found to sensitize resistant tumor cell lines to a variety of
chemotherapeutic agents, such as paclitaxel (7), thalidomide
and bortezomib (8).

Single-strand DNA breaks of the cleavable complex are
reversible, yet these lesions may be converted into irreversible
double-strand breaks during the DNA synthesis, following
collision with the replication complexes. Double-strand breaks,
which are recognized as the lethal lesions, activate the DNA
damage response signal pathways. The severity and persistence
of such damage determines the eventual outcome of a cell.
In response to the DNA-damaging agents, the cells activate
the cell cycle checkpoints and a complex response network
involving the DNA damage sensors, signal transducers and
effector pathways, which influence the cellular decision among
the cell cycle arrest, the DNA repair, the apoptosis induction
or other cell death modalities (9,10). Ataxia telangiectasia
mutated (ATM) and/or ataxia telangiectasia-Rad3-related
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(ATR) kinases are key players in the response to DNA damage.
These kinases are dependent on DNA damage and phosphory-
late downstream effector kinases, such as checkpoint kinases 1
(Chkl and Chk?2). Thus, these kinases relay and amplify the
damage signal and effector proteins that control the cell cycle
progression, chromatin restructuring and DNA repair.

In view of the great chemotherapeutic potential of resvera-
trol, many analogues of resveratrol have been synthesized by
swapping the benzene rings to the aromatic heterocycles with
the aim of generating novel resveratrol analogs with improved
anticancer activities. Previously, we have reported a study in
which a class of resveratrol analogues, styrylquinazolines,
was found to inhibit COX-2-induced prostaglandin E, (PGE,)
production (11). In this follow-up study, we examine the anti-
proliferative effects and the underlying molecular mechanism
of styrylquinazolines in HeLL.a human cervical cancer cells.

Materials and methods

Chemical and reagents. Styrylquinazoline derivatives (Table I)
were prepared as previously described (11). RPMI-1640
medium, fetal bovine serum (FBS), penicillin and streptomycin
were obtained from Life Technologies Inc. (Grand Island,
NY, USA). Cyclin B1, p53, p21 and pB-actin monoclonal
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Cdkl, phospho-Cdkl1 (Tyrl5),
cell division cycle 25C (Cdc25C), phospho-Cdc25C (Ser216),
Chkl1, phospho-Chk1 (Ser345), Chk2, phospho-Chk?2 (Thr68),
ATM, phospho-ATM (Ser1981), ATR, phospho-ATR (Ser428)
and phospho-p53 (Serl5) antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). Caffeine and
lactacystin were purchased from Sigma (St. Louis, MO, USA).

Cell culture and sample treatment. HeLLa human cervical
carcinoma, HL-60 human promyelocytic leukemia and A549
human lung adenocarcinoma cell lines were obtained from the
Korean Cell Line Bank (Seoul, Korea). The cells were grown
at 37°C in RPMI-1640 medium supplemented with 10% FBS,
penicillin (100 U/ml) and streptomycin sulfate (100 pg/ml) in
a humidified atmosphere of 5% CO,. The cells were incubated
with 8-AEDQ (8 #M) for various times (5, 10, 15, 20 or 25 h).

Cytotoxicity test. Cytotoxicity was assessed by an MTT assay.
Briefly, the cells (5x10* cells/ml) were seeded in each well
containing 100 ul of the RPMI medium supplemented with
10% FBS in 96-well plates. After 24 h, various concentrations
of 8-ADEQ were added. After 48 h, 50 ul of MTT [5 mg/ml
stock solution in phosphate-buffered saline (PBS)] was added,
and the plates were incubated for an additional 4 h. The medium
was discarded and the formazan blue, which was formed in the
cells, was dissolved with 100 pl dimethyl sulfoxide (DMSO).
The optical density was measured at 540 nm.

Trypan blue assay. The in vitro growth inhibition effect
of 8-ADEQ on the HeLa cells was determined by a trypan
blue dye exclusion. The reduction in the viable cell number
was assessed for each 3 days. The HeLa cells were grown at
37°C in RPMI medium supplemented with 10% FBS, peni-
cillin (100 U/ml) and streptomycin sulfate (100 pxg/ml) in a
humidified atmosphere of 5% CO,. The cells were seeded at
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a concentration of 1x10° cells/ml and were maintained for
logarithmic growth and incubated for 1-3 days with 8-ADEQ
at various concentrations. 8-ADEQ dissolved in DMSO was
added to the medium in serial dilution (the final DMSO
concentration in all the assays did not exceed 0.1%). The cells
were loaded on a hemocytometer and the viable cell number
was determined based on the exclusion of the trypan blue dye.

Flow cytometric cell cycle analysis. The Hela cells were
incubated until 70-80% confluency. After treatment with or
without 8-ADEQ, the cells were harvested and fixed in 70%
ethanol for 1 h at -20°C. After being washed with PBS, the
cells were labeled with propidium iodide (PI) (50 xg/ml) in the
presence of RNase A (100 xg/ml) and were incubated at room
temperature in the dark for 30 min and were analyzed using
the fluorescence-activated cell sorting (FACS) cater-plus flow
cytometry (Becton-Dickinson, Co., Heidelberg, Germany).

Protein extraction and western blot analysis. The HeLa cells
were collected by centrifugation and washed once with PBS.
The washed cell pellets were resuspended in extraction lysis
buffer (50 mM HEPES pH 7.0, 250 mM NaCl, 5 mM EDTA,
0.1% Nonidet P-40, 1 mM PMSF, 0.5 m MDTT, 5 mM Na
fluoride and 0.5 mM Na orthovanadate) containing 5 pg/ml
each of leupeptin and aprotinin then incubated for 20 min
at 4°C. The cell debris was removed by microcentrifugation,
followed by quick freezing of the supernatants. The protein
concentration was determined using the Bio-Rad protein
assay reagent according to the manufacturer's instruction. The
cellular protein from the treated and untreated cell extracts
was electroblotted onto a PVDF membrane following separa-
tion on a 10-12% SDS-polyacrylamide gel electrophoresis.
The immunoblot was incubated overnight with a blocking
solution (5% skim milk) at 4°C, followed by incubation
overnight with a primary antibody. The blots were washed
four times with Tween-20/Tris-buffered saline (T/TBS) and
incubated with a 1:1,000 dilution of horseradish peroxidase-
conjugated secondary antibody for 2 h at room temperature.
The blots were washed again three times with T/TBS and then
developed by enhanced chemiluminescence (GE Healthcare,
Milwaukee, WI, USA).

Small interfering RNA transfection. RNA interference of
ATM, ATR and p53 was performed using 21-bp (including a
2-deoxynucleotide overhang) siRNA duplexes purchased from
Invitrogen (Carlsbad, CA, USA). The coding strand for ATM,
ATR and p53 siRNA were: 5'-GCG CCU GAU UCG AGA
UCC UTT-3" 5'-CCU CCG UGA UGU UGC UUG ATT-3,
and 5-UCA CCU CAU CCA UUG CUU GGG ACG G-3',
respectively. For the transfection, the HeLa cells were seeded
in 6-well plates and were transfected at 30% confluence with
100 nM siRNA duplexes using Lipofectamine™ RNAiMAX
(Invitrogen) according to the manufacturer's recommenda-
tions. The cells were transfected with a control non-specific
siRNA duplex (5'-ACU CUA UCU GCA CGC UGA CUU-3,
Invitrogen) are were used as controls for direct comparison.
After 48 h of transfection, the cells were treated with or
without 8-ADEQ for 25 h. Both floating and adherent cells
were collected, washed with PBS and processed for analysis of
the cell cycle distribution.
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Table I. Cytotoxic activity of resveratrol and its styrylquinazoline analogues on the proliferation of various cancer cells in vitro.

OH R2 .
3
HO AN O R1
® A
I
N
OH
resveratrol styrylquinazoline
IG5, (uM)*
R! R? R? HelLa HL-60 A549
H OH OH 49.61+3.01 21.54+1.72 36.88+3.01
OH H OH 29.12+1.72 14.39+2.69 22.57+1.89
OH OH OH 21.44+2.25 13.52+2.16 22.68+3.52
OCH;, H OH 95.04+6.97 53.68+0.86 82.44+5.82
OCH;, OH OH 82.68+5.79 64.18+3.72 91.44+7.65
OCH;, OH OCH, 53.25+4.10 30.65+2.15 49.62+3.65
H OCOCH, OCOCH;, 66.87+4.55 36.18+6.41 63.09+6.43
OCH, OCOCH; OCOCH; 36.55+3.84 24.32+4 .92 35.46+4.90
OCOCH;, OCOCH,4 OCOCH; 10.25+1.86 10.59+1.54 13.75+1.88
Resveratrol 136.57+7.32 66.90+4.85 83.32+7.52

4ICs, is defined as the concentration that results in a 50% decrease in the number of the cells compared to that of the control cultures in the
absence of an inhibitor. The values represent the means + SDs of the results from three independent experiments with similar patterns.

Statistical analysis. Results are expressed as the mean + SDs
of triplicate experiments. Statistically significant values were
compared using the ANOVA and the Dunnett's post-hoc test,
and P-values of <0.05 were considered to indicate a statisti-
cally significant result.

Results

Inhibition of cancer cell growth by styrylquinazoline
derivatives. To assess the inhibitory effects of resveratrol or
styrylquinazoline derivatives on cancer cell viability, we first
determined the cytotoxicities of these compounds using the
MTT assay. As shown in Table I, the styrylquinazoline deriva-
tives showed varying degrees of cytotoxicity, as assessed using
their ICs, values. 8-ADEQ showed dose-dependent cytotoxic
effects in three cancer cells and was the most potent in compar-
ison to other styrylquinazolines and to resveratrol. Among
the tested cancer cell lines, human cervical carcinoma HelLa
cells were the most sensitive to 8-ADEQ. The cell numbers
were counted using trypan blue dye exclusion assays following
treatment with 8-ADEQ at various concentrations and times.
Exponentially growing HeLa cultures exhibited growth inhibi-
tion when treated with 8-ADEQ at concentrations of 2-10 M
over the experimental period (Fig. 1A). At 8 uM, 8-ADEQ
had a cytostatic effect, yet at 10 xM it had a cytocidal effect.
Therefore, this concentration was used throughout the present
study. Further experiments were performed using HeLa cells
to evaluate the effect of 8-ADEQ on the cell cycle arrest and to
identify the mechanism involved.

Effects of 8-ADEQ on the cell cycle arrest and on the
expression of the cell cycle regulatory proteins in HeLa cells.
To investigate whether 8-ADEQ affects cell cycle regulation,
the HeLa cells were cultured with 8-ADEQ at concentrations
of 8 uM for 25 h and then the DNA contents were analyzed
by DNA flow cytometric analysis. As shown in Fig. 1B and C,
8-ADEQ induced the cell cycle arrest at the G,/M phase in a
concentration- and time-dependent manner and a concomitant
decrease of the cells in the G, phase. It is well known that
the complex of cyclin-dependent kinase 1 (Cdkl; also known
as Cdc2) and cyclin Bl is important for cell cycle entry into
mitosis in most organisms (12,13). We first determined whether
8-ADEQ affected the expression of these G,/M-related
proteins in the cells treated with 8-ADEQ (8 M) for indicated
times. Under this condition, it was found that 8-ADEQ
upregulated cyclin Bl protein level but did not affect the Cdk1
levels (Fig. 1D). Although phosphorylation of Cdk1 at Thrl6l is
essential for activation of the Cdkl-cyclin B1 kinase complex,
reversible phosphorylations at Thrl4 and Tyrl5 of Cdkl
suppress its kinase activity (14). Dephosphorylation of Thrl4
and Tyrl5 of Cdkl, and hence activation of the Cdk1-cyclin Bl
kinase complex, is catalyzed by dual specificity phosphatases
Cdc25B and Cdc25C, and this reaction is believed to be a
rate-limiting step for entry into mitosis (15). To gain insights
into the mechanism of cell cycle arrest upon treatment with
8-ADEQ, phosphorylations of Cdkl and Cdc25C proteins
were compared by immunoblotting, using lysates from
control and 8-ADEQ (8 uM)-treated cells for 25 h. Under this
condition, 8-ADEQ substantially increased phosphorylation
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Figure 1. Effects of 8-ADEQ on the growth inhibition and cycle arrest in human cervical carcinoma HeLa cells. (A) Exponentially growing cells were treated
with the indicated concentrations of 8-ADEQ for 25 h. Cell growth inhibition was assessed using trypan blue exclusion assays, as described in Materials
and methods. (B and C) The HeLa cells were treated with 8-ADEQ in a concentration- and time-dependent manner. The cell cycle analysis was performed
as described in Materials and methods. (D) The HeLa cells were treated with or without 8 M 8-ADEQ for an indicated time and they were then harvested.
The expression levels of cyclin B1, p-Cdk1, Cdkl1, p-Cdc25C and Cdc25C were examined using western blot analysis as described in Materials and methods.
B-actin was used as an internal control. Experiments were repeated three times and similar results were obtained. A densitometric analysis was performed

using Bio-Rad Quantity One® software. Data are presented as means + SD of three independent experiments. "P<0.05, “P<0.01,

control group.

of Cdkl1 (Tyrl5) and Cdc25C (Ser216) (Fig. 1D). Collectively,
these results indicate that the 8-ADEQ-mediated G,/M phase
cell cycle arrest is associated with the increased cyclin Bl
protein levels and phosphorylations of Cdk1 and Cdc25C.

Effects of 8-ADEQ on the phosphorylation of Chkl/Chk2 and
P53 that regulate G,/M transition. Considering that Chkl and
Chk?2 have been implicated in the phosphorylation (Ser216) of
Cdc25C (16) and are activated by phosphorylation on Ser345
and Thr68, respectively (17), we evaluated the degree of
phosphorylation of these intermediaries of the DNA damage
checkpoints on western blot analysis using whole extracts from
the control or the 8-ADEQ-treated cells. In 8-ADEQ-treated
HeLa cells, p-Chkl1 (Ser345) or p-Chk2 (Thr68) showed an
increase over the control, which was evident as early as 5 h
after the 8-ADEQ treatment and increased for the duration
of the experiment (Fig. 2A). However, the levels of Chkl or
Chk2 protein were not affected by the 8-ADEQ treatment.
Since these checkpoint kinases act upstream of p53 (18), we

P<0.001 compared to the

examined the phosphorylation status of p53 by western blot
analysis. The phophoryation of p53 (Serl5) had increased
after the 8-ADEQ treatment and was then sustained until
25 h (Fig. 2A), though 8-ADEQ did not influence the expres-
sion level of p53. The tumor-suppressor p53 regulates the DNA
damage-induced cell cycle arrest (19) by directly stimulating
the expression of p21°™VWAF! ‘an inhibitor of cyclin-dependent
kinases (Cdks). For this reason, the HeLa cells were treated
with 8-ADEQ (8 xM) at different time intervals, and then
the expression of p21“FVWVAF! wag determined by western blot
analysis. Accordingly, the p21<"""WAF! expression had increased
in a time-dependent manner as well, resulting from transcrip-
tional regulation by p53 (Fig. 2A). The p21"PVWAF!l protein
was induced by both p53-dependent and p53-independent
mechanisms following the anticancer agent treatment (20). As
shown in Fig. 2A, the increased p21P"WAF! protein level after
the 8-ADEQ treatment did not parallel the expression level
of p53 in HeLa cells, a cell lineage with the wild-type p53
gene. Therefore, in order to determine whether p53 is involved
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Figure 2. Effects of 8-ADEQ on the phosphorylation of Chk1/2 and p53 and p21°"""WAF! expression and G,/M cell cycle in HeLa cells. (A) The HeLa cells
were treated with or without 8-ADEQ (8 #M) for the indicated time and were then harvested. The expression levels of p-Chk1, Chkl, p-Chk2, Chk2, p-p53,
p53 and p21 were examined using western blot analysis, as described in Materials and methods. 3-actin was used as an internal control. The experiments were
repeated three times and similar results were obtained. A densitometric analysis was performed using Bio-Rad Quantity One® software. (B) The HeLa cells
were transfected with either p53 siRNA or non-specific control siRNA for 24 h. The expression levels of p53 were examined using western blot analysis. $-actin
was used as an internal control. (C) The HeLa cells were transfected with either p53 siRNA or non-specific control siRNA for 24 h and were then treated with
or without 8-ADEQ (8 yM) for 25 h. The cell cycle distribution was stained with PI and detected by flow cytometry as described in Materials and methods.
Data are presented as the means + SD of three independent experiments. “P<0.05, “P<0.01, ““P<0.001 vs. the control group, “P<0.05 vs. the 8-ADEQ-treated

group. PI, propidium iodide.

in the 8-ADEQ-induced G,/M arrest, the p53 genes were
knocked down by p53-specific siRNAs. As shown in Fig. 2B,
p53 siRNA significantly reduced the expression levels of p53
protein in the 8-ADEQ-treated HeLa cells. Fig. 2C shows the
p53 siRNA-transfected and control siRNA cells treated with
8-ADEQ, and their cell cycle distribution was determined
after 25 h. Treatment of the control siRNA-transfected cells
with 8-ADEQ resulted in a ~3-fold increase in the G,/M phase
cells from 19.5 to 55%. However, the 8-ADEQ-induced G,/M
arrest response was significantly decreased in cells transfected
with p53 siRNA from 55 to 32.5%. These results indicated that
p53 is involved in the 8-ADEQ-induced G,/M arrest.

Effect of 8-ADEQ on DNA damage response in HeLa cells.
In order to determine whether growth inhibition via cell cycle
arrest by 8-ADEQ is associated with the DNA damage, we
performed western blot analysis for H2A.X, ATM and ATR
phosphorylations in the §-ADEQ-treated HeLa cells. The

histone H2A variant H2A . X specifically controls the recruit-
ment of the DNA repair proteins to the sites of the DNA
damage and this activity is phosphorylation dependent (21).
As shown in Fig. 3A, immunoblotting of HeLa lysates showed
a clear and steady increase in phosphorylation (Ser129) of
H2A.X (y-H2A .X) level from 5 to 25 h after the 8-ADEQ
treatment. Based on the results of y-H2A.X, we expected that
the 8-ADEQ treatment causes the DNA double-strand breaks.
We hypothesized that the 8-ADEQ-induced DNA damage is
sensed by members of the phosphoinositide 3-kinase-related
kinases (ATM and ATR) for the early signal transmission
through the cell cycle checkpoint (22). As shown in Fig. 3A,
8-ADEQ treatment (8 yM) affected phosphorylation of
ATM/ATR, which was increased at 5 h and subsequently
declined, yet no effect on the expression of total ATM/ATR.
To further confirm the 8-ADEQ-mediated cell cycle arrest, we
performed inhibitor or siRNA treatments to explore critical
molecular changes of the DNA damage pathway. Pretreatment
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Figure 3. Effect of 8-ADEQ on ATM/ATR dependent G,/M phase arrest in HeLa cells. (A) Expression levels of p-H2A.X, p-ATM, ATM, p-ATR, ATR were
examined using western blot analysis as described in Materials and methods. 3-actin was used as an internal control. The experiments were repeated three
times and similar results were obtained. A densitometric analysis was performed using Bio-Rad Quantity One® software. (B) The HeLa cells were pretreated
with or without caffeine (10 mM) 1 h, treated for 25 h with 8-ADEQ (8 #M), and then cell cycle distribution was analyzed with flow cytometry as described
in Materials and methods. (C) The HeLa cells were transfected with ATM/ATR siRNA, or non-specific control siRNA for 24 h. The expression levels of
ATM/ATR were examined using western blot analysis as described in Materials and methods. f-actin was used as an internal control. (D) The HeLa cells
were transfected with ATM/ATR siRNA or non-specific control siRNA for 24 h and were then treated with or without 8-ADEQ (8 #M) for 25 h. The cell
cycle distribution was stained with PI and detected by flow cytometry as described in Materials and methods. Data are presented as the means + SDs of three
independent experiments. "P<0.05, “P<0.01, "“P<0.001 vs. the control group, “P<0.05 vs. the 8-ADEQ-treated group. ATM, ataxia telangiectasia mutated,;
ATR, ataxia telangiectasia-Rad3-related; PI, propidium iodide.

of the HeLa cells with 10 mM caffeine, a known modulator ~ G,/M phase accumulation from 49.7 to 25.5% (Fig. 3B). To
of the DNA damage checkpoint, abrogated 8-ADEQ-induced  confirm whether ATM and ATR are the proximal kinases
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responsible for the 8-ADEQ-mediated G,/M phase arrest, we
used siRNA technology to suppress the ATM/ATR protein
expression. Transfection of ATM and ATR siRNA revealed
that ATM and ATR expressions were almost completely
suppressed (Fig. 3C). Subsequently, ATM/ATR-siRNA trans-
fected and control cells were treated with 8-ADEQ (8 uM),
and their cell cycle distribution was assessed after 25 h.
Treatment of control siRNA-transfected cells with 8-ADEQ
resulted in a 2.3-fold increase of G,/M phase cells from 20.5 to
48% (Fig. 3D). The 8-ADEQ-induced G,/M phase arrest was
partially but significantly attenuated in the cells transfected
with ATM/ATR siRNA (ATM; from 48 to 35%, ATR; from 48
to 36.5%) (Fig. 3D). These results indicate that both ATM and
ATR play a pivotal role in the 8-ADEQ-induced G,/M phase
arrest.

Discussion

Naturally-derived polyphenolic compounds, such as resve-
ratrol, have been demonstrated to possess cytostatic activity
against cervical cancer cells (23). With respect to resveratrol,
we have evaluated the chemopreventive effects of resveratrol
derivatives, which exerted more cytotoxic effects on various
cancer cells than resveratrol. A series of styrylquinazoline
derivatives were evaluated for cytotoxicity against three
cancer cells and showed that 3'4'.8-acetylated or hydroxyl
styrylquinazolines showed a better cytotoxicity profile.
Among these styrylquinazoline analogue compounds, (E)-8-
acetoxy-2-[2-(3,4-diacetpxyphenyl) ethenyl]-quinazoline
(8-ADEQ) demonstrated the lowest ICs, values in three
cancer cell lines tested and was chosen for further studies on
the mechanism of action in human cervical carcinoma HeLa
cells.

Resveratrol is an antioxidant and has been shown to
inhibit various stages of tumor development (24). Cancer
preventive and anticancer activities of resveratrol have been
observed, where it prevents skin tumorigenesis in a mouse
model (25) and inhibits growth and induces apoptosis as
well as cell cycle arrest (S or G, phase) in various human
cancer cell lines (26,27). The present study revealed that
8-ADEQ treatment concentration- and time-dependently
arrested HeLa cells in the G,/M phase of the cell cycle. To
further determine whether 8-ADEQ-induced G,/M phase
arrest would be irreversible, cell cycle arrest was examined
after being washed with 8-ADEQ-free media. Following
treatment with 8-ADEQ (8 uM) for 25 h, media in the cells
were changed to 8-ADEQ-free media and then incubated
for 12 h. The 8-ADEQ-induced G,/M phase arrest was not
prevented after washing the cells with 8-ADEQ-free media in
comparison to the only 8-ADEQ-treated cells. This indicates
that 8-ADEQ-induced cell cycle arrest is irreversible (data not
shown). In several species, inactivation of the Cdkl/cyclin Bl
kinase complex is the main stream of the blocking progres-
sion from the G, phase into mitosis, which is induced by DNA
damage and replication checkpoints (28). In 8-ADEQ-treated
cells, a marked upregulation in the cyclin Bl level and an
accumulation of phosphorylated Cdkl1 (Tyrl5) were accom-
panied by cell cycle arrest, which suggested that the cells
had downregulated the kinase function of Cdkl in response
to incubation with the 8-ADEQ. This is accomplished in part
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by maintaining the Cdc25 phosphatase in a phosphorylated
form (Ser216) that offers a binding site for 14-3-3 proteins
and results in degradation of Cdc25C protein (29). Moreover,
the Cdc25C protein degradation is significant to 8-ADEQ-
induced G,/M arrest since a Cdc25C-specific proteosome
inhibitor, lactacystin, treatment (data not shown) abrogated
these cell cycle arrests. Notably, treatment with §-ADEQ did
not influence the expression level of Cdc25C at 25 h, whereas it
significantly reduced this protein level at 48 h suggesting that
G,/M arrest by 8-ADEQ is mediated by the level of Cdc25C
proteins at late time (data not shown). Further investigations
should provide a thorough analysis of the Cdc25C expression
at late time within the 8-ADEQ-treated cells. The activation
of Cdc25C is controlled by its inhibitory phosphorylation
on Ser216 residue by checkpoint kinases Chkl and Chk2
in response to the DNA damage by the IR and/or UV light
and by interference with the DNA replication (30). Although
Chkl and Chk2 kinases are structurally distinct, they are
functionally related and phosphorylate an overlapping pool of
cellular substrates (17). Chkl is activated by ATR, whereas
Chk?2 is activated by ATM-dependent phosphorylation (31).
The results of the present study indicate that phosphorylation
of Chkl (Ser345) and Chk2 (Thr68) was very low in control
HeLa cells, but increased time-dependently upon 8-ADEQ
treatment. The time course for phosphorylation of Cdc25C
treated with 8-ADEQ mirrored those of the Chkl and Chk?2
phosphorylation.

Many forms of post-translational modifications have been
implicated in the regulation of p53 activity. In particular, phos-
phorylation of p53 has been studied extensively and was shown
to be involved in the activation of p53 in response to genotoxic
and other forms of stress (32). By and large, activation of p53,
which is activated by genotoxic stress, may trigger the onset
of DNA repair and leads to the G, cell cycle arrest (13). In
the present study, we demonstrated that 8-ADEQ induced the
phosphorylation of p53 at Serl5, which was suggested to play a
positive role on the p53 activation. Furthermore, silencing p53
expression substantially prevented the cells from undergoing
G,/M arrest, which suggested that pS3 plays an important role
for the 8-ADEQ-induced cell cycle. The p21"P"WAF! protein
is a universal inhibitor of CDKs and is mainly regulated by
the p53 tumor-suppressor protein (33). Additionally, our data
suggest that p21<""VWAF! ypregulation by 8-ADEQ may be
involved in a p53-dependent pathway.

Several studies have shown that resveratrol induces DNA
damage in many human cancer cell lines (34) and that it is
capable of binding to the DNA and cleave or damage the
DNA in a Ca**-dependent pathway (35). H2A X is a variant
form of histone H2A that is phosphorylated at Ser139 by
ATM or ATR, and marks an early event in response to DNA
damage (36). The present study indicated that §-ADEQ
induces selective phosphorylation of H2A.X at Ser139 in the
HeLa cells.

The proximal transducer kinases ATM and ATR, both
possess the functional sensors of the DNA damage. ATM is a
phosphoinositide 3-kinase-related kinase that plays an important
role in cell proliferation and DNA repair (37). The DNA damage
check points are predominantly associated with the activation of
the ATM, whereas the ATR is activated by stalling of the repli-
cation fork induced by UV damage, nucleotide imbalance and



2646

the DNA cross-linking (38). During this process, the ATM
undergoes autophosphorylation on Ser1981 and is recruited
to sites of the DNA damage where it initiates a series of
signaling cascades by phosphorylating multiple DNA damage
response and cell cycle proteins including Chkl1 (Ser345 and
Ser317) and Chk2 (Thr68) (39). The DNA damage activates
the ATM/ATR kinases, initiating two parallel cascades that
inactivate Cdkl-cyclin B, a critical complex in regulation of
the G,/M transition (40,41). The first cascade involves the
key player, pS3. Phosphorylation of p53 dissociates it from
the MDM2 and hence activates its transcriptional activity.
The p53-mediated downstream gene expressions, such as
14-3-3, GADD45 and p21°™PVWAF! ‘inhibits the Cdk1-cyclin B
complex. The second cascade involves phosphorylation and
inactivation of Cdc25 phosphatases by Chk kinases, and the
inactivated Cdc25 phosphatases is no longer able to activate
Cdk1 (42). Studies have indicated that Cdc25A is a critical
regulator of the G,/S phase transition, whereas Cdc25B and
Cdc25C are predominantly expressed in G, and M phases
to regulate entry of the cells into the M phase by dephos-
phorylation/activation of the Cdkl-cyclin B complex (28).
Our results clearly demonstrate that §-ADEQ treatment
activates ATM and ATR by respective phosphorylation of
Ser1981 and Ser428 residues. This finding is in line with a
previous study wherein resveratrol induced cell cycle arrest
via ATM/ATR-Chk1/2-Cdc25C-Cdkl1 pathway in ovarian
cancer cells (37). To show the involvement of ATM/ATR in
8-ADEQ-mediated cell cycle arrest, we selectively silenced
the expression of these proteins by ATM/ATR-specific
siRNAs. Silencing ATM/ATR expression prevented the
8-ADEQ-treated cells from undergoing G,/M arrest.
Moreover, caffeine has been shown to inhibit ATM/ATR
kinase activities (43). We demonstrated that inhibition of
ATM/ATR by caffeine markedly attenuated the §-ADEQ-
induced G,/M arrest (Fig. 3B).

In conclusion, the present observations support the idea
that 8-ADEQ treatment inhibits the proliferation of human
cervical cancer HeLa cells by DNA damage-mediated G,/M
cell cycle arrest. This is mediated by the activation of both
Chk1/2-Cdc25 and p53-p21°TPVWAF! via ATM/ATR pathways.
Accordingly, we conclude that 8-ADEQ appears to have
potential in the treatment of cervical cancer.
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