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ARTICLE INFO ABSTRACT

Keywords: In this study, several resveratrol analogs were synthesized and evaluated in search of a more effective anti-
N-(4-Methoxyphenyl)-3,5-dimethoxybenamide proliferative resveratrol analog. Among the evaluated resveratrol analogs, we have identified N-(4-methox-
Resveratrol yphenyl)-3,5-dimethoxybenamide (MPDB) as a potent anti-proliferative compound. Treatment with MPDB re-
Antiproliferation sulted in G»/M phase cell cycle arrest, which was accompanied by alteration of G,/M-related protein expression
iig xoiriZESt and phosphorylation. MPDB-induced G,/M arrest was blocked by transfection of ATM/ATR siRNAs, indicating

the critical role of ATM/ATR in G,/M phase arrest. In addition, treatment with MPDB displayed the activation of
caspase and decreased Bcl-xl protein expression after 20 h in HeLa cells. Moreover, MPDB increased cytosolic
cytochrome c release and Fas and Fas-L protein expression, indicating intrinsic and extrinsic apoptosis pathway,
respectively. These results suggest that MPDB is a new and potent compound that induces ATM/ATR-dependent
G»/M phase cell cycle arrest and apoptosis, implicating it as a putative candidate in the investment of cervical
cancer therapy.

1. Introduction

The adult human body consists of about 50-100 trillion cells. Each
day, several billions of these cells divide in two to replace the billions of
cells that die, and are removed. The correlation between the cell cycle
and cancer is obvious: cell cycle machinery controls cell proliferation,
and cancer is a disease of inappropriate cell proliferation (Asghar et al.,
2015). Basically, all cancers permit the existence of too many cells, but
this cell number excess is linked in a vicious cycle with a reduction in
sensitivity to signals that normally tell a cell to adhere, differentiate, or
die. This combination of altered properties increases the difficulty of
deciphering which changes are primarily responsible for causing
cancer. There are an estimated 520,000 new cervical cancer cases per
year worldwide (Torre et al., 2015). Although it is hoped that in the
future, human papillomavirus vaccines and cancer drug will prevent

cervical cancer, the treatment options for patients with metastatic,
persistent, or recurrent disease are very limited, and cervical cancer is
currently the third leading cause of death among women in developed
countries. In the advanced stage, cervical cancer is a chemotherapy-
refractory disease for which durable palliation or cure is rarely
achieved (Ramondetta, 2013). In this regard, there is urgent need to
develop a new strategy for the disease.

Cells progress the cell cycle in several well-controlled phases (Diaz-
Moralli et al., 2013). In the G; phase, cells commit to enter the cell
cycle, and prepare to duplicate their DNA in S phase. After S phase, cells
enter the G, phase, where repair might occur, along with preparation
for mitosis in M phase. In the M phase, chromatids and daughter cells
separate. After M phase, the cells can enter G; or Gy, a quiescent phase.
Cell cycle progression and cell division is under the control of a tightly
regulated network of cell division kinases and numerous surveillance
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mechanisms, the so-called checkpoints. Cyclin-dependent kinases
(CDKs) and regulatory subunits cyclins control the cell cycle progres-
sion, which is triggered by phosphorylation of Rb. Members of the Cip/
Kip family of CDK inhibitor (CDKI), such as p21%P/Wafl apd p27Xiel,
disrupt these interactions, and inhibit cell cycle progression. The reg-
ulation of the cell cycle is tightly linked to the control of cell death.
Cyclins and CDKs can modulate apoptotic cell death pathways, and CDK
inhibitors also play the role of a key regulator in carcinogenesis and the
promotion of tumors (Hydbring et al., 2016). This multiplicity of reg-
ulatory mechanisms allows cell cycle progression to be responsive to a
diverse array of external and internal factors, and induces prevention of
cell cycle progression, leading to apoptosis when DNA damage would
make such progression harmful to the cell. Resveratrol (3,5,4’-trihy-
droxy-trans-stilbene) is a polyphenolic phytoalexin, a class of antibiotic
compounds that are produced as a part of the plant's defense system
against disease, and found in grapes and berries of the Vaccinum species
(Rossi et al., 2018). Resveratrol has been extensively considered for its
various biological activities, like cardiovascular protection, anti-oxi-
dative, anti-inflammatory, and anti-aging activities (Carter et al.,
2014). In addition, resveratrol has also been observed to possess a
chemopreventive activity against all the three major stages of carci-
nogenesis of initiation, promotion, and progression, and inhibits growth
and induces apoptosis, as well as cell cycle arrest, in various human
cancer cell lines (Estrov et al., 2003; Trincheri et al., 2007). Moreover,
several studies have observed that resveratrol and its analogs induced
DNA damage in various human cancer cell lines, and that it could bind
to DNA, and cleave or damage DNA in a Cu®?* dependent pathway
(Azmi et al., 2005; Zheng et al., 2006). We also previously reported that
resveratrol analog (E)-8-acetoxy-2-[2-(3,4-diacetoxyphenyl)ethenyl]-
quinazoline induced cell cycle arrest through the activation of ATM/
ATR in human cervical carcinoma HelLa cells and apoptosis via Fas-
mediated pathway in HL-60 human leukemia cells (Kim et al., 2015;
Park et al., 2016). In this study, we screened the cytotoxic activity of
various resveratrol analogs, and elucidated the mechanism involving
the induction of cell cycle arrest and apoptosis on HeLa human cervical
cancer cells.

2. Materials and methods
2.1. Materials

RPMI 1640 medium, FBS, penicillin, and streptomycin were ob-
tained from Life Technologies (Grand Island, NY, USA) and broad
caspase inhibitor z-VAD-fmk was from Calbiochem (Bad Soden,
Germany). Antibodies for CDK2, Cyclin B1, weel, p53, p21¢P1/Wafl,
p27, caspase-3, PARP, Bcl-2, Bcl-xL, Fas, Fas-L, FLIP, and B-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies for p-CDK1 (Tyr15), CDK1, p-Cdc25C (Ser216), Cdc25C, p-
Chk1 (Ser345), p-Chk2 (Thr68), Chkl, Chk2, p-p53 (Serl5), p-p53
(Ser20), p-H>AX (Ser139), p-ATM (Ser1981), p-ATR (Ser428), ATM,
ATR and caspase-9 were purchased from Cell Signaling Technology
(Beverly, MA, USA) In addition, antibodies for caspase-9 and cyto-
chrome c were purchased from BD Biosciences, Pharmingen (San Diego,
CA, USA). Resveratrol, lactacystin, propidium iodide (PI), 3-(4,5-
Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), and
other reagents were purchased from Sigma (St. Louis, MO, USA). The
resveratrol analogs were synthesized using the previously reported
method (Table 1, (Choi et al., 2006; Choi et al., 2004).

Compound 1. 2,6-dimethoxy-N-phenylbenzamide: mp 169.65-171 °C;
'H-NMR (CDCls): 8 7.58 (d, 2H, J = 7.5Hz), 7.36 (br s, 1H), 7.26 (dd,
3H,J = 16.5, 8.4 Hz), 7.05 (t, 1H, J = 7.4 Hz), 6.53 (d, 2H, J = 8.4 Hz),
3.77 (s, 6H).

Compound 2. N-(4-methoxyphenyD)-3,5-dimethoxybenzamide
(MPDB): mp 94.6-95.75 °C; "H NMR (CDCl3): & 8.11 (s, 1H), 7.51 (d,
2H, J = 8.7 Hz), 6.94 (d, 2H, J = 2.4 Hz), 6.84 (m, 2H), 6.55 (t, 1H,
J = 2.4Hz), 3.78 (s, 3H), 3.76 (s, 6H).
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Compound 3. 2,6-Dimethoxy-N-(4-methoxyphenyl)benzamide: mp
151.37-157.87 °C; '"H NMR (CDCl3): 8 7.52-7.47 (m, 2H), 7.28 (s, 1H),
7.24 (t, 1H, J = 8.4 Hz), 6.81 (m, 2H), 6.52 (d, 2H, J = 8.4 Hz), 3.76 (s,
6H), 3.73 (s, 3H).

Compound 4. 2,6-Dimethoxy-N-(4-butoxyphenyl)benzamide: mp
124.8-126.25 °C; 'H NMR (CDCI3): & 7.55 (m, 2H), 7.34-7.28 (m, 2H),
6.88 (m, 2H), 6.61 (s, 1H), 6.58 (s, 1H), 3.96 (t, 2H, J = 6.6 Hz), 3.84
(s, 6H), 1.75 (m, 2H), 1.50 (m, 2H), 0.98 (t, 3H, J = 7.2 Hz).

Compound 5. N-(3,4-Dimethoxyphenyl)-2,4,6-trimethoxybenzamide:
mp 176.05-177.35°C; "H NMR (CDCl,): & 7.64 (d, 1H, J = 2.4 Hz),
7.41 (s, 1H), 6.91-6.80 (m, 2H), 6.15 (s, 2H), 3.92 (s, 3H), 3.87 (s, 3H),
3.85 (s, 3H), 3.83 (s, 3H).

Compound 6. 2,5-Dimethoxyl-N-(4-methoxyphenyl)benzamide: mp
94.2-95.35 °C; 'H NMR (CDCls): 6 7.85 (d, 1H, J = 2.7 Hz), 7.61-7.56
(m, 3H), 7.03 (dd, 1H, J = 2.7 Hz; 2.7 Hz), 6.97 (d, 1H, J = 9.0 Hz),
6.91 (d, 2H, J = 9.0 Hz), 4.01 (s, 3H), 3.85 (s, 3H), 3.82 (s, 3H).

Compound 7. 2,4-Dimethoxy-N-(4-methoxyphenyDbenzamide: mp
98.25-99.5°C; 'H NMR (CDCl3): & 9.56 (s, 1H), 8.26 (d, 1H,
J = 8.7Hz), 7.57 (m, 2H), 6.89 (m, 2H), 6.65 (dd, 1H, J = 2.4 Hz;
2.4Hz), 6.53 (d, 1H, J = 2.4 Hz), 4.02 (s, 3H), 3.87 (s, 3H), 3.81 (s,
3H).

Compound 8. 2-(2-Methoxybenzoylamino)benzoic acid methyl ester:
mp 67.95-69.3°C; 'H NMR (CDCly): & 12.18 (s, 1H), 8.94 (dd, 1H,
J = 0.9Hz; 1.2Hz), 8.20 (dd, 1H, J = 1.8 Hz; 1.8 Hz), 8.03 (dd, 1H,
J = 1.8Hz; 1.8 Hz), 7.57 (m, 1H), 7.47 (m, 1H), 7.09 (m, 2H), 7.02 (m,
1H), 4.07 (s, 3H), 3.91 (s, 3H).

2.2. Cell culture and MTT assay

HeLa, CaSki and SiHa human cervical carcinoma, HL-60 human
leukemia, and MRC5 human normal lung fibroblast cell lines were
obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea) and
immortalized ovarian surface epithelial (IOSE-80PC) normal cell were
kindly provided by Dr. Auer-sperg (University of British Columbia,
Canada) and A. Godwin (Fox Chase Cancer Center, Philadelp hia, PA,
USA). Cells were cultured in RPMI 1640 medium (Life technologies Inc.
Grand Island, NY, USA) with 10% heat-inactivated fetal bovine serum
(FBS), penicillin (100 units/ml) and streptomycin sulfate (100 pug/ml)
(Life Technologies Inc.) in a 37 °C, CO, incubator in the presence or
absence of the chemicals. The cytotoxicity was measured using a MTT
assay as previously described (Chung et al., 2010). Briefly, the 5,
000 cells were seeded in each well containing 100 ul of the RPMI
medium supplemented in a 96-well plate. After 24h, various con-
centrations of MPDB were added. After 48 h, 50 ul of MTT (5 mg/ml
stock solution) was added and the plates were incubated for an addi-
tional 4 h. The medium was discarded and the formazan blue, which
was formed in the cells, was dissolved with 100 pul DMSO. The optical
density was measured by spectrometer reader at 540 nm.

2.3. Colony formation assay

Colony formation assay was performed as previously described
(Jang et al., 2017). HeLa cells were seed in 60 mm dishes (1000 cells
per dish). The next day, cells were treated with various concentration of
MPDB. After treatment of MPDB for 24 h in HeLa cells, medium was
changed. The cells kept growing in fresh medium without any treat-
ment during 10 days. The medium was discarded and the colonies,
which was formed in the plate were fixed with 100% methanol for
10min and stained with 0.1% crystal violet solution for 1h. After
washing with PBS, the dishes were air-dried and the colonies were
counted.

2.4. Analysis of cell cycle progression

HelLa cells were seed in 60 mm dishes (300,000 cells per dish). The
next day, cells were treated with 354 MPDB for 25 h. After treatment
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Table 1
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In vitro cytotoxic activity of resveratrol and its amide analogs on the proliferation of various cancer cells.

OH
HO l N O

OH Ry
Resveratrol Amide analogs

Compound Substituent 1Cs0 (UM)

R1 R2 R3 R4 R5 R6 R7 Hela HL-60
1 OCHj3 H H H OCHj3 H H > 300 > 300
2 H OCH3; H OCH3 H H OCH3 38.9 47.7
3 OCHj3 H H H OCH3 H OCHj3 > 300 > 300
4 OCHj,4 H H H OCH, H 0C,H, > 300 > 300
5 OCH3 H OCHj; H OCHj; OCH3 OCHj3 > 300 101.8
6 OCHj3 H H OCHj; H H OCHj3 > 300 101.6
7 OCHj3 H OCHj3; H H H OCHj3; > 300 110.5
8 H H CH; H H H COOCH3 > 300 > 300
Resveratrol 152.4 64.1

with or without MPDB, cells were harvested and fixed in 70% ethanol
for 1h on ice. After washing with PBS, cells were labeled with PI
(50 pg/ml) in the presence of RNase A (100 pg/ml) and incubated at
room temperature in the dark for 30 min and analyzed using the
fluorescence-activated cell sorting (FACS) cater-plus Flow cytometry
(Becton Dickinson Co., Germany).

2.5. Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay

HeLa cells were seed in 4 well chamber slide (5000 cells per well).
The next day, cells were treated with various concentration of MPDB for
48 h, and TUNEL assay was carried out according to the manufacturer's
instructions (in situ cell death detection kit, POD, Roche, Germany).
Briefly, after fixation with 25% formaldehyde, permeabilization buffer
was treated and then immersed in TUNEL reaction mixture for 1hat
37 °C under humidified atmosphere in the dark. The slides were then
washed with PBS and stained cells indicating apoptotic death cells were
determined using an Olympus microscope (OLYMPUS cellSens
Standard 1.9., Tokyo, Japan) with Bio-rad Quantity One” Software (ver
4.6.3) and cell viability was examined from cell death ratio.

2.6. Small interfering RNA transfection

RNA interference of control, ATM, ATR and p53 was performed
using 21 bp (including a 2-deoxynucleotide overhang) siRNA duplexes
purchased from Invitrogen. HeLa cells were transfected with 100 nM
siRNA duplexes using Lipofectamine™ RNAiMAX (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's recommendations. After 48 h
of transfection, cells were treated with or without MPDB for 15h.

2.7. Western blot analysis

Cells were lysed in ice-cold cell lysis buffer (50 mM HEPES pH 7.0,
250 mM NaCl, 5mM EDTA, 0.1% triton X-100, 0.5 mM DTT, 5 mM NaF,
0.5 mM sodium orthovanadate, 0.1 mM PMSF, 20 pug/ml aprotinin, and
20 pg/ml leupeptin) for 20 min on ice. Cell debris was removed by
microcentrifugation (10,000 g, 5 min), followed by quick freezing of the
supernatants. Protein concentration was determined by Bio-Rad protein
assay reagent. Cellular proteins (20-40pg) were electroblotted onto
nitrocellulose membrane following separation on a 10-12% SDS-poly-
acrylamide gel electrophoresis. The immunoblot was incubated
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overnight with blocking solution (5% skim milk in Tris-buffered saline
containing Tween20 (TTBS)) then incubated for further 4h with a
1:1000 dilution of primary an tibodies. Blots were washed three times
with TTBS, then incubated with a 1:1000 dilution of horseradish per-
oxidase-conjugated secondary antibody for 1hat room temperature.
Blots were washed again three times with TTBS, and developed by
enhanced chemiluminescence (GE Healthcare, Milwaukee, WI, USA).

2.8. DAPI assay

DAPI assay were modified and performed as described previous
report (Cho et al., 2009). Cells were lysed in a solution of 1 M Tris-HCl
(pH 7.4) and 0.5 M EDTA that contained 0.5% (w/v) Triton X-100 for
20 min on ice. The lysate and the supernatant after centrifugation at
25,000 g for 20 min were sonicated for 20 s. The level of DNA in each
fraction was measured by a fluorometric method with the fluorescent
reagent 0.1 ug/ml DAPIL The amount of the fragmented DNA was cal-
culated as the ratio of the amount of DNA in the supernatant to that in
the lysate.

2.9. Preparation of cytosolic and mitochondrial fractions

Cells were lysed with 100 ul of mitobuffer (20 mM HEPES, 1 mM
EGTA, 1 mM EDTA, 10 mM KCl, 1.5mM MgCl,, 1 mM DTT, 0.1 mM
PMSF, 2ug/ml leupeptin, 2ug/ml pepstain, 2pug/ml aprotinin) and
homogenized with the pestle on ice. The homogenate was centrifuged
at 845g for 20 minat 4°C and the supernatant was centrifuged at
11,363 g for 20 min at 4 °C. The resulting pellet was lysed with mito-
buffer and represented the mitochondrial fraction (M). The supernatant
was centrifuged further at 18,407 g for 20 min at 4 °C. The final super-
natant represented the cytosolic fraction (C).

2.10. Statistical analysis

Data presented are the means * S.D. of results from three in-
dependent experiments with similar patterns. P < 0.05, P < 0.01
and **P < 0.001 vs control group, *P < 0.05, **P < 0.01 and
###p < 0.001 vs MPDB-treated group; significance of difference be-
tween treated groups by Student's t-test.
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Fig. 1. Effect of MPDB on the growth inhibition and cell cycle distribution at G,/M in HeLa cells. (A) Human cervical carcinoma HeLa, CaSki and SiHa, human
normal lung fibroblast MRC5, and IOSE-80PC normal cells were treated with various concentration of MPDB for 48 h, and cytotoxicity was determined by MTT assay.
(B) HelLa cells were treated with various concentration of MPDB for 48 h, and cell viability was examined by TUNEL assay. (C) Colony formation was performed after
treatment of MPDB in HelLa cells. (D) Cell cycle distribution was analyzed after treatment of MPDB in HeLa cells. Data are presented as mean = SD of three
independent experiments. ***P < 0.001 vs. the control group; **#*P < 0.001 vs. the MPDB-treated Hela cell group.

3. Results and discussion

3.1. MPDB attenuated the growth and cell cycle progression at G,/M phase
in HeLa cells

Resveratrol is a class of polyphenolic compounds with a relatively
broad distribution in plants and various human foods, including red
wines, peanuts, and blueberries (Shukla and Singh, 2011). It has been
shown to have potential activity of cancer prevention, and to induce
cell cycle arrest or apoptosis in various cancer cells. With reference to
these chemopreventive effects of resveratrol, we have tried to prepare
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resveratrol analogs with more potent anti-proliferative activity. Here,
resveratrol analogs were synthesized using the previously reported
method (Choi et al., 2004, 2006), and investigated in search of more
efficient and potent chemopreventive agents than resveratrol. To verify
the inhibitory effects of resveratrol analogs on cancer cell growth, we
determined the cytotoxicity of resveratrol and its analogs using MTT
assay. Table 1 shows that the evaluated analogs revealed varying de-
grees of cytotoxicity, as assessed using their ICso values. Among the
compounds, MPDB showed more potent cytotoxicity than resveratrol
on HeLa and HL-60 cells. This enhanced activity is understandable in
lieu of literature reports showing resveratrol which possess three polar
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Fig. 2. Effect of MPDB on the G,/M arrest-related protein expression in HeLa cells. (A) Cells were treated with 35 uM MPDB for the indicated time, and protein
expression levels were examined using western blot analysis. B-Actin was used as an internal control. (B) and (C) Cells were pretreated for 2 h with or without 5 uM
lactacystin, followed by 35uM MPDB treatment for 15h. Protein lysates that were prepared from cells were subjected to western blot analysis, to determine
representative proteins. Cell cycle distribution was stained with PI, and analyzed by flow cytometry, as described in the Materials and Methods. Ratio of relative
density was determined by densitometric analysis program (Bio-rad Quantity One” Software) normalized to B-actin. Data are presented as mean * SD of three
independent experiments. ***P < 0.001 vs. the control group, **#*P < 0.001 vs. the MPDB-treated group.

hydroxyl groups elicits poor pharmacokinetics and lower cytotoxic
activity that the 3,5,4’-trimethoxystilbene in which the three hydroxyl
groups were converted to methoxy groups (Hassan et al., 2019). Thus,
while the clinical activity of resveratrol is not confirmed, the methy-
lated analogs has shown a proven in vitro and in vivo activity. This
might arise from the decreased polarity which enhance compound
crossing of cell membrane to reach its molecular target and/or en-
hanced binding affinity. Methoxy groups possess the ability to form

hydrophobic interactions which cannot be established by the hydroxyl
groups. Therefore, if binding to the molecular target/receptor is de-
pending on accepting hydrogen bonds as well as the formation of hy-
drophobic Van der Waals interactions, methoxy derivatives would elicit
enhanced interaction with the molecular target/receptor. The desired
anti-proliferative agent would induce cytotoxicity in tumor cells with
little effect in normal cells, and thus would be devoid of undesirable
side effects. To check whether MPDB shows cytotoxicity on normal cells
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control group, *##P < 0.001 vs. the MPDB-treated group.
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Fig. 4. Effect of MPDB on DNA damage and ATM/ATR-dependent G,/M arrest in HeLa cells. (A) The protein expression levels were examined using western blot
analysis. B-Actin was used as an internal control. (B and C) HeLa cells were transfected with control, ATM, and ATR siRNA, and the expression levels of ATM and ATR
were determined using western blot analysis. Control, ATM, and ATR siRNA-transfected HeLa cells were treated with 35 uM MPDB for 15 h. Cell cycle distribution
was analyzed by flow cytometry, and the expression levels of protein were determined using western blot analysis. Ratio of relative density was determined by
densitometric analysis program (Bio-rad Quantity One” Software) normalized to B-actin. Data are presented as mean + SD of three independent experiments.
***p < 0.001 vs. the control group, **P < 0.01, **#P < 0.001 vs. the MPDB-treated group.

or not, MRC5 normal human lung fibroblasts and IOSE-80PC im-
mortalized ovarian surface epithelial cells were examined to compare
with HelLa cells. Fig. 1A shows that MPDB induced lower cytotoxicity in
MRC5 (ICso > 200 uM) and IOSE-80PC (ICso = 147.53 uM) than HeLa
(ICso = 38.9 M), CaSki (ICso = 39.01 pM) and SiHa (ICso = 96.87 uM)
cells. In addition, we performed TUNEL assay to further confirm the cell
viability of MPDB in HeLa cells. As shown in Fig. 1B, green fluorescent
cells indicating apoptotic death were observed and cell viability was
significantly decreased by MPDB treatment in HeLa cells. In addition,
TUNEL assay revealed that ICso was 37.9 uM indicating a similar value
with ICso of MTT assay. These results indicate that MPDB may selec-
tively target cancer cells rather than normal cells, which is crucial for
the success of potential cancer preventive agents.

Colony formation is an in vitro cell survival assay that is based on
the ability of a single cell to grow into a colony. The assay essentially
tests every cell in the population for its ability to undergo “unlimited”
division (Franken et al., 2006). Our data revealed that MPDB sig-
nificantly and concentration-dependently inhibited the colony forma-
tion rate (Fig. 1C).

Several studies suggested that resveratrol and its analogs induce cell
cycle arrest, leading to cancer cells' death (Kim et al., 2015; Wang et al.,
2010; Zielinska-Przyjemska et al., 2017). In previous reports, pter-
ostilbene, a dimethylether analog of resveratrol, was found to possess
anti-proliferative effects involving the suppression of G; and S phase
cell cycle progression (Wang et al., 2010; Zielinska-Przyjemska et al.,
2017). To assess whether the anti-proliferative effect of MPDB is caused
by perturbation in the cell cycle progression, cell cycle distribution was
determined by flow cytometry after staining of the cells with PIL. Fig. 1D
shows that concomitant with growth inhibitory effects, treatment with
35 uM MPDB for 20 h induced a time-dependent accumulation of cells
in Go/M phase from 28.3 to 67.5%, which was accompanied by a de-
crease in G; phase from 60.1 to 13.5%. However, after 15 h incubation
with 35uM MPDB, the proportion of G,/M phase was decreased,
whereas at 25h, the sub-G; proportion was significantly increased by
36%. These results indicate that treatment with 35 pyM MPDB induced
G>/M cell cycle arrest until 15h, and then followed cell death in HeLa
cells.

3.2. MPDB suppressed G2/M phase-regulatory protein expression in HeLa
cells

The Cdc2/cyclinBl kinase complex, which is considered a main
regulator of progression from G, to M phase, is regulated by the
phosphorylation of specific residues of Cdc2. During the Go/M transi-
tion, Cdc2 is converted into active form by Tyrl5 dephosphorylation
catalyzed by the Cdc25C tyrosine phosphatase (Senderowicz and
Sausville, 2000). In this regard, to gain insights into the molecular
mechanism of cell cycle arrest upon treatment with MPDB, levels of G,/
M-regulated proteins were compared by western blot analysis. Treat-
ment of MPDB in HelLa cells resulted in increase of phosphorylations of
Cdc2 (Tryl5) and Cdc25C (Ser216), and protein expression of Weel
(Fig. 2A). Meanwhile, protein expression levels of CDK2 and Cyclin Bl
were not noticeably altered by MPDB treatment in HeLa cells. Treat-
ment of MPDB in HeLa cells induced phosphorylation of Cdc25C
(Ser216). Maintaining the Cdc25 phosphatase in a phosphorylated form
(Ser216) offers a binding site for 14-3-3 proteins, and results in de-
gradation of Cdc25C protein in the ubiquitin-proteasome system (Levy
et al., 2011). Therefore, we investigated the effect of decline in Cdc25C
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expression by the ubiquitin-proteasome system in MPDB-induced G,/M
cell cycle arrest using a lactacystin, a specific inhibitor of proteasome.
The decline in Cdc25C protein levels leading to the phosphorylation of
Cdc2 (Tyrl5) upon treatment with MPDB was nearly blocked in the
presence of lactacystin (Fig. 2B), thus, protecting against MPDB-in-
duced Gy/M arrest (Fig. 2C). These results indicate that the MPDB-in-
duced cell accumulation at Go/M phase is involved in a proteasome
degradation of Cdc25C in HeLa cells.

3.3. MPDB induced phosphorylation of checkpoint kinase and CDKIs in
HeLa cells

Chk1 and Chk2 are intermediaries of DNA damage checkpoints, and
a major role of these kinases is the triggering cell-cycle arrest to enable
DNA repair. Although Chkl and Chk2 are structurally distinct, they
have functionally related kinases that phosphorylate an overlapping
pool of cellular substrates (Smith et al., 2010). Because phosphorylation
of Cdc25 C at Ser216 is regulated by Chkl and Chk2, which are inter-
mediaries of DNA damage checkpoints that are activated by the phos-
phorylation of Ser345 and Thr68, respectively (Bartek and Lukas,
2003), we examined whether MPDB treatment affects the phosphor-
ylation of Chkl or Chk2 in HeLa cells. After MPDB treatment, phos-
phorylation levels of Chk1 and Chk2 were increased as early as 5h, and
persisted for the duration of the experiment (Fig. 3A), while levels of
Chk1 and Chk2 proteins were not affected by MPDB treatment. In ad-
dition, because these two checkpoint kinases act upstream of p53,
which lead to the upregulation of CDKIs, such as p21P1/Wafl and p27
(Chen and Poon, 2008), we assessed the effect of MPDB on p53,
p21€iP1/Wafl “and p27 protein levels by western blot analysis. Our data
showed a marked and time-dependent increase of p53 phosphorylation
at Serl5 and Ser20, and also treatment of MPDB increased the protein
expression levels of p53 (Fig. 3B). Moreover, treatment of MPDB re-
sulted in an increase of p21PYWafl and p27 proteins, compared with
control. To verify the role of p53 in Go/M arrest in MPDB-treated cells,
we analyzed cell cycle distribution after knockdown of p53 using siRNA
transfection. Fig. 3C shows that the treatment of control siRNA-trans-
fected cells with MPDB resulted in about a 2.5-fold increase in Go/M
phase cells. The MPDB-induced G,/M arrest was partially but sig-
nificantly abrogated in p53 siRNA-transfected cells, indicating that p53
is partially involved in MPDB-induced G,/M arrest.

3.4. MPDB responded to DNA damage involving ATM/ATR activation in
HelLa cells

Because phosphorylation of histone H,AX at Ser139 (y-H,AX) is
abundant, fast, and correlates well with each double-stranded break, it
is the most sensitive marker that can be used to examine the DNA da-
mage produced, and the subsequent repair of the DNA lesion (Sharma
et al., 2012). DNA damage activated in response to genotoxic stress in
eukaryotic cells is sensed by ATM and ATR, for early signal transmis-
sion through the cell cycle checkpoints (Matsuoka et al., 2007). DNA
damage activated the two main signaling pathways, which consist of
the ATM-Chk2 and ATR-Chk1 protein kinases (Niida and Nakanishi,
2006). When double-strand DNA breaks occur, ATM is activated, which
activates Chk2. Western blot analyses revealed that MPDB treatment
caused DNA double-strand breaks, as evidenced by identifying phos-
phorylated histone H>AX (Ser139) as early as 5h (http://www.jbc.org/
cgi/content/full/279/24/25813 Fig. 4A). In addition, phosphorylation
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Fig. 5. Effect of MPDB on apoptosis induction and apoptosis regulatory protein in HeLa cells. (A and B) HeLa cells were treated with various concentration of
MPDB for the indicated time. The extent (%) of DNA fragmentation was determined by fluorometric method using DAPI. (C) The protein expression levels were
examined using western blot analysis. B-Actin was used as an internal control. (D) Cells were pretreated for 1 h with or without 50 uM z-VAD-fmk, a broad caspase
inhibitor, followed by 35 M MPDB treatment. After 25h, the DNA fragmentation was determined by fluorometric method using DAPI. (E and F) The expression
levels of representative protein were examined using western blot analysis. Ratio of relative density was determined by densitometric analysis program (Bio-rad

Quantity One’ Software) normalized to B-actin. Data are presented as mean

###p < 0.001 vs. the MPDB-treated group.

+

SD of three independent experiments. ***P < 0.001 vs. the control group,

of ATM increased at 5 h, then declined to basal level, whereas in MPDB-
treated HeLa cells, phosphorylation of ATR time-dependently increased
until 15 h. To identify whether activation of ATM and ATR may play a
pivotal role in MPDB-induced G,/M phase arrest, HeLa cells were
transfected with ATM and ATR siRNAs, respectively, followed by ex-
amination of the cell cycle distribution and expression levels of G,/M
phase arrest-related protein after MPDB treatment. In the cells trans-
fected with control siRNA, MPDB caused a pronounced G,/M phase
arrest, whereas transfection by ATM or ATR siRNAs attenuated the ef-
fect of MPDB- induced Go/M phase arrest (http://www.jbc.org/cgi/
content/full/279/24/25813 Fig. 4B). In addition, down-regulation of
ATM and ATR levels prevented MPDB-induced phosphorylation of
Cdc2, Cdc25C, Chkl, and Chk2, and expression of CDK inhibitor,
p21CPY/Watl and p27 in Hela cells. In line with these observations,
Alpna et al. reported that resveratrol upregulated Cdc2 phosphorylation
at Tryl5 via ATM/ATR-Chk1/2-Cdc25C pathway as a central me-
chanism for DNA damage in ovarian cancer cells (Tyagi et al., 2005).
Taken together, these results also suggest that MPDB-induced G,/M
phase arrest, and the activation of Chk1 and Chk2 is dependent on ATM
and ATR status, involving DNA damage.

3.5. MPDB-induced apoptosis required the alteration of caspase activities
and Bcl-2 protein expression in HeLa cells

Activation of checkpoints in response to DNA damage leads to cell
cycle arrest; but in the case of severe damage, apoptotic cell death is
followed by cell cycle arrest (Su, 2006). Cell cycle and apoptosis are
becoming increasingly appreciated as targets for intervention against
cancer. In these regards, resveratrol is a promising agent, as it is capable
of eliminating cancer cells by inhibiting cell cycle progression and in-
cluding apoptosis (Ahmad et al., 2001). Because MPDB treatment with
longer incubation times (from 15 to 25h) significantly increased the
Sub-G; ratio, we examined whether MPDB induces apoptosis in HeLa
cells. Fig. 5A and B shows that MPDB was found to significantly induce
DNA fragmentation by DAPI staining in a time-dependent manner.

Execution of apoptosis by various stimuli is initiated by activating
either intrinsic or extrinsic pathways, which lead to a series of down-
stream cascade of events, releasing of various apoptotic mediators from
mitochondria, and activation of caspases, important for the cell fate
(Ola et al., 2011). In the intrinsic pathway, changes in the induction of
Bcl-2 family proteins are closely related to an imbalance in the mi-
tochondrial homeostasis, which leads to apoptosis (Czabotar et al.,
2014). In contrast, the extrinsic pathway is triggered by ligand-driven
engagement of death receptors leading to the activation of initiator
caspase, caspase-8. In this study, treatment with 35 uM MPDB resulted
in the proteolytic cleavage of procaspase-3, -8, and -9, indicating cas-
pase activation and cleavage of PARP, a target for caspase-3 during
apoptosis (Fig. 5C). The involvement of caspases in MPDB-induced
apoptosis was confirmed by using a broad caspase inhibitor, z-VAD-fmk
(Fig. 5D). As might have been expected, z-VAD-fmk was able to com-
pletely attenuate the MPDB-induced DNA fragmentation, suggesting
that MPDB-induced apoptosis is dependent on caspase activation. To
further delineate the molecular mechanism of apoptosis by MPDB, we
investigated the alteration of intrinsic or extrinsic-related protein ex-
pression using western blot analysis. There was no effect on the levels of
Bcl-2 expression, whereas the protein levels of Bcl-xl gradually de-
creased in the MPDB-treated cells (Fig. 5E). Furthermore, we observed
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cytochrome ¢ release into cytosol involving the hyperpolarization of
mitochondrial membrane potential. We also detected induction of Fas
and Fas-L protein expression in HeLa cells treated MPDB in a time-de-
pendent manner, but the protein levels of FLIP declined (Fig. 5F). Be-
cause MPDB resulted in an increase of Fas and Fas-L protein expression
and caspase-8 activation, we could suggest that MPDB-induced apop-
tosis might be provoked by death receptors-mediated caspase-8 acti-
vation, leading to cleavage of Bid. Truncated Bid translocates into the
mitochondria, causing release of cytochrome ¢ and formation of Apaf-1
containing apoptosome. Subsequent caspase-9 activation can then ac-
tivate effector caspase-3, resulting in apoptosis. Previous report of Lin
et al. showed that resveratrol induced apoptosis accompanied by the
activation of caspase-3 and -9, and downregulated the expression of the
anti-apoptotic proteins Bcl-2 and Bcl-xL in HeLa cells (Li et al., 2018).
In line with these reports, resveratrol induced apoptosis via mi-
tochondrial pathway involving caspase activation in various cancer
(Kim et al., 2018; Lang et al., 2015; Trincheri et al., 2007). Our data
also revealed that MPDB displayed the activation of caspase and de-
creased Bcl-xL protein expression, indicating mitochondrial apoptotic
pathway in HeLa cells. In these regards, we speculated that MPDB, a
synthesized analog of resveratrol, is efficient to suppress the prolifera-
tion and indicates a similar mitochondrial apoptotic pathway, involving
caspase activation in HeLa cells.

4. Conclusions

The current study clearly demonstrates that MPDB has anti-pro-
liferative activity through G,/M phase arrest by DNA damage being
tightly regulated by checkpoint kinases Chk1/Chk2 via ATM/ATR sig-
naling pathway, which in turn triggers apoptosis involving caspase
activation and mitochondrial stress in HeLa cells. In conclusion, our
findings present MPDB as a potential new chemotherapeutic agent to be
considered for further evaluation.
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