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Inhibitory effect of black tea pigments, theaflavin-3/3'-gallate
against cisplatin-resistant ovarian cancer cells by
inducing apoptosis and G1 cell cycle arrest
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Abstract. Adverse side effects and acquired resistance to
conventional chemotherapy based on platinum drive the
exploration of other selective anticancer drugs. Theaflavin-3-
gallate (TF2a) and theaflavin-3'-gallate (TF2b), theaflavin
monomers in black tea, exhibited a potent growth inhibitory
effect on cisplatin-resistant ovarian cancer A2780/CP70 cells
and were less cytotoxic to normal ovarian IOSE-364 cell line.
Flow cytometry analysis and western blotting indicated that
TF2a and TF2b induced apoptosis and G1 cell cycle arrest in
ovarian cancer A2780/CP70 cells. Hoechst 33342 staining was
used to confirm the apoptotic effect. Downregulation of CDK?2
and CDK4 for TF2a and CDK?2 and cyclin El for TF2b led to
the accumulation of cells in G1 phase. TF2a and TF2b induced
apoptosis and G1 through p53-dependent pathways. TF2a and
TF2b induced DNA damage through ATM/Chk/p53 pathway.
TF2a and TF2b also induced inhibition of A2780/CP70 cells
through Akt and MAPK pathways. The results of this study
implied that TF2a and TF2b might help prevent and treat
platinum-resistant ovarian cancer.

Introduction

Ovarian cancer ranks fifth in cancer deaths among women
in the United States, accounting for ~5% of all cancer deaths
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diagnosed among women (1). Among the gynecologic
cancers (uterine, cervical and ovarian), ovarian cancer has
the highest rate of deaths. The conventional course of therapy
is maximal surgical resection of the tumor mass, followed
by chemotherapy based on taxane and platinum (2). Despite
70% of patients responding well to first-line platinum-based
therapy, the emergence of side effects and drug resistance has
rendered a variety of the currently available chemotherapeutic
drugs ineffective (3). The 5-year survival rate for patients with
advanced ovarian cancer remains <40% because of acquired
drug resistance and adverse side effects (4,5). Hence, there is
an urgent need to explore novel therapeutic interventions and
overcome drug resistance for this disease.

Natural products have played a beneficial role in cancer
treatment for >50 years (6-8). They have already afforded some
clinically used chemotherapeutic agents, and are a proven
resource to explore new anticancer drugs for further cancer
research. Thus, out of 175 small-molecule chemotherapy
drugs in Western countries over a period of ~70 years, ~49%
were either obtained from organisms directly or derived from
natural products (8).

Black tea is one of the most widely consumed beverages
around the world. A prospective cohort study showed that
black tea consumption appeared to be inversely correlated
with some cancer risks induced by smoking and a reduced
intake of vegetables and fruits (9). In particular, US women
mainly ingested dietary flavonols from black tea, and flavonol
intake could lower the risk of ovarian cancer (10). Theaflavins
are the major bioactive components in black tea. They are
orange or orange-red in color and possess a benzotropolone
skeleton that is formed from the co-oxidation of selected
pairs of catechins during black tea production (11). The major
theaflavins in black tea are theaflavin (TF1), theaflavin-3-gal-
late (TF2a), theaflavin-3'-gallate (TF2b) and theaflavin-3,
3'-digallate (TF3). Theaflavins have been demonstrated to
inhibit lung tumorigenesis in A/J mice (12) and a variety
of cancer cells including SV40 transformed WI38 human
cells (13), Caco-2 colon cancer cells (13), human stomach
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cancer Kato III cells (14) and human breast cancer cells (15).
We have previously reported that TF3 could induce apop-
tosis and cell cycle arrest (16) and inhibit angiogenesis (17)
in human ovarian carcinoma cells. TF2a and TF2b showed
similar inhibitory effect on human ovarian carcinoma cells
to TF3 (18), but their effect against ovarian cancer is not yet
clear. Therefore, we aimed to investigate the inhibitory effect
of TF2a and TF2b on the platinum-resistant ovarian cancer
cell line A2780/CP70 and a normal ovarian surface epithelial
IOSE-364 cell line. The possible mechanisms by which TF2a
and TF2b-induced apoptosis and cell cycle arrest and the
detailed molecular signaling pathway in the ovarian cancer
cells were explored.

Materials and methods

Cell culture and reagents. The platinum-resistant human
ovarian cancer cell line A2780/CP70 (p53 wild-type) was
presented by Dr Binghua Jiang at West Virginia University. The
normal ovarian surface epithelial cell line, IOSE-364 was a gift
from Dr Nelly Auersperg at University of British Columbia. The
cells were cultured in RPMI-1640 medium (Sigma, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen, Rockford, IL, USA) at 37°C in a humidified
incubator with 5% CO,. TF2a and TF2b monomers were
isolated and purified using a previous method (19). Primary
antibodies to caspase-3, cleaved caspase-3 (Aspl75), caspase-7,
cleaved caspase-7 (Asp198), cyclin DI, cyclin E1 (D7T3U),
CDK2 (78B2), CDK4 (D9G3E), p21¥/Cie! (12D1), p53 (7F5),
ATM (D2E2),p-ATM (Ser1981 (D6H9), histone H2AX (D17A3),
p-histone H2AX (Ser139), Akt, p-Akt (Serd73), p38, p-p38
(Thr180/Tyr182) (28B10), INK and JNK (Thr183/Tyr185) were
purchased from Cell Signaling Inc. (Danvers, MA, USA).
Primary antibodies PARP-1 (F-2), chkl (G4), p-chkl (Ser345),
chk2 (H-300), p-chk2 (Thr68), p-p53 (Serl5), ERK1 (K-23),
p-ERK1/2 (Thr202), GAPDH (0411) and the secondary anti-
bodies were purchased from Santa Cruz Biotechnology Inc.
(Mariposa, CA, USA).

Cell viability assay. The cell viability was assessed using
[3-(4,5-dimethylthiazol-2-yl)-5- (3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) assay. A2780/CP70
cells were seeded into 96-well plates at a density of 2x10* cells
per well and incubated overnight. Then cells were treated with
different concentrations of TF2aand TF2b (0-40 #M) or an equal
amount of dimethyl sulfoxide (DMSO) (as vehicle) (Sigma) for
24 h. Cell viability was measured using CellTiter 96® Aqueous
One Solution Cell Proliferation assay kit (Promega, St. Louis,
MO, USA), according to the manufacturer's instructions. Cell
viability was expressed as a percentage compared to that of
control cells (vehicle treatment).

LDH cytotoxicity assay. A2780/CP70 cells were seeded in
96-well plates with the density of 2x10* cells per well and
incubated overnight. Then cells were treated with different
concentrations of TF2a and TF2b (0-40 yM) or an equal
amount of DMSO (as vehicle) for 24 h. After incubation, LDH
was determined by LDH cytotoxicity assay kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer's instructions.
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Hoechst 33342 staining. A2780/CP70 cells were seeded
in 24-well plates at 2x10* cells/well and incubated over-
night. Cells were treated with TF2a and TF2b (0, 5, 10 and
20 uM) for 24 h. Then the cells were stained with 10 pg/ml
Hoechst 33342 (Sigma) in PBS for 10 min in the dark at 37°C.
Cellular morphology was examined under a fluorescence
microscope (ZEISS).

Flow cytometric analysis of apoptotic cells. Cell apoptosis
was determined using an Alexa Fluor® 488 Annexin V/ Dead
Cell Apoptosis kit (Invitrogen). After treatment with TF2a
and TF2b (0, 5, 10 and 20 M) for 24 h, A2780/CP70 cells
were collected, centrifuged for 10 min at 1,500 rpm and then
washed twice with PBS. Cells were stained in binding buffer
with Alexa Fluor 488 Annexin V and propidium iodide (PI)
for 15 min. The stained cells were determined with flow
cytometry (FACSCalibur system; BD Biosciences), measuring
the fluorescence emission at 530 and 575 nm using 488 nm
excitation.

Flow cytometry analysis of the cell cycle. A2780/CP70 cells
treated with TF2a and TF2b (0, 5, 10 and 20 uM) for 24 h
were collected, suspended in 70% ethanol and stored at -20°C
overnight. Then the cells were washed twice with PBS and
incubated with 180 ug/ml RNase A (Invitrogen) at 37°C for
15 min. After 15 min staining with 50 yg/ml PI (Sigma) in
the dark at 37°C, the cells were analyzed by flow cytometry
(FACSCalibur system; BD Biosciences).

Caspase-3/7 assay. A2780/CP70 cells were seeded in 96-well
plates at the density of 2x10* cells per well, incubated over-
night. Then the cells were treated with TF2a and TF2b (0, 5,
10 and 20 uM) for 24 h. After 24-h treatment, 100 ul of
caspase-3/7 reagent was added to each well, mixed well and
incubated for 1 h at 37°C. The caspase-3/7 activities in cells
were determined using a Caspase-Glo 3/7 assay kit (Promega)
according to the manufacturer's instructions. A Synergy™ HT
Multi-Mode Microplate Reader (BioTek) was used to measure
luminescence. Total protein levels were used to normalize
the caspase-3/7 activities. The caspase-3/7 activities were
expressed as a percentage compared to that of the untreated
control. A BCA assay kit (Pierce, St. Louis, MO, USA) was
used to measure total protein levels in the cells.

Western blotting. A2780/CP70 cells were seeded in 60-mm
dishes at the density of 1x10° cells/dish, incubated overnight,
and treated with TF2a and TF2b (0, 5, 10 and 20 uM) for
24 h. Then the cells were collected with M-PER Mammalian
Protein Extraction Reagent (Pierce) supplemented with Halt™
Protease and Phosphatase Inhibitor Single-Use Cocktail (Life
Technologies, Grand Island, NY, USA). The total protein
levels were detected with BCA Protein assay kit (Pierce).
Equal amounts of protein were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. The membrane was blocked
with 5% skim milk in Tris-buffer saline containing 0.1%
Tween-20 for 1 h at room temperature, and then incubated
with specific primary antibodies and appropriate secondary
antibodies conjugated with horseradish peroxidase. The
antigen-antibody complex was visualized with Super Signal
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Figure 1. TF2a and TF2b inhibit cell viability and induce cytotoxicity in IOSE-364 cells and A2780/CP70 cells. Effect of TF2a and TF2b on cell viability of
IOSE-364 cells (A) and A2780/CP70 cells (B) was determined using the MTS assay after treatment with the designated concentrations (0-40 M) of TF2a
and TF2b for 24 h. LDH cytotoxicity of TF2a and TF2b on IOSE-364 cells (C) and A2780/CP70 cells (D) were determined by LDH assay after treatment with
various concentrations of TF2a and TF2b for 24 h. Results are expressed as mean + SD from three independent experiments. Significant differences among

different treatments are marked with different letters (p<0.05).

West Dura Extended Duration Substrate (Life Technologies)
and ChemiDoc™ MP System (Bio-Rad, Hercules, CA, USA).
Protein bands were analyzed with ImageJ software and
normalized with GAPDH.

Silence with small interfering RNA (siRNA). A2780/CP70 cells
were seeded in 60-mm dishes at 5x10° cells/dish and incubated
overnight. Then the cells were transfected with p53 siRNA
(Santa Cruz Biotechnology, Inc., Danvers, MA, USA) in
Lipofectamine 2000 transfection reagent (Invitrogen) for 24 h
according to the manufacturer's protocol. The control cells
were transfected with control siRNA (Santa Cruz, Danvers,
MA, USA). Then cells were treated with TF2a and TF2b (0, 5,
10 and 20 uM) for 24 h. Cell viability was determined and
western blot analysis was carried out.

Statistical analysis. In the present study, all samples were
analyzed in triplicate. The data are presented as mean =+ stan-
dard deviations (SD). Multiple comparisons were analyzed by
least significant difference (LSD) test. Statistical differences

between two groups were analyzed with Student's t-test. All
statistical analysis was carried out using Statistical Analysis
system. p<0.05 and p<0.01 were considered statistically
significant and highly significant, respectively.

Results

Effect of TF2a and TF2b on A2780/CP70 cellviability. Ovarian
cancer A2780/CP70 cell line and normal ovarian epithelial
IOSE-364 cell line were used to investigate the effect of TF2a
and TF2b on ovarian cells. The anti-proliferation effect of
TF2a and TF2b on A2780/CP70 and IOSE-364 was evaluated
using the MTS assay. As shown in Fig. 1A and B, TF2a and
TF2b inhibited the proliferation of the cells in a dose-depen-
dent manner. The cell viability ranged from 100 to 2.32% for
TF2a treatment, and from 100 to 9.95% for TF2b treatment.
The IC;, values of TF2a and TF2b against A2780/CP70 cells
were 18.1 and 17.2 uM, respectively. In contrast, TF2a and
TF2b had relatively moderate cytotoxic effect on IOSE-364
cells. The least viability of IOSE 364 cells was 79.67% for
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Figure 2. TF2a and TF2b induce apoptosis in A2780/CP70 cells. (A) A2780/CP70 cells stained with Hoechst 33342 were detected by fluorescent microscopy
(magnification, x400) after treatment with designated concentrations (0, 5, 10 and 20 uM) of TF2a and TF2b for 24 h. The bright nuclei represent apoptotic
cells. Intact nuclei represent viable cells. (B) Flow cytometric analysis of A2780/CP70 cells after treatment with various concentrations of TF2a and TF2b
for 24 h. Data of apoptosis induced by TF2a (C) and TF2b (D) were expressed as quantification histograms with error bars. (E) Caspase-3/7 activity was
determined after treatment with various concentrations of TF2a and TF2b for 24 h. The caspase-3/7 activity of control cells was expressed as 100%. (F) Protein
expression levels of procaspase-3, cleaved caspase-3, procaspase-7, cleaved caspase-7, full length PARP and cleaved PARP were analyzed by western blotting.
The changes of the protein expression induced by TF2a (G) and TF2b (H) were expressed as quantification histograms with error bars. Results are expressed
as mean + SD from three independent experiments. Significant differences among different treatments are marked with different letters (p<0.05).

TF2a and 77.67% for TF2b after 40 uM TF2a and TF2b treat- To further investigate the cytotoxicity effect of TF2a
ment for 24 h. and TF2b against A2780/CP70 and IOSE-364 cells, LDH
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cytotoxicity was evaluated. As shown in Fig. 1C and D, TF2a
and TF2b induced cytotoxicity of the cells after treatment
(0-40 M) for 24 h in a dose-dependent manner. TF2a and
TF2b induced dramatic LDH release in A2780/CP70 cells as
the treatment concentration increased. TF2a and TF2b induced
23.0 and 17.4 times more LDH release than that of control in
A2780/CP70 cells at the concentration of 40 yM. However,
TF2a and TF2b induced slight LDH release in IOSE-364.
TF2a and TF2b induced 6.7 and 6.5 times more LDH release
than that of control in IOSE364 cells at the concentration
of 40 uM. As the viability and cytotoxicity results showed,
TF2a and TF2b had higher cytotoxic effect against ovarian
cancer A2780/CP70 cells than those against normal ovarian
IOSE-364 cells.

TF2a and TF2b induce apoptosis in A2780/CP70 cells. To
study whether TF2a and TF2b induced apoptosis resulting
in cell viability inhibition and cell cytotoxicity, the changes
of nuclear morphology in A2780/CP70 cells treated with
TF2a and TF2b (0, 5, 10 and 20 pM) were evaluated using
Hoechst 33342 DNA staining. As showed in Fig. 2A, the nuclei
in control cells were intact, and appeared less bright. With
treatment of TF2a and TF2b, the apoptotic cells were stained
much brighter with condensed or fragmented nuclei.

Double staining with Annexin V FITC and PI followed by
flow cytometry analysis was also used to investigate the
apoptosis induced by TF2a and TF2b. As shown in Fig. 2B-D,
the treatment of TF2a and TF2b significantly increased the
percentage of early apoptotic cells and late apoptotic cells
in a dose-dependent manner (p<0.05). The portion of early
apoptotic cells increased from 6.51 to 24.01% for TF2a and
from 8.96 to 20.30% for TF2b. The portion of late apop-
totic cells increased from 0.85 to 2.93% for TF2a and from
4.48 to 7.66% for TF2b. The total percent of apoptotic cells
increased from 7.36 to 26.94% for TF2a and 13.44 to 27.96%
for TF2b, respectively.

Caspase-3/7 plays a central role in the execution-phase of
cell apoptosis. To confirm that TF2a and TF2b induced apop-
tosis, we evaluated the caspase-3/7 activities in A2780/CP70
cells. As showed in Fig. 2E, treatment with TF2a and TF2b
enhanceed the caspase-3/7 activity by 1.77- and 2.03-fold
compared to that in controls, respectively.

Furthermore, the expression of proteins related to apop-
tosis in A2780/CP70 cells was analyzed by western blot
(Fig. 2F-H). As the treatment concentrations of TF2a and TF2b
increased, the expression of procaspase-3/7 proteins for TF2a
and procaspase-3 proteins for TF2b decreased significantly
and the expression of cleaved caspase-3/7, full length PARP
and cleaved PARP proteins increased significantly. There was
no significant difference in the expression of procaspase-7
proteins for TF2b. Taken together, these results indicated that
TF2a and TF2b can induce apoptosis in A2780/CP70 cells.

TF2a and TF2b induce Gl cell cycle arrest in A2780/CP70
cells. To investigate whether the anti-proliferative effect of
TF2a and TF2b against A2780/CP70 cells was triggered by cell
cycle arrest, we analyzed the distribution of cell cycle phase in
cells treated with TF2a and TF2b (0, 5, 10 and 20 M) and
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stained with PI using flow cytometry. As shown in Fig. 3A-C,
the cell population at the G1 phase was increased in a dose-
dependent manner (p<0.05). The percentage of the cells at
G1 phase increased from 41.77 to 71.07% for TF2a and from
42.06 to 75.68% for TF2b. In addition, a significant decrease in
the proportion of cells at both S and G2 phase was observed.
These results suggested that TF2a and TF2b induced G1 cell
cycle arrest in A2780/CP70 cells.

To investigate the underlying mechanism of TF2a and
TF2b-induced G1 phase arrest in A2780/CP70 cells, the
effect of TF2a and TF2b on G1 phase regulatory proteins was
evaluated by western blot analysis. As shown in Fig. 3D-F,
TF2a could effectively downregulate CDK2 and CDK4
protein expression (p<0.05), upregulate p21 protein expres-
sion (p<0.05), but had no effect on the expression of cyclin D1
and cyclin El proteins (p>0.05). TF2b could effectively down-
regulate CDK2 and cyclin El protein expression (p<0.05),
upregulate p21 protein expression (p<0.05), but had no effect
on the expression of CDK4 and cyclin D1 proteins (p>0.05).
These western blot results implied that TF2a and TF2b
induced GI phase arrest in A2780/CP70 cells by downregu-
lating CDK?2 and CDK4 protein expression and CDK2 and
cyclin El protein expression, respectively.

Role of p53 in TF2a and TF2b-induced apoptosis and cell
cycle arrest. The p53 signaling pathway plays an important
role in cellular response to DNA damage and other genomic
aberrations. Activation of p53 leads to either cell cycle arrest
and DNA repair or apoptosis (20). To clarify the role of p53
in apoptosis and cell cycle arrest induced by TF2a and TF2b
in A2780/CP70 cells after treatment for 24 h, p53 protein
expression was determined by western blotting. As shown in
Fig. 4A and B, TF2a and TF2b significantly upregulated the
protein expression of p53 (p<0.05).

To further analyze the effect of p53 on apoptosis and
cell cycle G1 phase arrest induced by TF2a and TF2b,
p53 was silenced by siRNA. Pre-incubation of 50 nM p53
siRNA significantly attenuated the inhibitory effect of TF2a
and TF2b on A2780/CP70 cells (p<0.05 or 0.01) (Fig. 4C).
The expression of p53 protein was markedly inhibited after
treatment with 50 nM p53 siRNA (p<0.01) (Fig. 4D-F).
The p53 protein depletion weakened the effect of TF2a and
TF2b-induced decrease in CDK?2 and procaspase-3 protein
expression (p<0.05). These western blot results suggested
that p53 played an important role in apoptosis and Gl cell
cycle arrest induced by TF2a and TF2b in A2780/CP70
cells.

TF2a and TF2b induce DNA damage in A2780/CP70 cells.
The p53 protein plays a major role in cellular response to
DNA damage. The cell cycle can be held at the G1 regulation
point on DNA damage recognition (21). To determine whether
TF2a and TF2b induced DNA damage in A2780/CP70 cells
after treatment for 24 h, the levels of DNA damage related
proteins including histone H2A.X, p-histone H2A.X (Ser139),
ATM, p-ATM (Ser1981), Chkl, Chk2, p-Chkl (Ser345),
p-Chk?2 (Thr68) and p-p53 (Serl5) were determined.

The phosphorylation of histone H2A.X at Serl39 indicates
DNA double-strand breaks. ATM is autophosphorylated on
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Figure 3. TF2a and TF2b induce cell cycle arrest in A2780/CP70 cells. (A) Cell cycle phase distributions were analyzed in A2780/CP70 cells treated with
designated concentrations (0, 5, 10 and 20 #M) of TF2a and TF2b for 24 h. Data of cell cycle phase distribution change induced by TF2a (B) and TF2b (C) were
expressed as quantification histograms with error bars. (D) Protein expression levels of cell cycle Gl-related proteins, including cyclin D1, CDK4, cyclin El,
CDK2 and p21 were analyzed by western blotting. A2780/CP70 cells were treated with various concentrations of TF2a and TF2b for 24 h. The changes of the
protein expression induced by TF2a (E) and TF2b (F) were expressed as quantification histograms with error bars. Results are expressed as mean + SD from
three independent experiments. Significant differences among different treatments are marked with different letters (p<0.05).

Ser1981 in response to DNA damage (22). As shown in Fig. 5,
both TF2a and TF2b significantly increased the protein
levels of p-histone H2A.X (Ser139), and p-ATM (Ser1981)
(p<0.05), but had no effect on the protein level of total
histone H2A.X (p>0.05). TF2a significantly increased the

protein level of ATM (p<0.05), but TF2b had no significant
effect on the protein expression of ATM (p>0.05). Chkl
and Chk2 can be phosphorylated by p-ATM. Both TF2a
and TF2b significantly upregulated the protein levels of
p-Chkl1 (Ser345) and p-Chk2 (Thr68) (p<0.05), but had
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Figure 4. Role of p53 in TF2a and TF2b-induced apoptosis and cell cycle G1 phase arrest in A2780/CP70 cells. (A) The effect of TF2a and TF2b on the p53
protein expression was analyzed by western blotting. (B) The changes of the protein expression induced by TF2a and TF2b were expressed as quantification
histograms with error bars. Significant differences among different treatments are marked with different letters (p<0.05). (C) The effect of p53 siRNA on the
cell viability of A2780/ CP70 cells treated by TF2a and TF2b. Cells were pretreated with 50 nM p53 siRNA for 24 h followed by TF2a and TF2b treatment for
24 h."p<0.05, “p<0.01, compared with respective controls. (D) The effect of p53 siRNA (50 nM) on the protein expression of p53, CDK2 and procaspase-3 was
analyzed by western blotting. “p<0.05, “p<0.01, compared with respective controls. Results are expressed as mean + SD from three independent experiments.
After the cells were treated with 50 nM p53 siRNA, the changes of the protein expression induced by TF2a (E) and TF2b (F) were expressed as quantification
histograms with error bars. Results are expressed as mean + SD from three independent experiments. Significant differences among different treatments are
marked with different letters (p<0.05).

no significant effect on the protein levels of total Chk1/2  tion and activation of p53 in response to DNA damage (23).
(p>0.05). The p53 protein can be phosphorylated by ATM, Both TF2a and TF2b significantly increased the protein
ATR, and DNA-PK at Serl5, promoting both the accumula-  levels of p-p53 (Serl5) (p<0.05). It was concluded that TF2a



PAN et al: THEAFLAVIN-3/3'-GALLATE INDUCE OVARIAN CANCER CELL APOPTOSIS 1515

A TF2a (uM) TF2b (pM)
0 5 10 20 0 5 10 20
Histone H2A. X e e e a— —_——— —
p—HiStOHE HZA.X " e — — e —— —
p-ATM — - " ——— — —
ChK1 s —— —_—— — —
p-Chkl ‘=== e —— — —

p_Chk2 — — — — | — — o —
p_p53 - — L — —
B :5,0_ TF2a 350- TF2b m
5 M
2 B [EE
63, lgg™ { "
%" E 3 . ‘g 200
£3° 2 3
2?2 R
= 1 *é 100
o )
0 - o 0 L
F b oo i ddgd 5> %0 F b b aS i aadngd &
D NI O O S O S 2 PR ;
&\e.\%?‘ﬂh P‘Q’b CQ‘C C?'C ot 06‘2%2’93«‘" PSQ'?’ OQ'G\ C?’C{\QQ
6\9\%\9\0 X‘(‘%@ O
¥ ¥
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Significant differences among different treatments are marked with different letters (p<0.05).
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different letters (p<0.05).

and TF2b induced DNA damage by activating ATM-Chk1
and ATM-Chk?2 pathways.

Role of Akt in TF2a and TF2b-induced apoptosis and cell
cycle arrest. It was demonstrated that the p53 level is negatively
controlled by Akt (24). Akt plays a critical role in controlling
survival and apoptosis which is activated through phosphoryla-
tion by insulin and various growth and survival factors (25,26).
In addition to its role in survival, Akt is involved in cell cycle
regulation by preventing GSK-3f-mediated degradation of
cyclin D1 (27). Therefore, the protein levels of Akt and p-Akt
in A2780/CP70 cells were determined. As shown in Fig. 6,
TF2a and TF2b significantly reduced the phosphorylation
of Akt and had no influence on the level of total Akt protein
(p<0.05).

Role of MAPK in TF2a and TF2b-induced apoptosis and
cell cycle arrest. It is clear that the p53 protein can func-
tionally interact with the mitogen-activated protein kinase
(MAPK) (28). Therefore, to clarify whether MAPKs medi-
ated apoptosis and cell cycle arrest induced by TF2a and
TF2b in A2780/CP70 cells, the levels of p38, p-p38, ERK1/2,
p-ERK1/2,JNK1/2 and p-JINK1/2 were determined. As shown
in Fig. 7, TF2a increased the phosphorylation of p38 (p<0.05),

but had no effect on the protein expression of p38 (p>0.05).
TF2b had no effect on the protein expression of p38 and
the phosphorylation of p38 (p>0.05). Both TF2a and TF2b
suppressed the phosphorylation of ERK1/2 (p<0.05), but
had no effect on the protein expression of ERK1/2 (p>0.05).
TF2a suppressed the protein expression of JNK2 and the
phosphorylation of JINK2 (p<0.05), but TF2b had no effect
on the protein expression of JNK?2 and the phosphorylation of
JNK2 (p>0.05). The protein expression of JNK1 and p-JNK1
was so low in A2780/CP70 cells that they were not detected by
western blotting (Fig. 7).

Discussion

Ovarian cancer is the most lethal gynecological malignancy.
Cisplatin and its derivatives are first-line chemotherapeutic
agents in the treatment of ovarian cancer, and their resistance
and adverse side effects are major barriers in successful
ovarian cancer treatment (2). Theaflavins showed effective
inhibition of ovarian cancer and were less cytotoxic to normal
ovarian IOSE-364 cells (18). Hence, the possible mechanisms
underlying these modulations of TF2a and TF2b against
ovarian cancer cells stimulated our interest. In the present
study, we found that the IC;, values of TF2a and TF2b against
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A2780/CP70 cells were 18.1 and 17.2 M, which were much
lower than those against IOSE-364 cells (Fig. 1). In LDH assay,
significant LDH leakage was observed in ovarian cancer cell
lines while slight LDH release was induced in IOSE-364 cells
(Fig. 1). The MTS and LDH assays suggested the effect of TF2a
and TF2b against ovarian cancer cells and normal ovarian cells
was different. Conventional chemotherapy although cytotoxic,
does not discriminate cancer and normal cells. An ideal anti-
cancer drug is expected to be selective and cytotoxic to cancer
cells but less cytotoxic to normal cells (29). TF2a and TF2b
were demonstrated to be selective and cytotoxic to ovarian
carcinoma A2780/CP70 cell line and less cytotoxic to normal
ovarian surface epithelial IOSE-364 cell line. The selective cell
growth inhibitory effect maybe partly attributed to the apop-
tosis and GlI cell cycle arrest induced by TF2a and TF2b.

One mechanism by which cancer cells develop resistance
to chemotherapeutic agents and radiation is correlated with
their resistance to apoptosis. Thus, apoptosis induced by TF2a
and TF2b in ovarian cancer cells was evaluated using several
methods. Morphological hallmarks of apoptosis in the nucleus
are chromatin condensation and nuclear fragmentation (30).
The changes were clearly observed in ovarian cancer cells after
treatment with TF2a and TF2b by Hoechst 33342 staining.
TF2a and TF2b rendered condensed and fragmented nuclei
brighter in a dose-dependent manner (Fig. 2A). Loss of plasma
membrane asymmetry is another morphological hallmark of
apoptosis (31) which was observed in ovarian cancer cells
after treatment with TF2a and TF2b by Annexin V/PI staining.
TF2a and TF2b increased the percent of both early and late
apoptotic cells in a dose-dependent manner (Fig. 2B-D).
Caspases are central to the mechanism of apoptosis as they
are both the initiators and executioners. Caspases involved
in apoptosis have been classified by their mechanism of
action and are either initiator caspases (caspase-8 and -9) or
executioner caspases (caspase-3 and -7) (32). Activation of
caspase-3 and -7 requires proteolytic processing of the inactive
zymogen into activated fragments. Caspase-3 and -7 activities
and protein levels of caspase-3 and -7 in ovarian cancer cells
after treatment with TF2a and TF2b were determined. TF2a
and TF2b increased the caspase-3 and -7 activities (Fig. 2E)
and protein levels of cleaved caspase-3 and -7 (Fig. 2F-H ). As
cleavage of procaspase-3 and -7 increased, the protein levels of
procaspase-3 and -7 decreased. PARP is involved in a number
of cellular processes such as DNA repair, genomic stability,
and programmed cell death. Cleaved PARP serves as a marker
of cells undergoing apoptosis (33-35). The protein level of
cleaved PARP increased after treatment with TF2a and TF2b
in a dose-dependent manner. Taken together, all these results
indicated that TF2a and TF2b inhibited ovarian cancer cells
by inducing apoptosis.

Cell cycle regulation plays an important role in tumorigen-
esis and tumor progression (36). Cell cycle arrest is important
for determining toxicities and responses to current cancer
therapies (37). Cell cycle arrest may be attributed partly to the
inhibitory effect of TF2a and TF2b on ovarian cancer cells.
Flow cytometric analysis demonstrated that TF2a and TF2b
induced cell cycle Gl phase arrest in A2780/CP70 cells after
TF2a and TF2b treatment (Fig. 3A-C). Previous studies have
reported that theaflavins induced cell cycle G1 phase arrest
in a variety of cancer cells such as rat hepatoma AHI09A
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cells (38) and murine B16 melanoma cells (38) and cell cycle
G2 phase arrest in a variety of cancer cells including human
prostate carcinoma PC-3 cells (39) and human ovarian cancer
A2780/CP70 cells (16). To further investigate the underlying
mechanism of TF2a and TF2b-induced cell cycle GI arrest,
the protein levels of Gl-related regulatory proteins were deter-
mined. The GI checkpoint arrests the cell cycle by inhibiting
this G1-S transition machinery. It usually arrests the cell cycle
G1 phase by inhibiting cyclin E-CDK2 and cyclin D-CDK4
complex (40). The p21 protein is a potent cyclin-dependent
kinase inhibitor, which is necessary for the p53-mediated
G1 arrest (41) and functions as a regulator of cell cycle progres-
sion at G2 phase (42). In the present study, TF2a and TF2b
induced GI arrest in A2780/CP70 cells by downregulating
CDK2 and CDK4 protein expression and CDK?2 and cyclin E1
protein expression, respectively (Fig. 3D-F). The p21 protein
level was upregulated by TF2a and TF2b. TF2a could not
influence the protein expression of cyclin D1 and cyclin E1 and
TF2b could not influence the protein expression of CDK4 and
cyclin D1. The results indicated CDK2 and CDK4 for TF2a
and CDK2 and cyclin E for played an important role in cell
cycle G1 arrest of A2780/CP70 cells.

The p53 tumor suppressor protein plays a major role in
cellular response to DNA damage and other genomic aberra-
tions. Since over 50% of human cancers carry loss of function
mutations in p53 gene, pS3 is considered to be one of the clas-
sical type tumor suppressors. Activation of wild-type p53 can
lead to either cell cycle arrest and DNA repair or apoptosis that
help to prevent tumor development (43,44). It is known that
the p53 gene sequence in A2780/CP70 cell line is wild-type
(45). Our data showed TF2a and TF2b significantly increased
the protein expression of p53 (Fig. 4A and B). Furthermore,
silencing by the p53 siRNA significantly attenuated the
inhibitory effect of TF2a and TF2b on A2780/CP70 cells and
abrogated TF2a and TF2b-induced decrease in CDK2 and
procaspase-3 protein expression. These results suggested that
p53 played an important role in apoptosis and G1 cell cycle
arrest induced by TF2a and TF2b in A2780/CP70 cells. It has
been reported that p53 could mediate apoptosis induced by
theaflavins in human breast and prostate cancer cells which
was consistent with results in the present study (46,47).

Activation of p53 can occur in response to DNA damage.
Several forms of DNA damage have been shown to activate pS3,
including those generated by ionising radiation, radio-mimetic
drugs, ultraviolet light and chemicals (48). ATM is a sensor of
DNA damage caused by ionizing radiation, UV-light, or radio-
mimetic agents, of which activation by autophosphorylation at
Ser1981 occurs in response to exposed DNA double-stranded
breaks (49). Chk1/2 acts downstream of ATM and plays an
important role in DNA damage checkpoint control. Chkl at
Ser345 (50) and Chk?2 at Thr68 (51,52) are phosphorylated by
ATM in response to DNA damage, histone H2A X is required
for checkpoint-mediated cell cycle arrest and DNA repair
following DNA double-stranded breaks (53). DNA damage
results in rapid phosphorylation of histone H2A.X at Ser139
by ATM (22,54). ATM can phosphorylate p53 at Serl5, which
impaired the ability of MDM2 to bind p53 and promoted both
the accumulation and activation of p53 in response to DNA
damage (23,55). In the present study, TF2a and TF2b upregu-
lated the phosphorylation of ATM at Ser1981, histone H2A.X at
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Ser139, Chkl at Ser345 and Chk?2 at Thr68 (Fig. 5) which indi-
cated DNA double-stranded break occurred in A2780/CP70
cells. Total p53 protein and phosphorylation of p53 at Serl5
were markedly increased in a dose-dependent manner, which
also suggested DNA damage occurred in A2780/CP70 cells.
Previous studies reported that activation of ATM/Chk/p53
pathway could induce apoptosis in human pancreatic cancer
BxPC-3 cells (56) and cell cycle Gl1 arrest in A549 lung cancer
cells (57). Our results suggested that this pathway was involved
in TF2a and TF2b-induced apoptosis and cell cycle G1 phase
arrest in A2780/CP70 cells.

Akt is a serine/threonine kinase that plays an important
role in the development and progression of cancers (58). This
protein kinase is activated by insulin and various growth
and survival factors (59). The AKT pathway is one of the
most frequently hyperactivated signaling pathways in human
cancers. Inhibition of Akt pathway may be a helpful and poten-
tial cancer therapy (60). Akt could mediate negative control
of p53 levels through enhancing MDM?2-mediated targeting
of p53 for degradation (61). It was reported that inhibition of
p-Akt sensitized cancer cells to cisplatin in a p53-dependent
manner (62). Our data showed that TF2a and TF2b signifi-
cantly inhibited the phosphorylation of Akt (Fig. 6), indicating
that TF2a and TF2b might increase the protein expression
of p53 by inactivating Akt in A2780/CP70 cells. It has been
reported that TF3 targeted Akt pathways to induce apoptosis
in human ovarian cancer A2780/CP70 cells (16). Our results
suggest Akt pathway was involved in TF2a and TF2b-induced
apoptosis and G1 phase arrest in A2780/CP70 cells.

The p53 protein can functionally interact with the MAPK
pathways (28). Upon exposure to stressful stimuli, MAPKs
phosphorylate and activate p53, leading to p53-mediated
cellular responses. MAPKs function in protein kinase cascades
that play a critical role in the regulation of cell growth and
differentiation, and control of cellular responses to cytokines
and stress. In this study, TF2a increased the phosphorylation
of p38, but TF2b had no effect on the phosphorylation of p38
(Fig. 7). Both TF2a and TF2b suppressed the phosphorylation
of Erkl/2. TF2a suppressed the phosphorylation of JNK2
(p<0.05), but TF2b had no effect on the phosphorylation of
JNK2. It was reported that dysregulation of p38 MAPK levels
in patients were associated with advanced stages and short
survival in cancer patients (63). Inhibition of p38 MAPK
was correlated with the resistance to anoikis, which allowed
circulating cancer cells to survive (64). The p38 activation in
breast cancer cells inhibited tumor metastasis (65). The Erk
pathway is activated in >30% of human cancers. Inhibition
of Erk pathway is an attractive strategy for cancer therapy.
It was reported that small-molecule ERK pathway inhibitors
such as BAY 43-9006, PD184352, PD0325901 and ARRY-
142886 have reached the clinical trial stage (66). A previous
study reported theaflavins inhibited tumor promoter-induced
activator protein 1 activation and cell transformation through
the inhibition of a JNK-dependent pathway (67). It was also
found that JNK inhibition led to antitumor activity in ovarian
cancers (68) and was associated with longer progression-free
survival of patients with ovarian cancer (69). Our results
suggest TF2a could induce apoptosis and G1 phase arrest
through p38, Erk and JNK pathways and TF2b could induce
apoptosis and G1 phase arrest through ERK pathway.

INTERNATIONAL JOURNAL OF ONCOLOGY 51: 1508-1520, 2017

Adverse side effects and acquired resistance to conven-
tional chemotherapy based on platinum have become major
barriers in successful ovarian cancer treatment, and drive
the development of other selective anticancer drugs. Our
study demonstrated that TF2a and TF2b exhibited a potent
growth inhibitory effect in cisplatin-resistant ovarian cancer
A2780/CP70 cells and were less cytotoxic to the normal
ovarian cell line IOSE-364. TF2a and TF2b induced apop-
tosis and cell cycle Gl phase arrest in ovarian cancer A2780/
CP70 cells. Downregulation of CDK2 and CDK4 for TF2a
and CDK?2 and cyclin El for TF2b led to the accumulation
of cells in Gl phase. TF2a and TF2b induced apoptosis and
G1 through p53-dependent pathways. TF2a and TF2b induced
DNA damage through ATM/Chk/p53 pathway. TF2a and
TF2b induced inhibition of Akt pathway. As for MAPK path-
ways, TF2a activated p38 pathway and suppressed Erk and
JNK pathways and TF2b only suppressed Erk pathway without
activating the p38 pathway. Our findings help elucidate the
mechanisms by which TF2a and TF2b may contribute to the
prevention and treatment of platinum-resistant ovarian cancer.
TF2a and TF2b would be potential compounds for treating
platinum-resistant ovarian cancer.
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