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Abstract
The cellular development of resistance to chemotherapy contributes to the high mortality noted in
patients affected by ovarian cancer. Novel compounds that specifically target cellular drug
resistance in ovarian cancer are therefore highly desired. Previous epidemiological studies indicate
that consumption of green tea and cruciferous vegetables is inversely associated with occurrence
of ovarian cancer. Therefore revealing the effects and mechanisms of major components of green
tea (epigallocatechin gallate, EGCG) and cruciferous vegetables (sulforaphane, SFN) on ovarian
cancer cells will provide necessary knowledge for developing potential novel treatments for the
disease. In this study, EGCG or SFN was used to treat both paclitaxel-sensitive (SKOV3-ip1) and
-resistant (SKOV3TR-ip2) ovarian cancer cell lines alone or in combination. We found that SFN
inhibits cell viability of both ovarian cancer cell lines time- and dose-dependently and that EGCG
potentiates the inhibiting effect of SFN on ovarian cancer cells. Cell cycle analysis indicates SFN
can arrest ovarian cancer cells in G2/M phase, while EGCG and SFN co-treatment can arrest cells
in both G2/M and S phase. Combined EGCG and SFN treatment increases apoptosis significantly
in paclitaxel-resistant SKOV3TR-ip2 cells after 6 days of treatment, while reducing the expression
of hTERT, the main regulatory subunit of telomerase. Western blotting also indicates that SFN
can down-regulate Bcl-2 (a gene involved in anti-apoptosis) protein levels in both cell types.
Cleaved poly(ADP-ribose) polymerase (PARP) becomes up-regulated by 6 days of treatment with
SFN and this is more pronounced for combination treatment indicating induction of apoptosis.
Furthermore, phosphorylated H2AX is up-regulated after 6 days of treatment with SFN alone, and
EGCG can potentiate this effect, suggesting that DNA damage is a potential cellular mechanism
contributing to the inhibiting effect of EGCG and SFN combination treatment. Taken together,
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these results indicate that EGCG and SFN combination treatment can induce apoptosis by down-
regulating of hTERT and Bcl-2 and promote DNA damage response specifically in paclitaxel-
resistant ovarian cancer cell lines and suggest the use of these compounds for overcoming
paclitaxel resistance in ovarian cancer treatment.
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Introduction
Ovarian cancer is the leading cause of death from gynecologic cancers in the United States
and is the fifth leading cause of cancer death among American women. Most ovarian cancer
patients are diagnosed at advanced stages due to the lack of effective screening strategies
and specific symptoms associated with early stages. Currently, the preferred treatment is
surgical excision followed by platinum/taxane combination chemotherapy. Although most
ovarian cancers respond to first-line chemotherapy, recurrence occurs in up to 75% of
ovarian cancer patients, most of whom will ultimately succumb to their disease [1]. Thus,
novel therapies that can reverse drug resistance or kill drug resistant ovarian cancer cells
directly are highly desired.

Green tea is the most popular beverage next to water worldwide. Epidemiological studies
have revealed an inverse correlation between the dietary intake of green tea and the risk for
certain types of cancers, including ovarian cancer [2–4]. Epigallocatechin gallate (EGCG),
as a major component of green tea, is generally accepted to be the most effective constitute
that contributes to the anti-cancer effect of green tea. It has been reported that EGCG can
induce apoptosis in breast cancer cells [5], and EGCG can target cancer cells through a
variety of mechanisms, including decreasing expression of hTERT, the major catalytic
subunit of telomerase [6].

Additionally, consumption of cruciferous vegetables such as broccoli, Brussels sprouts or
cabbage has also been linked with low occurrence of lung, stomach, colon, rectal, prostate,
endometrial and ovarian cancer [7]. Sulforaphane (SFN), as the major component of these
vegetables, has received considerable attention in the past due to its anti-cancer effect in
numerous cancer cells including ovarian cancer. Mechanistic studies reveal that SFN can
target cancer cells through Nrf2-mediated induction of phase 2 detoxification enzymes
which can elevate the cellular defense against oxidative damage and promote the removal of
carcinogens [8]. SFN has also been observed to suppress cytochrome P450 enzymes [9],
induce apoptotic pathways [10], suppress cell cycle progression [10], and inhibit
angiogenesis and inflammatory response [11, 12]. More recently, SFN has been shown to
inhibit histone deacetylase (HDAC) activity leading to reactivation of tumor suppressor
genes and silencing of oncogenes [13].

Late stages of ovarian cancer are characterized by resistance to conventional platinum based
chemotherapy as aforementioned. Although drug resistance can be mediated by individual
genes, such as overexpression of ABC transporters or enhanced DNA repair genes, or down-
regulation of apoptosis-promoting genes, alteration in multiple pathways concurrently are
commonly observed. Treatments that can target multiple pathways involved in drug
resistance or can target multiple intact cancer cell survival pathways are promising
strategies. Combination treatment with different compounds that target several different
pathways is therefore a promising direction. One frequent obstacle to this approach,
however is increased toxicity that accompanies targeting multiple genes. Therefore drugs
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that have minimal side effects are of course preferred. Although the anti-cancer effects of
EGCG or SFN alone are well known, and both extracts are well-tolerated, it is not clear
whether the combination of these two compounds can exert a stronger anti-cancer effect.
Additionally, although several studies have attempted to investigate the effect of EGCG and
SFN on ovarian cancer cells, the doses in those studies were too high to be reached
physiologically [14]. Therefore revealing the effects and mechanisms of EGCG and SFN on
ovarian cancer within a reasonable dose range will provide critical knowledge for
developing potential novel treatments for the disease.

The present study was undertaken to evaluate the effect of EGCG and SFN combination
treatment on ovarian cancer cells, especially paclitaxel-resistant ovarian cancer cells, and to
elucidate the potential mechanisms responsible for the effect. Our results indicate that SFN
with EGCG can inhibit both sensitive and resistant ovarian cancer cells while exerting a
much stronger inhibiting effect on the paclitaxel-resistant ovarian cancer cells. Mechanistic
studies reveal that EGCG and SFN combination treatment can cause DNA damage and
decrease hTERT (a protein involved in cancer cell survival) and Bcl-2 (a protein involved in
anti-apoptosis) expression in these ovarian cancer cells. These findings reveal for the first
time that EGCG and SFN combination treatment can inhibit ovarian cancer cells by creating
DNA damage through decreasing hTERT and Bcl-2 expression.

Materials and Methods
Cell culture

SKOV3-ip1 and SKOV3TR-ip2 cells were grown in RPMI 1640 medium (Mediatech Inc,
Manassas, VA) supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA) and 1% penicillin/streptomycin (Mediatech). SKOV3TR-ip2 cells were
maintained with the addition of 150 ng/mL of paclitaxel [15]. EGCG (Sigma) or R,S-
sulforaphane (LKT Laboratories, Minneapolis, MN) was dissolved in DMSO and stored at a
stock concentration of 100 mM/L at −20°C. After seeding the cells and culturing for 24 h,
EGCG and/or SFN was added to the culture medium at indicated concentrations and the
maximum concentration of DMSO was 0.1% (v/v) in the medium. Cells treated only with
DMSO served as a vehicle control. Cells were treated with fresh EGCG and/or SFN every
24 h.

MTT assay
The viability of ovarian cancer cells was examined using the 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay. Approximately 5000 ovarian cancer cells were
plated in 96- well plates and allowed to attach to the bottom overnight. Cells were then
treated with increasing doses of EGCG (5, 10, 20, 30 µmol/L) or SFN (7.5, 10, 15 µmol/L)
or combination of EGCG and SFN (5+7.5, 10+7.5, 20+7.5, 30+7.5; 10+10, 20+10, 30+10;
10+10, 20+10, 30+10 µmol/L) for 24, 48 and 72 h. At the end of each treatment, cells were
incubated with 1 mg/mL MTT for 2 hours at 37°C; 200 µl DMSO was then added to each to
dissolve the formazan crystals. Dye absorbance in viable cells was measured at 595 nm,
with 630 nm as a reference wavelength. Cell viability was estimated as a percentage of the
value of untreated controls.

Morphological analysis
Cells were plated at a density of 2 × 105 cells/2 ml medium in 6 well plates, and were treated
24 h after seeding. Medium containing freshly added EGCG (20 µmol/L) and/or SFN (10
µmol/L) was changed daily for 6 days. Morphology of cells was observed under phase
contrast microscope with magnification of 100. Images of cells were taken with a Nikon
Coolpix 990 (Nikon, Tokyo, Japan).
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Clonogenic assay
Cells were seeded at 2 × 105 /well in 6 well plates and allowed to adhere overnight. Cell
culture medium was changed and cells were treated with 20 µmol/L EGCG, 10 µmol/L SFN
or in combination in triplicate for each group. After 24 h, cells were split and approximately
400 cells were seeded into sixwell plates. The cells were allowed to incubate at 37°C in the
incubator undisturbed for 15 days. During this period each individual surviving cell would
proliferate and form colonies. On day 15, the colonies were washed with cold phosphate
buffer saline, fixed with cold 70% ethanol and stained with 0.25% trypan blue solution. The
colonies that had ≥50 cells/colony were counted and expressed as percent control.

Analysis of cell cycle progression
Cells were plated at a density of 2 × 105 cells/2 ml medium in 6 well plates, and were treated
24 h after seeding. Medium containing freshly added EGCG (20 µmol/L) and/or SFN (10
µmol/L) was changed daily. After 2 days of treatment, cells were removed from culture
dishes by trypsinization and centrifugation. After washing with PBS, they were fixed in 70%
ethanol at −20°C overnight. Cells were then centrifuged and washed with PBS the second
day followed by suspension in PBS containing 0.1% Triton X-100, 0.1% RNase and 50 µg/
ml propidium iodide. DNA contents in stained nuclei were analyzed with flow cytometry.

Analysis of apoptosis
Ovarian cancer cells were seeded at a density of 2 × 105 cells / well in 6 well plates. Cells
were treated with EGCG (20 µmol/L) and/or SFN (10 µmol/L) for 6 days. Cells were then
washed with PBS; they were stained with Annexin V and PI (Invitrogen) in the binding
buffer for 15 min in the dark. Cells were then analyzed through flow cytometry.

Paclitaxel treatment
Ovarian cancer cells were seeded at 2 × 105 cells / well in 6 well plates. Cells were then
treated with 50 nmol/L paclitaxel, 20 µmol/L EGCG and 10 µmol/L SFN for 3 days.
Proteins were harvested for western blotting analysis.

Western blotting
Protein extracts were prepared by RIPA Lysis Buffer (Upstate Biotechnology,
Charlottesville, VA) according to the manufacturer's protocol. Proteins (20 µg) were
electrophoresed on 10% SDS-polyacrylamide gels and transferred to PDVF membranes.
Membranes were probed with antibodies to hTERT (Millipore, CA), Phosphor H2AX (Cell
signaling), PARP (Cell signaling), DNMT1 (ABcam), Bcl-2 (Cell signaling), and β-actin
antibody (Cell signaling). Molecular weight markers were run on each gel to confirm the
molecular size of the immunoreactive proteins. Immunoreactive bands were visualized using
the enhanced chemiluminescence detection system (Santa Cruz Biotechnology) following
the protocol of the manufacturer.

Telomerase activity assay
Telomerase activity was measured using TeloTAGGG telomerase PCR ELISA kit (Roche
applied science, Indianapolis, IN) according to the manufacturer's protocol. Protein from
total cell lysates (3 µg) was added to the reaction mixture, and the generated telomere
product was PCR amplified using 30 cycles (25°C for 20 min, 94°C for 5 min, 94°C for 30
sec, 50°C for 30 sec, 72°C for 90 sec and 72°C for 10 min). PCR amplified products (5 µL)
were used for ELISA assays, and the level of telomerase activity was expressed as an
arbitrary unit of absorbance at OD 450.
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Statistical analyses
All the data were derived from at least three independent experiments. Statistical
significance among treatments was evaluated using one way ANOVA followed by Tukey
test. P < 0.05 was considered significant.

Results
EGCG and SFN can inhibit viability of SKOV3-ip1 and SKOV3TR-ip2 cells

To determine the effective dose of EGCG and/or SFN on ovarian cancer cells, we first
performed MTT assays to measure cell proliferation status. As shown in Fig.1, human
paclitaxel-sensitive ovarian cancer SKOV3-ip1 (Figure 1A) and paclitaxel-resistant
SKOV3TR-ip2 (Figure 1B) cells were treated with the indicated concentrations of EGCG
and SFN for 24, 48 and 72 h. We observed a dose- and time-dependent cell growth
inhibition with SFN or EGCG and SFN combination treatment both in SKOV3-ip1 and
SKOV3TR-ip2 cells. These ovarian cancer cells are not responsive to EGCG treatment
alone; however, 10 µM SFN is effective in inhibiting both cell types. Furthermore, the
addition of 20 µM EGCG to 10 µM SFN exhibits much stronger inhibiting effect compared
with 10 µM SFN alone.

The morphology of human ovarian cancer cells under treatment were thus further studied
with optimal dosage of 20 µM EGCG and 10 µM SFN combination treatment. As shown in
Figure 2, SFN-treatments or EGCG and SFN combination treatments clearly inhibited
cellular proliferation in these ovarian cancer cells. We have also performed colonogenic
assays with 20 µM EGCG and 10 µM SFN combination treatments. We found that treatment
with SFN significantly reduces SKOV3-ip1 and SKOV3TR-ip2 cell proliferation at doses of
10 µM (Figure 3). Furthermore, EGCG and SFN combination treatments have an even
stronger inhibiting effect on these ovarian cancer cells. Perhaps most importantly, the
inhibiting effect is particularly strong in paclitaxel-resistant ovarian cancer cells
(SKOV3TR-ip2) (Figure 3).

Arrest of SKOV3-ip1 and SKOV3TR-ip2 cells in G2/M and S phase by EGCG and SFN
To determine the potential mechanisms by which EGCG and SFN inhibit viability of
ovarian cancer cells, cell cycle phase distribution of SKOV3 cells before and after treatment
was analyzed by flow cytometry following PI staining. As shown in Figure 4, SFN treatment
alone can arrest cells in G2/M phase, while EGCG and SFN combination treatment led to an
arrest cells in both G2/M and S phases.

EGCG and SFN can induce apoptosis of paclitaxel-resistant ovarian cancer cells
Suppression decrease in cell viability can be achieved by inhibiting cell cycle progression or
by inducing cellular apoptosis [16, 17]. To further determine if EGCG and/or SFN treatment
also induce cellular apoptosis, percentages of apoptotic cells in SKOV3 cells before and
after treatment were analyzed by flow cytometry following staining with Annexin V-FITC
and PI. Apoptotic cells were significantly increased in both the late phase (upper right panel)
and the early phase (lower right panel). Treatment of SKOV3TR-ip2 cells with SFN resulted
in a marked induction of apoptosis at both the early (8.5%) and late (6.6%) stages of
apoptosis (Figure 5B and D). Cleaved PARP protein was also noted to be enhanced in
response to EGCG and SFN combination treatment (Figure 5E). These observations suggest
that SFN induces cell apoptosis in SKOV3TR-ip2 cells, and EGCG can significantly
potentiate the apoptosis induction.
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Induction of DNA damage response in SKOV3-ip1 and SKOV3TR-ip2 cells by EGCG and
SFN

To reveal mechanisms behind EGCG and SFN-mediated G2/M and S phase arrest and
apoptosis of ovarian cancer cells, the level of the DNA damage marker phosphor-H2AX was
analyzed (Fig. 6A, B) since SFN has been indicated to cause DNA damage in a number of
cancer cells [18, 19]. Compared with vehicle and each drug alone, DNA damage response
with the combination of EGCG and SFN was significantly increased in both SKOV3-ip1
and SKOV3TR-ip2 (Fig. 6A, B).

EGCG and SFN can decrease hTERT and DNA methyltransferase 1 (DNMT1) expression in
SKOV3 cells

To explore the mechanism of the effect of EGCG and SFN, the expression level of hTERT
and epigenetic modification enzyme, DNMT1, were analyzed. These genes have previously
been noted to be under epigenetic regulation [20]. As shown in Figure 6A, B, hTERT
expression level is down-regulated after EGCG and SFN combination treatment.
Furthermore, telomerase activity assay indicates that SFN can decrease telomerase activity
in both cell types; EGCG can further potentiate the inhibiting effect of SFN on hTERT
(Figure 6C). Additionally, the expression level of DNMT1 was also decreased by EGCG
and SFN combination treatment.

SFN can decrease Bcl-2 level in SKOV3 cell lines
To target the paclitaxel resistance problem of ovarian cancer, paclitaxel was also
incorporated into the treatment; and the expression of a critical anti-apoptosis molecule,
Bcl-2, was examined. As shown in Figure 7, paclitaxel can decrease Bcl-2 level in SKOV3-
ip1 cells, while it fails to decrease Bcl-2 level in paclitaxel-resistant SKOV3TR-ip2 cells.
EGCG has no apparent effect on Bcl-2 levels in both cell types, while SFN can decrease
Bcl-2 levels in both paclitaxel-sensitive and resistant- cells. Real time PCR indicates no
alteration on the mRNA level of Bcl-2 (data not shown), suggesting the expression
regulation occurs at the protein level.

Discussion
Since high grade serous epithelial ovarian cancers account for most of the mortality from
ovarian cancer, we selected human epithelial ovarian cancer SKOV3 cells as a model for
this study. These cells were isolated from the ascitic fluid of a patient with ovarian serous
adenocarcinomas of Grade 2/3. To evaluate efficacy in a drug resistant model, we used both
paclitaxel-sensitive (SKOV3-ip1) and paclitaxel-resistant (SKOV3TR-ip2) ovarian cancer
cells for analyses. SKOV3-ip1 and its resistant counterpart SKOV3TR-ip2 is a pair of cell
lines which have been well characterized as a proper model for study the paclitaxel
resistance problem [15, 21]. The SKOV3-ip1 cell line was generated from ascites developed
in nu/nu mouse by administering an intraperitoneal injection of SKOV3. SKOV3-ip1 is
more invasive and metastatic compared with its parental line SKOV3. The SKOV3TR-ip2
cell line was generated by sequential exposure to increasing concentrations of
chemotherapy. These two cell lines are p53- and p16 (INK4a)-null which is common in drug
resistant cancer cells. Two strategies, including resensitization of paclitaxel-resistant ovarian
cancer cells to paclitaxel and inhibition of paclitaxel-resistant ovarian cancer cells directly,
have been tested for the potential of EGCG and SFN combination treatment as an effective
solution to the paclitaxel resistance problem. We have demonstrated that SFN or EGCG and
SFN combination treatment has a clear and dramatic apoptotic effect on paclitaxel-resistant
ovarian cancer cells.
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The goal of this study is to determine the effect of EGCG and SFN combination treatment
on both paclitaxel-sensitive (SKOV3-ip1) and resistant (SKOV3TR-ip2) ovarian cancer
cells and to reveal potential mechanisms responsible for the effect. Our results indicate for
the first time that EGCG and SFN combination treatment can inhibit proliferation of ovarian
cancer cells through cell cycle arrest and apoptosis induction within a 6 day period of
treatment with relative low doses. We have also shown that SFN can inhibit the viability of
these two ovarian cancer cell lines. Interestingly, EGCG and SFN combination treatments
exhibit a much stronger inhibiting effect on paclitaxel-resistant ovarian cancer cells
(SKOV3TR-ip2), suggesting the usefulness of combining EGCG and SFN for treatment in
paclitaxel-resistant ovarian cancer patients. Previously, EGCG and SFN combination
treatment has been shown to inhibit viability of HT-29 AP-1 human colon carcinoma cells
[22], but its role in ovarian cancer, which confers high mortality in women, has not
previously been explored and the mechanisms of action are unknown.

Progression through each phase of the cell cycle is regulated carefully to avoid proliferation
or mitosis when adverse conditions exist. Cells can be arrested in G1, S and G2/M phases to
prevent replication of damaged DNA or to prevent aberrant mitosis. p53 is required for cells
to be arrested in G1 phase but not for S and G2/M phases. Our results indicate that SFN
treatment can arrest most ovarian cancer cells in G2/M phase with a slight S phase arrest,
while EGCG and SFN combination treatments arrest less cells at G2/M phase but more in S
phase compared with SFN alone. The cell cycle arrest at G2/M and S phase is also
consistent with the defective p53 status of SKOV3-ip1 and SKOV3TR-ip2 cells.
Furthermore, apoptosis analysis revealed that EGCG can enhance the apoptosis in
paclitaxel-resistant ovarian cancer cells while no enhancement was detected in paclitaxel-
sensitive ovarian cancer cells. These results indicate EGCG and SFN combination treatment
exerts its anti-cancer effect primarily through inhibiting cell cycle progression in paclitaxel-
sensitive ovarian cancer cells, but mainly through induction of apoptosis in paclitaxel-
resistant ovarian cancer cells.

hTERT is important in the survival of cancer cells, in part due to its role in elongating the
telomeres of chromosomes which can solve the end replication problem. However, its extra-
telomeric role has also been revealed in recent studies [23], which is probably more
universal than its telomere elongation role in short-term effects as observed in this
investigation. We found that the viability of ovarian cancer cells was inhibited within a short
period of EGCG and SFN combination treatment. With consideration of the relatively short
time frame of the results, an extra-telomeric role of hTERT is more reasonable in the effect
mediated by EGCG and SFN combination treatment.

As the catalytic subunit of telomerase, which is the main rate-limiting subunit, expression of
hTERT is strictly regulated. Numerous treatments against cancers have been developed
based on the expression discrepancy of hTERT between normal somatic cells and cancer
cells [24]. Recently, it has been shown that targeted inhibition of telomerase activity with
the BIBR1532 small molecule telomerase inhibitor combined with chemotherapy
synergistically eliminated ovarian cancer spheroid-forming cells which indicates targeting
telomerase activity may be a promising strategy against ovarian cancer [25]. In this study,
we show for the first time that EGCG and SFN combination treatment can down-regulate
hTERT expression as evidenced by both western blotting and telomerase activity assay.
Additionally, the coincidence of S phase arrest and reduced expression of hTERT is
consistent with a previous investigation by Luo et al [26]. Furthermore, we described that
DNMT1 expression was down-regulated in response to EGCG and SFN combination
treatments, suggesting epigenetic mechanisms such as DNA methylation regulation may be
involved in hTERT expression in ovarian cancer cells. Down-regulation of DNMT1
expression may further lead to hypomethylation of the first exon of hTERT which actually
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results in down-regulation of hTERT. This piece of data is consistent with what we have
observed in the regulation of hTERT expression by SFN in MCF-7 and MDA-MB-231
breast cancer cells [20].

To reveal the mechanism of the effect of EGCG and SFN combination treatment on
paclitaxel-resistant ovarian cancer cells, paclitaxel was also involved in the treatment. Bcl-2
has been indicated to play an important role in anti-apoptosis. Here in this study, we found
that paclitaxel can decrease Bcl-2 levels in the paclitaxel-sensitive cell line (SKOV3-ip1),
while fails to decrease Bcl-2 levels in the paclitaxel-resistant cell line (SKOV3TR-ip2),
suggesting loss of down-regulation of Bcl-2 levels in response to paclitaxel may be a factor
contributing to the resistance of SKOV3TR-ip2 to paclitaxel. This observation is consistent
with a previous study that overexpression of Bcl-2 is associated with resistance to paclitaxel
in multiple myeloma cells [27, 28]. Consistent with this observation, SFN, which has been
shown to have a strong inhibition effect on both ovarian cancer cell types, can reduce Bcl-2
levels in both cell types.

The dose of EGCG (20 µM) and SFN (10 µM) adopted in this investigation is
physiologically achievable. It has been demonstrated that the peak plasma concentration
achievable with SFN in rats was 20 µM after oral administration which is higher than the
dose we used here [29]. In addition, only 50 µM of SFN was toxic to HepG2 C8 cells,
whereas SFN 10 µM was suboptimal in its efficacy [30]. Data from our previous study also
indicates up to 40 µg/ml EGCG and 20 µM SFN combination treatment is not toxic to
normal human breast cells [31]. Our results here also indicate that EGCG and SFN
combination treatment is an effective way to minimize the toxic effect of applying each
single agent alone.

In this study we have also shown that SFN alone can cause DNA damage after 6 days of
treatment, while EGCG and SFN combination treatment can cause even more DNA damage
to the ovarian cancer cells. This is in consistent with our cell cycle analysis results that SFN
can arrest cells slightly in S phase while EGCG and SFN combination treatment can arrest
more cells in S phase, indicating the DNA damage-causing role of SFN or EGCG and SFN
combination treatment in cell cycle arrestment. It is possible that inhibition of telomerase
contributes to induction of DNA damage response and leads to cell cycle arrest and
apoptosis of ovarian cancer cells.

Conclusions
Our results indicate that SFN with EGCG can inhibit both paclitaxel-sensitive and -resistant
ovarian cancer cells while exerting a much stronger inhibiting effect on the paclitaxel-
resistant ovarian cancer cells through both G2/M phase cell cycle arrest and apoptosis
induction. Mechanistic studies reveal for the first time that EGCG and SFN combination
treatment can cause DNA damage and decrease hTERT expression, and SFN can decrease
Bcl-2 expression in these ovarian cancer cells. This study provides support for the use of
EGCG and SFN in cancer therapy trials for chemo-resistant ovarian cancer.
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Abbreviations

EGCG epigallocatechin gallate
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SFN sulforaphane

PARP poly(ADP-ribose) polymerase

HDAC histone deacetylase

DMSO dimethyl sulfoxide

DNMT1 DNA methyltransferase 1

MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide

PI propidium iodide

PCR polymerase chain reaction

ELISA enzyme-linked immunosorbent assay
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Highlights

• Epigallocatechin gallate (EGCG) plus sulforaphane (SFN) inhibit resistant
cancer

• This inhibition of resistant ovarian cancer cells causes G2/M arrest and
apoptosis

• EGCG and SFN treatment causes DNA damage to the ovarian cancer cells

• These treatments also decrease hTERT and Bcl-2 expression in ovarian cancer
cells

• EGCG and SFN are effective in treating paclitaxel-resistant ovarian cancer cells
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Figure 1.
EGCG and SFN combination treatments decrease viability of SKOV3 cells. Viability of
cells was measured through MTT assay. A. EGCG and SFN combination treatment decrease
viability of SKOV3-ip1 cells. B. EGCG and SFN combination treatment decrease viability
of SKOV3TR-ip2 cells. P<0.05.
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Figure 2.
Morphology of ovarian cancer cells after treatments observed under phase contrast
microscope. Cells were visualized at 100× magnification. A. SKOV3-ip1 3 day treatment. B.
SKOV3-ip1 6 day treatment. C. SKOV3TR-ip2 3 day treatment. D. SKOV3TR-ip2 6 day
treatment.
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Figure 3.
EGCG and SFN combination treatment can inhibit growth of ovarian cancer cells m
colonogenic assays. SFN (10 µmol/L) treatment alone can significantly inhibit colony
formation compared with control. EGCG (20 µmol/L) and SFN (10 µmol/L) combination
treatment can significantly inhibit colony formation compared with SFN treatment alone.
The inhibition effect of EGCG and SFN combination treatment or SFN alone treatment is
significantly stronger in paclitaxel-resistant ovarian cancer cells (SKOV3TR-ip2) than in
sensitive cells (SKOV3-ip1). * P<0.05.
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Figure 4.
EGCG and SFN treatment can arrest SKOV3-ip1 and SKOV3TR-ip2 cells at G2/M and S
phase. A, C. SKOV3-ip1 cells were treated with EGCG (20 µmol/L) or SFN (10 µmol/L) for
2 days. B, D. SKOV3TR-ip2 cells were treated with EGCG (20 µmol/L) or SFN (10 µmol/
L) for two days. The first peak represents cells in G1 phase, the second peak represents cells
in G2/M phase, and the area between the two peaks represents S phase. The histograms were
obtained using PI staining followed by flow cytometry analysis.
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Figure 5.
SFN can induce apoptosis of SKOV3TR-ip2 cells, and EGCG can potentiate the effect of
SFN on apoptosis induction. A, C. Effect of EGCG and SFN treatment on apoptosis of
SKOV3-ip1 cells. B, D. Effect of EGCG and SFN treatment on apoptosis of SKOV3TR-ip2
cells. E. Cleaved PARP has been increased in response to EGCG and SFN combination
treatment in SKOV3TR-ip2 cells. Cells were treated with 20 µmol/L EGCG or 10 µmol/L
SFN for 6 days. The cytograms were obtained by Annexin V and PI staining.
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Figure 6.
EGCG and SFN combination treatment can cause DNA damage and decrease expression
level of hTERT and DNMT1. A. SFN treatment alone can cause DNA damage in SKOV3-
ip1 cells, while EGCG can enhance the DNA damage induction effect of SFN. EGCG and
SFN combination can decrease the expression levels of hTERT and DNMT1. B. SFN
treatment alone can cause DNA damage in SKOV3TR-ip2 cells, while EGCG can enhance
the DNA damage induction effect of SFN. EGCG and SFN combination can decrease the
expression level of hTERT and DNMT1. C. SFN treatment alone can significantly inhibit
telomerase activity compared with control. EGCG and SFN combination treatment can
significantly inhibit telomerase activity compared with SFN treatment alone. The inhibition
effect of EGCG and SFN combination treatment or SFN alone treatment is significantly
stronger in paclitaxel-resistant ovarian cancer cells (SKOV3TR-ip2) than in sensitive cells
(SKOV3-ip1). Cells were treated with 20 µmol/L EGCG or 10 µmol/L SFN. * P<0.05.
These figures are representative of three experiments.
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Figure 7.
Bcl-2 expression is regulated by paclitaxel and SFN in ovarian cancer cells. Paclitaxel alone
can decrease Bcl-2 in paclitaxel-sensitive ovarian cancer cells but fails to decrease Bcl-2 in
paclitaxel-resistant ovarian cancer cells. SFN can decrease Bcl-2 in both paclitaxel-sensitive
and –resistant ovarian cancer cells. Ovarian cancer cells were treated with 50 nmol/L
paclitaxel, 20 µmol/L EGCG and 10 µmol/L SFN for 3 days.
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