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Abstract

Purpose 5-Fluorouracil (5-FU) is the basic chemothera-
peutic agent used to treat colon cancer. However, the sen-
sitivity of colon cancer cells to 5-FU is limited. Gossy-
pol is a polyphenolic extract of cottonseeds. The purpose
of this study was to investigate the activities and related
mechanism of gossypol alone or in combination with 5-FU
against human colon carcinoma cells.

Methods The ICs, of gossypol or/and 5-FU in vitro was
tested by 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay, and the drug interaction was
analyzed using the CalcuSyn method. Cell apoptosis was
determined using presidium iodide staining and flow cyto-
metric analysis. Western blotting was used to determine the
expression of proteins. Transient transfection method was
used to silence protein.

Results The IC5, at 48 h of gossypol in colon can-
cer cells was 26.11 £+ 1.04 pumol/L in HT-29
cells, 14.11 + 1.08 pmol/L in HCTI116 cells, and
21.83 &£ 1.05 pmol/L in RKO cells. When gossypol was
combined with 5-FU, a synergistic cytotoxic effect was
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observed in HT-29 cells, HCT116 cells, and RKO cells
compared with treatment with gossypol or 5-FU alone.
The Western blotting results indicated that gossypol down-
regulated thymidylate synthase (TS) rather than thymi-
dine phosphorylase protein expression. Furthermore, the
mTOR/p70S6K1 signaling pathway was inhibited in gossy-
pol-treated colon cancer cells, and consequently, cyclin D1
expression was decreased, suggesting an additional mecha-
nism of the observed antiproliferative synergistic interac-
tions. All the observation was confirmed by silencing TS
and inactivating the mTOR/p70S6K1 signaling pathway by
rapamycin, both of which increased the chemo-sensitizing
efficacy of 5-FU.

Conclusions These findings suggest that gossypol-medi-
ated down-regulation of TS, cyclin D1, and the mTOR/
p70S6K1 signaling pathways enhances the anti-tumor
effect of 5-FU. Ultimately, our data exposed a new action
for gossypol as an enhancer of 5-FU-induced cell growth
suppression.

Keywords Colon cancer - Gossypol - 5-Fluorouracil -
Thymidylate synthase - Cyclin D1 - mTOR

Introduction

Colorectal cancer (CRC), with approximately 1 million
new cancer cases each year, is the fourth leading cause
of cancer-related deaths worldwide [1, 2]. 5-Fluoroura-
cil (5-FU) is one of the most important pharmacological
agents in the treatment of colon cancer [3, 4]. In the past
few decades, 5-FU and 5-FU-based chemotherapy were
mainstream in the adjuvant treatment of CRC [5, 6]. How-
ever, the gains made by the chemotherapeutic efficacy of
5-FU and 5-FU-based chemotherapy are somewhat limited
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in patients with colon cancer, primarily due to the develop-
ment of drug resistance [7-9]. Therefore, there is an urgent
need to develop new therapeutic strategies to enhance the
anti-tumor effect of 5-FU.

Gossypol, a polyphenolic compound, is naturally present in
cottonseed products. Initially, it was only used as a male fertil-
ity-control agent but is now widely used. The anticancer prop-
erties of gossypol have been studied in a variety of cancers
since the 1980s [10-14]. Treatment with gossypol may have
various biochemical and molecular impacts on different can-
cers with specific biological behaviors. Gossypol is proposed
to inhibit Bcl-2 and Bcl-XL and can also induce autophagic
cell death as well as apoptosis through the Smac, p53, and cas-
pase pathways [15—17]. Another study also showed that gos-
sypol caused cancer cell cycle arrest at the G2/M or GO/G1
phases along with the down-regulation of Akt and phospho-
Akt protein expression and the decreased the expression of
cyclin D1, Cdk4, and phospho-Rb due to the up-regulation of
TGF-betal expression and secretion [18, 19].

In addition, gossypol has been shown to effectively
enhance anticancer agent-induced apoptosis in combination
with other conventional chemotherapeutic drugs. Gossypol
can overcome gemcitabine resistance in cell lines with a
high level of Bcl-2 expression and sensitize cancer cells to
TRAIL or docetaxel in combination drug therapy [20-22].
Currently, gossypol is being evaluated in phase I and II
clinical trials for use as a single agent or in combination
with other anti-tumor agents in a variety of hematologic,
lymphoid, and solid tumor malignancies [23, 24]. However,
the potential of gossypol to improve 5-FU sensitivity of
colon cancer cells is unclear.

TS is an enzyme involved in DNA synthesis and a tar-
get of 5-FU [25]. However, studies indicate that 5-FU treat-
ment induces TS expression, which might lead to chemore-
sistance [26, 27]. The low level of TS is generally thought
to sensitize cells to 5-FU. Thymidine phosphorylase (TP) is
a key enzyme that contributes in the metabolic process of
pyrimidine nucleotides [28]. TP expression can contribute
to predicting sensitivity of colorectal cancer cells to 5-FU
[29], and the patients with high TP expression and treated
with 5-FU exhibited better prognosis [30].

The mTOR kinase is a key element in intracellular sig-
nal transduction that is responsible for the regulation of cell
growth and proliferation [31]. mTOR kinase can phospho-
rylate and activate p70S6K1, which is a key mediator of
mTOR function and also can regulate diverse cellular pro-
cesses including protein synthesis, cell growth, and survival
[32-34]. Inhibiting phosphorylated p70S6K1 suppresses
the proliferation and growth of carcinoma and overcomes
the adaptive resistance to targeted therapies [35-37]. Stud-
ies also showed that the inhibition of the mTOR/p70S6K1
signal may be a key molecular event in enhancing 5-FU-
induced apoptosis [38].
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Fig. 1 Effects of 5-FU or gossypol on HT-29 cells, HCT116 cells,
and RKO cells. a Cell proliferation of HT-29 cells, HCT116 cells,
and RKO cells incubated with the indicated concentrations of gossy-
pol (for 24 or 48 h). Cell growth inhibition was assessed by the MTT
assay. Points represent the mean + SD. Sigmoidal dose response
curves were derived from fitting the data to a nonlinear regression
program (Graph Pad Prism). b The percentage of apoptotic HT-29
cells, HCT116 cells, and RKO cells incubated with the indicated
concentrations of gossypol for 48 h. Apoptosis (APO) was analyzed
as a sub-G1 fraction by flow cytometry with PI staining. ¢ Western
blotting showed that gossypol induced procaspase-3 and PARP cleav-
age in HT-29 cells, HCT116 cells, and RKO cells. b, ¢ The final
results are summarized in the bar graphs. Data are presented as the
mean + SD of three independent experiments. *p < 0.01 compared to
the cells in the control group

In the present study, we investigated the ability of the
combination of gossypol and 5-FU to sensitize human
colon cancer cells to 5-FU-induced apoptosis. Our data
show that gossypol sensitized colon cancer cells to 5-FU
via the induction of apoptosis through the down-regulation
of TS expression, which is partially regulated by the down-
regulation of the mTOR/p70S6K1 signaling axis.

Materials and methods
Reagents and antibodies

Gossypol (Sigma-Aldrich; St Louis, MO, USA) was
dissolved in DMSO at a concentration of 20 mM and
was stored at —20 °C. Anti-cyclin D1, anti-actin, anti-
TS, and anti-TP antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-poly
(ADP-ribose) polymerase (PARP), anti-phospho-mTOR,
anti-mTOR, anti-phospho-p70S6K1, anti-p70S6K1, and
anti-caspase-3 antibodies were purchased from Cell Signal-
ing Technology (Beverly, MA, USA).

Cell culture

The cells were cultured in RPMI 1640 medium (Gibco)
containing 10 % heat-inactivated fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 mg/mL) at
37 °C under an atmosphere of 95 % air and 5 % CO,. Cells
were routinely subcultured every 2-3 days, and all of cell
samples were in the logarithmic growth phase.

Cell proliferation assay

The effects of 5-FU and/or gossypol on cell proliferation
were measured using the 3-(4,5-dimethyl thiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. The cells
were seeded at 5 x 10° cells/well in 96-well plates and
incubated overnight, and then, different concentrations of
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5-FU and/or gossypol were added and further incubated
for the indicated times. Thereafter, 20 WL of MTT solution
(5 mg/mL) was added to each well, and the cells were incu-
bated for another 4 h at 37 °C. After removal of the culture
medium, the cells were lysed in 200 L of dimethylsulfox-
ide, and the optical density (OD) was measured at 570 nm
with a microplate reader (Model 550, Bio-Rad Laborato-
ries, USA). The following formula was used: cell prolifera-
tion inhibition rate = (1 — OD of the experimental sample/
OD of the control group) x 100 %. Drug interaction was
evaluated by using CalcuSyn software (version 2; Biosoft).
Drug combination studies were analyzed with the combina-
tion index (CI); CI values <1.00 were considered as show-
ing synergetic effects.

Flow cytometry analysis

The cells were seeded at 1 x 10° cells/well in six-well
plates and were incubated overnight and then exposed to
5-FU and/or gossypol for 48 h. The cells were collected
and washed twice with phosphate-buffered saline (PBS).
After fixing in ice-cold 70 % ethanol for 12 h, the sam-
ples were washed twice with PBS and then incubated with
20 pg/mL RNase A and 10 pg/mL presidium iodide (PI)
for 30 min in the dark. Finally, the samples were evaluated
by flow cytometry, and the data were analyzed with ModFit
2.0 software.

Western blotting analysis

Cells were washed twice with PBS buffer and solubilized
in 1 % Triton lysis buffer on ice. The protein concentration
was determined using the Lowry method. Total proteins
(30-50 pg) were subjected to sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes (Immoblin-P, Millipore,
Bedford, MA, USA). The membranes were blocked with
5 % skim milk in TBST buffer and then incubated with the
indicated antibodies at 4 °C overnight. After washing with
TBST, the membrane was reacted with horseradish perox-
idase-conjugated secondary antibodies for 30 min at room
temperature. The immunoreactive proteins were visualized
with chemiluminescence reagent (SuperSignal Western
PicoChemiluminescent Substrate, Pierce, USA).

Transient transfection

The cells were transiently transfected with control siRNA
or TS siRNA using Lipofectamine 2000 reagent according
to the manufacturer’s protocol (Invitrogen, Life Technolo-
gies, Grand Island, NY, USA). Briefly, the diluted DNA
sample as well as the transfection reagent were mixed
at a 1:1 ratio and were added to 60-70 % confluent cells
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and incubated for 5-7 h. The reaction was then stopped
by replacing the transfection media with normal growth
media.

For transfection, cells were seeded into six-well plates
(1 x 10° cells/well) without antibiotics. After 24 h, the cells
were transfected with TS siRNAs using Lipofectamine
2000 reagent (Invitrogen, USA) according to the manu-
facturer’s instructions. After 48 h of transfection, the cells
were subcultured for further use.

Statistical analysis

All experiments were repeated at least three times. Data
are expressed as the mean + SD unless noted otherwise.
Differences between data groups were evaluated for signifi-
cance using Student 7 test. p values <0.01 were considered
statistically significant.

Results

Growth inhibition of HT-29, HCT116, and RKO cells
by gossypol

We tested the effects of gossypol on colon cancer cell
lines. The effect of gossypol on the proliferation of HT-29,
HCT116, and RKO cells was examined by the MTT assay
(Fig. 1a). The results demonstrated that gossypol induced
an anti-proliferative effect on colon cell lines in a time-
and dose-dependent manner, and the ICy, at 48 h was
26.11 £ 1.04 wmol/L in HT-29 cells, 14.11 £ 1.08 wmol/L
in HCT116 cells, and 21.83 & 1.05 pwmol/L in RKO cells.

To understand how gossypol inhibits cell prolifera-
tion, the effect of gossypol on cell apoptosis was assessed.
We found that treatment with gossypol for 48 h induced
colon cells apoptosis in a concentration-dependent manner
(Fig. 1b). When gossypol was used after 24 h, the cleavage
of PARP (the downstream target of caspase-3) and procas-
pase-3 was detected (Fig. 1c). These results indicated that
gossypol induced apoptosis in colon cancer cells.

Gossypol enhances 5-fluorouracil-induced apoptosis
in colon cells

HT-29, HCTI116, and RKO cells were treated with
increasing concentrations of 5-FU, and the ICy, at
48 h was 293.70 £ 2.04 pmol/mL in HT-29 cells,
6148 £+ 224 pmol/mL in HCTI16 cells, and
21.16 £ 1.82 wmol/mL in RKO cells (Fig. 2a). The effect
of gossypol in combination with 5-FU was then investi-
gated. The combination of gossypol and 5-FU was found
to induce a synergistic cytotoxic effect compared with
that caused by either of the two compounds alone in colon
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Fig. 2 Gossypol increased
chemotherapeutic sensitivity
against colon cancer in combi-
nation with 5-FU. a Cell prolif-
eration of HT-29 cells, HCT116
cells, and RKO cells incubated
with the indicated concentra-
tions of 5-FU (for 48 h). Cell
growth inhibition was assessed
by MTT assay. Points represent
the mean £ SD. The sigmoidal
dose-response curves were
derived from fitting the data to
a nonlinear regression program
(GraphPad Prism). b The per-
centage of apoptotic cells was
quantitated by flow cytometry
after PI staining (150 wmol/mL
5-FU and 20 pmol/L gossypol
in HT-29 cells, 30 pumol/mL
5-FU and 10 pmol/L gossypol
in HCT116 cells and 15 pmol/
mL 5-FU and 20 pmol/L gos-
sypol in RKO cells for 48 h).

¢ Western blotting showed
gossypol combined with 5-FU-
induced procaspase-3 and PARP
cleavage in HCT116 cells and
RKO cells (150 pwmol/mL 5-FU
and 20 pwmol/L gossypol in
HT-29 cells, 30 wmol/mL 5-FU
and 10 pwmol/L gossypol in
HCT116 cells and 15 pmol/mL
5-FU and 10 pmol/L gossypol
in RKO cells for 24 h). b, ¢ The
final results are summarized

in the bar graphs. Data are
presented as the mean £ SD of
three independent experiments.
*p < 0.01 compared to the cells
in the 5-FU treated group
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cancer cells. The CI value was <1 in all colon cancer cells
for the combination, indicating synergism (Table 1). As
shown in Fig. 2b, the combination of 150 pmol/mL 5-FU
and 20 pmol/L gossypol in HT-29 cells, 30 wmol/mL 5-FU
and 10 wmol/L gossypol in HCT116 cells, and 15 pmol/
mL 5-FU and 20 pmol/L gossypol in RKO cells for 48 h
induced a significant enhancement of apoptotic cells, which
was quantitated as a percentage by flow cytometry and
through the significant cleavage of procaspase-3 and PARP
to its active fragments in comparison with 5-FU and gos-
sypol alone (Fig. 2c). The results indicate that gossypol
enhances the cytotoxicity and apoptosis induced of 5-FU in
human colon cancer cells.

Gossypol increased chemotherapeutic sensitivity
against colon cell lines in combination with 5-FU
through the down-regulated expression of TS, but not
TP

To evaluate the role of gossypol in the regulation of the
protein levels of TS in colon cell lines, HCT116 and RKO
cells were exposed to various concentrations of gossypol
for 24 h, and the protein levels of TS were determined by
Western blot analysis. The results showed that gossypol
significantly decreased the protein levels of TS in a dose-
dependent manner (Fig. 3a). Next, we examined the com-
bined effects of treatment with gossypol and 5-FU on the
expression of TS. As shown in Fig. 3b, gossypol signifi-
cantly down-regulated the 5-FU-induced up-regulation of
TS levels and a clear ternary complex between FAUMP, TS
and the methyl donor, as shown by the appearance of the
upper 38 kDa band. Notably, the formation of the ternary
complex is always achieved after combined treatment, indi-
cating that gossypol does not affect the biochemical inhi-
bition of TS induced by 5-FU. We then checked whether
the down-regulation of TS by gossypol has any regulatory
role in the enhancement effects of gossypol with 5-FU in
colon cancer cells. Hence, we silenced TS expression by
transiently transfecting the HCT116 cells with TS siRNA,
and the proliferation of these cells treated with gossypol
and/or 5-FU was compared to cells transfected with control
siRNA. The results showed that the silencing of TS could

Fig. 3 Gossypol increased chemotherapeutic sensitivity againstp
colon cell lines in combination with 5-fluorouracil through the
down-regulated expression of TS proteins. a Gossypol induces the
down-regulation of TS protein expression in HCT116 cells and RKO
cells. b The effect of gossypol on 5-FU-induced activation of TS in
HCT116 cells and RKO cells. ¢ Small interfering RNA (siRNA)-
mediated silencing of TS expression in HCT116 cells. Cells were
transiently transfected with control and TS siRNA. d The effect
of 5-FU and gossypol, alone or in combination, on control and TS
siRNA-transfected HCT116 cells. The percentage of apoptotic cells
was quantitated by flow cytometry after staining. Western blotting
showed gossypol combined with 5-FU-induced PARP cleavage in
HCT116 cells. a, b, ¢ The expression of TS and TP proteins were
analyzed by Western blotting. The final results are summarized in the
bar graphs. Data are presented as the mean £ SD of three independ-
ent experiments. a, b *p < 0.01 compared to the cells in the 5-FU
treated group. ¢, d *p < 0.01 compared to the cells in the control
siRNA-treated group

enhance the cytotoxicity of 5-FU and the combination of
gossypol and 5-FU in HCT116 cells, indicating that gossy-
pol treatment increased 5-FU-induced apoptosis, at least in
part, through the down-regulation of TS.

In addition, we also analyzed the effect of gossypol in
regulating the protein levels of TP. As shown in Fig. 3a, b,
the results showed that the expression of TP was not obvi-
ously altered when treated with gossypol alone or in com-
bination with 5-FU.

Gossypol treatment down-regulated the expression
of TS partially through the down-regulation of the
mTOR signaling pathway in colon cell lines

Our data suggested that treating HCT116 cells and RKO
cells with gossypol leads to a dose-dependent reduction
in the activated form of mTOR and p70S6K1, and down-
regulation of cyclin D1 protein levels (Fig. 4a). Next, we
examined the combined effects of co-treatment with gos-
sypol and 5-FU on the levels of phospho-mTOR, phospho-
p70S6K1, and cyclin D1. As shown in Fig. 4b, the levels
of phospho-mTOR, phospho-p70S6K1, and cyclin DI
were also down-regulated. These data indicated that gos-
sypol down-regulated the mTOR/p70S6K1 signal axis,
which might take part in the down-regulation of TS expres-
sion. Our next effort was to check whether rapamycin (a

Table 1 Combination index Fa
values for the combination of

HCT116

RKO HT-29

gossypol (umol/L) with 5-FU Gossypol/5-FU  CI Gossypol/5-FU CI Gossypol/5-FU  CI

(pmol/L) in a panel of colon

cancer cell lines 0.50 4.883/14.650  0.569 +0.041 7.889/5.917 0.459 +0.049 9.717/72.879 0.658 +0.132
0.60 6.027/18.080 0.33 £0.043 9.869/7.402 0.365 £0.041 12.428/93.212  0.557 £ 0.102
0.70 7.579/22.737  0.206 £ 0.044 12.598/9.448  0.295 £ 0.037 16.250/121.878 0.527 £ 0.092
0.80 10.024/30.073  0.129 £ 0.043 16.988/12.725 0.238 £ 0.037 22.539/169.039 0.542 +£ 0.095
0.90 15.268/45.803 0.072 £ 0.037 26.554/19.916 0.190 £ 0.039 36.869/276.516 0.607 £ 0.126
Note: The CalcuSyn analysis included data from three separate experiments
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onstrated that, as seen with gossypol treatment, rapamy-
cin treatment also significantly increased the cytotoxic-

ity of 5-FU and inhibited the mTOR/p70S6K1 pathway

Discussion

and decreased the expression of cyclin D1 and TS pro-

teins (Fig. 4c). These data confirmed that gossypol down-
regulated the expression of TS and cyclin D1, potentially
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through the partial down-regulation of the mTOR/p70S6K1
signaling pathway in colon cell lines.

5-FU is a standard chemotherapeutic drug that has been
widely used as a standard chemotherapy drug in colorectal



Cancer Chemother Pharmacol (2015) 76:575-586

583

4 Fig. 4 Gossypol treatment down-regulated the expression of TS and
cyclin D1 partially through the down-regulation of the mTOR signal-
ing pathway in colon cell lines. a Gossypol induces the down-regu-
lation of phospho-mTOR, phospho-p70S6K1, and cyclin D1 protein
expression in HCT116 cells and RKO cells. The cells were treated
with various concentrations of gossypol for 24 h (*p < 0.01 compared
to the cells in the control group). b The effect of 5-FU and gossypol,
alone or in combination, on the levels of phospho-mTOR, phospho-
p70S6K1, and cyclin D1 in HCT116 cells and RKO cells. The cells
were treated with gossypol or/and 5-FU for 24 h (*p < 0.01 compared
to the cells in the 5-FU treated group). ¢ The effect of rapamycin
treatment on the levels of phospho-mTOR, phospho-p70S6K1, TS,
and cyclin D1 in HCT116 cells and RKO cells. The cells were treated
with 100 nm rapamycin for 24 h. Cell proliferation of HCT116 cells
incubated with 30 wmol/L 5-FU and 10 pwmol/L gossypol, alone or
in combination, with or without 100 nmol/L rapamycin. Cell growth
inhibition was assessed by the MTT assay. Points represent the
mean + SD (¥*p < 0.01 compared to the cells in the control group).
Western blotting showed gossypol combined with 5-FU-induced
PARP cleavage in HCT116 cells. d The effect of 5-FU and gossypol,
alone or in combination, with or without rapamycin on the levels of
cleaved PARP, phospho-mTOR, cyclin D1, and TS in HCT116 cells
(*p < 0.01 compared to the cells in the 5-FU treated group). a, b, ¢,
d The levels of cleaved PARP, phospho-mTOR, phospho-p70S6K1,
mTOR, p70S6K1, TS, and cyclin D1 were detected by Western blot-
ting

cancer. However, primary or acquired 5-FU resistance fre-
quently develops and is a main cause of chemotherapy fail-
ure in human colorectal cancer [39]. It is therefore urgent
to unravel the mechanisms underlying drug resistance in
colorectal cancer as well as to finding new drugs that could
enhance the susceptibility of cancer cells to 5-FU. In this
study, the results demonstrated that gossypol exerted potent
anti-proliferative effects in human colon cell lines. Moreo-
ver, combined treatment with 5-FU and gossypol showed
a clear synergistic anti-proliferative effect and induced
apoptosis. These studies suggested that co-treatment with
gossypol may improve the efficiency of 5-FU in colon can-
cer therapy. To study the mechanism that how gossypol
increased the chemo-sensitizing efficacy of 5-FU, in the
following study, we used HCT116 cell line and RKO cell
line as examples.

TS is a critical target of 5-FU, which catalyses the meth-
ylation of dUMP to dTMP. dTMP is then intracellularly
metabolized to dTTP, an essential precursor for DNA bio-
synthesis [40, 41]. Previous studies in cancer patients have
demonstrated that TS is the main molecular mechanism
governing 5-FU sensitivity, and the over-expression of TS
has been reported to be the mechanisms for the chemore-
sistance to 5-FU [42, 43]. A meta-analysis study showed
that colorectal cancer patients with enhanced TS expres-
sion show a decrease in overall survival compared with
those patients with low TS expression [44]. Furthermore,
several clinical studies showed that the degree of inhibition
of TS and the persistence of inhibition are essential factors
for maximal in vivo growth inhibition by 5-FU [40, 45].

Multiple in vitro investigations have shown an improved
response to 5-FU with low level of TS protein and enzyme
activity in cancer cells [26, 46—48]. The HDAC inhibitor
vorinostat had been shown to enhance the efficacy of 5-FU
through down-regulation of TS [47]. Sinomenine was also
shown to have the ability to reduce the expression of TS
mRNA and sensitize gastric cancer cells to 5-FU in vitro
and in vivo [45]. TP is a key enzyme that is able to cata-
lyze the conversion of 5-FU to its active cytotoxic form,
5-fluoro-2’-deoxyurdine (5-FdUR) [49]. Activated 5-FdUR
can inhibit TS activity, thereby depriving the de novo dTTP
supply and blocking the process of DNA synthesis [50, 51].
Therefore, high TP expression in the tumor could theoreti-
cally promote the cytotoxicity of 5-FU [52].

We observed that gossypol could down-regulate TS pro-
tein expression and act to inhibit TS induction by 5-FU in
co-treated colon cancer cell lines. However, gossypol did
not affect the formation of the stable and inactive ternary
complex between the 5-FU-metabolite FAUMP (5-fluoro-
2'-deoxyurdine 5’-monophoaphate), TS, and the methyl
donor CH2THEF, indicating that it does not influence the
biochemical inhibition of TS. In addition, we demon-
strated that the addition of TS siRNA could further enhance
the effectiveness 5-FU treatment alone or in combination
with gossypol. Taken together, our data show, for the first
time, that TS down-regulation is induced by gossypol in
colon cancer cells treated with 5-FU. In addition, we dem-
onstrated that the treatment of two colon cancer cell lines
with gossypol did not alter TP expression levels and that
TP was not involved in the enhanced effect of 5-FU when
combined with gossypol in colon carcinoma.

The TS gene is one of the target genes of the transcrip-
tion factor E2F1 [53]. In normal cell cycle progression,
E2F exerts a repressive effect on E2F-responsive genes in
the GO/G1 phase by associating with the retinoblastoma
tumor suppressor gene product pRb and the related protein
p130. This repression is relieved by the phosphorylation of
the pRb family of proteins by the formation of a G1 cyclin
(cyclin D and cyclin E)-CDKs (cyclin-dependent kinases)
complex, resulting in the expression of E2F-responsive
genes in late G1 with a peak at the G1/S boundary [54].
Researchers have also reported that the suppression of
cyclin D1 expression leads to decreased TS protein lev-
els [55-57]. In the present study, we found that treatment
with gossypol alone and in combination with 5-FU clearly
decreased the expression level of cyclin D1, confirming
that gossypol down-regulated TS expression through the
inhibition of cyclin D1 expression.

Other researchers have reported that the mTOR inhibi-
tors could synergize with 5-FU by inhibiting E2F1, TS,
and cyclin D1 and by enhancing DNA damage in gastric
cancer cells, colorectal cancer cells, and breast cancer cells
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[58—66]. Thus, we hypothesized that the mTOR kinase may
be regulated by gossypol.

Our data showed that treatment of gossypol led to a
dose-dependent reduction in phospho-mTOR and phospho-
p70S6K1 in colon cancer cell lines. Co-treatment with
gossypol and 5-FU also down-regulated the expression
levels of phospho-mTOR and phospho-p70S6K1. These
results were similar to those of a study by Cheng et al.
[67], which showed that apogossypolone (one of gossy-
pol derivatives) negatively regulated the phosphorylation
of mTOR in human hepatocellular cells. Furthermore, we
demonstrated that the classic mTOR inhibitor rapamycin
inhibited the mTOR/p70S6K1 pathways, down-regulating
the expression of the cyclin D1 protein and TS. Thus in
the present study, we confirmed that similar to rapamy-
cin, the down-regulated of cyclin D1 and TS by gossypol
alone or in combination with 5-FU occurred at least par-
tially through the down-regulation of phospho-mTOR and
phospho-p70S6K1.

Conclusions

In summary, the present results demonstrated that gossy-
pol mediated the down-regulation of TS and the cyclin D1
protein and the inhibition of the mTOR/p70S6K1 signaling
pathway to enhance the anti-tumor effect of 5-FU. These
findings provide a rationale for the design of a novel com-
bination of chemotherapy regimens for patients with colon
cancer.
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