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Inhibition of MTOR suppresses human
gallbladder carcinoma cell proliferation and
enhances the cytotoxicity of 5-fluorouracil
by downregulating MDR1 expression
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Abstract. - OBJECTIVE: Although 5-fluoro-
uracil (5-FU) is widely used in the treatment of
various cancers, drug resistance remains a lim-
itation for its anti-cancer activity. Mammalian
target of rapamycin (mTOR) is deregulated in di-
verse human cancers, including gallbladder car-
cinoma and mTOR inhibitors show promising
anti-cancer activities with proliferation inhibito-
ry effects. This study aims to clarify the benefit
of the combination of 5-FU and the mTOR inhib-
itor, OSI-027, on gallbladder carcinoma cell pro-
liferation.

MATERIALS AND METHODS: Two gallblad-
der carcinoma cell lines and two agents (5-FU
and OSI-027) were used in the present study.
Cell counting kit-8 assays and EdU staining were
performed to examine the proliferation of cancer
cells. The expression of MDR1 protein was de-
termined by western blot analysis.

RESULTS: The combination of OSI-027 with
5-FU showed a synergistic anti-proliferative ef-
fect on the gallbladder cancer cells, RBE and
GBC-SD cells. Upon 5-FU treatment, MDR1 ex-
pression was upregulated and OSI-027 could re-
verse 5-FU-induced MDR1 upregulation. More-
over, MDR1 depletion sensitized gallbladder
carcinoma cells to 5-FU stimulation and attenu-
ated the synergistic effect of 0SI1-027 and 5-FU.
Finally, we determined that OSI-027 downregu-
lated MDR1 expression by suppressing its syn-
thesis rather than by promoting its degradation.

CONCLUSIONS: Dual mTORC1/mTORC2 in-
hibitors such as OSI-027 are promising thera-
peutic agents in combination with 5-FU for the
treatment of human gallbladder cancer.
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Introduction

Gallbladder cancer is the fifth most common
gastrointestinal cancer, accounting for 80-95% of
biliary tract cancers. Currently, the most effec-
tive treatment for gallbladder cancer is surgical
removal of the gallbladder with part of the liver
and lymph node dissection, followed by chemo-
therapy and radiation'. Although gallbladder can-
cer is rare with an incidence of only 0.003%, be-
cause of its extremely poor prognosis, this cancer
is always detected after symptoms with a 5-year
survival rate close to 3%?3. 5-fluorouracil (5-FU)
is widely used for gallbladder cancer treatment,
but 5-FU monotherapy has shown limited effi-
ciency in clinical trials. Therefore, researchers
attempted to treat patients with advanced gall-
bladder cancer with a combination of 5-FU, gem-
citabine, cisplatin, and other anti-cancer agents*”.
The improved disease control rates and survival
rates in these phase II trials*> demonstrate that
the combination therapy based on chemother-
apeutic agents and chemical inhibitors to block
the deregulated signaling pathways in target
cancer cells represents a potential approach for
gallbladder cancer therapy. However, chemother-
apy response rates with 5-FU treatment for ad-
vanced gallbladder cancer remain low, primarily
because of drug resistance®. Resistance to 5-FU
is relatively frequent in various cancers”®; there-
fore, novel strategies to overcome drug resistance
are urgently needed. For instance, inhibition of
autophagy by chloroquine sensitizes gallbladder
cancer cells to 5-FU-induced cell death’.
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Mammalian target of rapamycin (mTOR), an
atypical serine/threonine kinase, is a critically
mediates numerous cellular signaling pathways
during oncogenesis by regulating cell prolifera-
tion, growth, differentiation, migration, and sur-
vival'’. The mTOR functions within two distinct
complexes designated as mTORC1 and mTORC2
that differ in their subunit composition!'. mTOR
is deregulated in human gallbladder carcinoma
and plays an essential role in gallbladder cancer
progression'?. Inhibition of the mTOR pathway
attenuates gallbladder cancer cell migration and
invasion. Thus, the mTOR pathway has become
a potential target for advanced gallbladder can-
cer therapy'*'. Inhibition of mTOR signaling
using rapamycin can sensitize cancer cells to
cisplatin and doxorubicin'>'®. OSI-027 is a novel
ATP-competitive inhibitor of both the mTORCI1
and mTORC2 components, and it has demonstrat-
ed potent anti-cancer effects in colorectal, lym-
phoma, and breast cancer'”"®. However, whether
OSI-027 has an anti-cancer activity in gallblad-
der cancer remains unclear. The correlation be-
tween mTOR pathway and 5-FU drug resistance
remains largely unknown.

In the present study, we demonstrated that the
inhibition of the mTOR signaling pathway potent-
ly sensitized gallbladder cancer cells to 5-FU in
vitro by suppressing the expression of 5-FU-in-
duced MDRI1. This work suggests that the dual
inhibition of mMTORC1/mTORC2 by OSI-027 is
a promising therapeutic strategy in combination
with 5-FU for the treatment of human gallbladder
carcinoma.

Materials and Methods

Cell Culture

Two human gallbladder cancer cell lines, RBE
and GBC-SD, were originally obtained from
the American Type Culture Collection (ATCC;
Manassas, VA, USA) and maintained as indicat-
ed by the ATCC. Cells were cultured in RPMI-
1640 medium (Gibco, Grand Island, NY, USA)
supplemented with 10% FBS and 1% penicillin/
streptomycin. Cells were maintained at 37°C in a
humidified incubator with 5% CO.,.

Chemical Reagents

MGI132 and cycloheximide (CHX) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA).
OSI-027 and 5-FU were purchased from Selleck
(Houston, TX, USA).
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Cell Viability Assays

To determine the relative cell viability, RBE
or GBC-SD cells were seeded into 96-well mi-
croplates at a density of 8,000 cells per well. Af-
ter cell attachment for about 12 h, cells were in-
cubated with RPMI-1640 medium supplemented
with 1% FBS for 24 h. Then, the culture medium
was replaced with completed medium contain-
ing diverse concentrations of OSI-027 (uM) and/
or 5-FU (ug/mL) for 48 h. The cell counting kit-8
(CCK-8) assay (Dojindo, Kumamoto, Japan) was
then performed following the manufacturer’s
instructions. Briefly, 10 uL of CCK-8 working
solution per 100 puL of medium was added into
the microplates and the cells were incubated for
3 h. The OD450 value was determined by using
a MRX II microplate reader (Dynex, Chantilly,
VA, USA).

EdU Staining

RBE (C) or GBC-SD cells (D) were treated
with OSI-027 (6.25 uM) and/or 5-FU (6.25 pg/
mL) for 48 h and EdU staining was performed by
using the Click-iT EAU Imaging Kit (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s
instructions. These cells were also counterstained
with Hoechst33342. Five random fields of view
per slide were determined under a fluorescence
microscope (Olympus, Tokyo, Japan) and the pro-
portion of proliferative cells (EAU positive) was
determined.

RNA Interference

siRNAs specifically targeting MDRI1 were
synthesized by Shanghai GeneChem Co., Ltd.
(Shanghai, China). Cells were transfected with
siRNAs using X-tremeGENE 9 (Roche, India-
napolis, IN, USA) following the manufacturer’s
instructions. The knockdown efficiency of MDR1
siRNA was determined by Western blot analysis.

Western Blot Analysis

Cells were harvested and lysed by denaturing
lysis buffer containing 2% SDS. About 20 pg of
protein lysates were fractionated on 10% PAGE
gels and then transferred to PVDF membranes.
After blocking and incubation with primary an-
tibodies and subsequent HRP-conjugated second-
ary antibodies, the membranes were developed
using enhanced chemiluminescence. The fol-
lowing antibodies were used: anti-MDR1 (1:400;
Cell Signaling, Natick, MA, USA), anti-GAPDH
(1:2000; Abcam, Cambridge, UK), and anti-HRP
(1:2000; Cell Signaling, Natick, MA, USA).
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Figure 1. Effect of OSI-027 and 5-FU on gallbladder cancer cells. f/A-B) The relative viability of RBE fA) and GBC-SD
cells /B) was determined by CCK-8 assays after treatment with increasing concentrations of OSI-027, 5-FU, or a combination
of both for 48 h. /C-D) EdU staining of RBE (C) and GBC-SD cells (D) treated with OSI-027 (6.25 uM) and/or 5-FU (6.25
pg/mL) was performed by using Click-iT EAU Imaging Kit. The percentages of EdU-positive cells have been provided in the

right panel.

Statistical Analysis

Three independent experiments were per-
formed in the present study, and similar results
were obtained. Comparisons among datasets
were performed by using one-way ANOVA tests.
*p < 0.05 and *#p < 0.01 were considered as sta-
tistically significant.

Results

The OSI-027 and 5-FU Combination
Synergistically Inhibit Gallbladder
Cancer Cell Growth

To investigate the interaction between mTOR in-
hibition and 5-FU anti-cancer agents in gallbladder
cancer cells, RBE and GBC-SD cells were treated
with increasing concentrations of 5-FU, OSI-027,
or a combination of both agents. These cells were
then subjected to CCK-8 assays to determine their
viability. As shown in Figure 1A and 1B, both 5-FU
and OSI-027 significantly inhibited the proliferation

of gallbladder cancer cells (RBE and GBC-SD) in
a dose-dependent manner. The inhibitory effect of
5-FU was enhanced by OSI-027 in both cell lines.
To confirm this result, we used EdU, a thymidine
analog, incorporation assay to estimate cell pro-
liferation in response to OSI-027 (6.25 pM, IC50
concentration) and/or 5-FU (6.25 pg/mL, IC50 con-
centration) treatment. Consistent with the CCK-8
assay, OSI-027 and 5-FU suppressed cell growth
with a reduction of the proportion of EdU-positive
cells in treated cells. Additionally, the combination
of OSI-027 and 5-FU synergistically enhanced the
inhibitory effect on gallbladder cancer cell prolifer-
ation (Figure 1C and 1D). Thus, OSI-027 sensitizes
gallbladder cancer cells to 5-FU.

0OS51-027 Reverses the 5-FU-induced
MDR1 Upregulation

Multidrug resistance protein 1 (MDRI1)
plays an essential role in the drug resistance of
several cancers®?%?'. However, whether MDR 1
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Figure 2. OSI-027 reverses the 5-FU-induced MDR1 upregulation. {A) Western blot analysis of MDR1 protein levels in
RBE and GBC-SD cells treated with OSI-027 (6.25 uM), 5-FU (6.25 pg/mL), or a combination of both for 48 h. GAPDH was
used as a loading control. {B) Semi-quantification of MDR1 protein levels relative to GAPDH in (A).

is involved in 5-FU resistance in gallbladder
cancer cells remains unknown. To test this
hypothesis, MDR1 protein levels were deter-
mined by western blot analysis in response to
OSI-027 (6.25 uM) and/or 5-FU (6.25 pg/mL)
treatment. As expected, MDRI1 expression
was upregulated by 5-FU stimulation, while
OSI-027 inhibited MDRI1 expression in RBE
and GBC-SD cells (Figure 2A and 2B). Impor-
tantly, 5-FU-induced MDR1 upregulation was
downregulated by OSI-027 to a level similar
to that observed in cells treated with OSI-027
alone (Figure 2A and 2B). This result suggests
that MDR1 may mediate 5-FU-elicited drug
resistance.

MDR1 Depletion Sensitizes Gallbladder
Carcinoma cells to 5-FU Stimulation
and Attenuates the Synergistic Effect of
Os1-027 and 5-FU

To identify the functional role of MDRI in
OSI-027 and/or 5-FU-elicited suppression of
gallbladder cancer cell proliferation, a MDR1
siRNA specifically targeting the MDR1 coding
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region was synthesized and a scramble siRNA
was used as a negative control. The control and
MDRI1 siRNA were transfected into RBE and
GBC-SD cells and MDR1 siRNA knockdown
efficiency in these gallbladder cancer cells was
determined by Western blot analysis. As shown
in Figure 3A, MDR1 was efficiently knocked
down by MDRI1 siRNA. Subsequently, the
control or MDR siRNA-transfected cells were
subjected to cell proliferation assays. We deter-
mined that both RBE and GBC-SD MDR1-de-
pleted gallbladder cancer cells were more sen-
sitive to 5-FU treatment (Figure 3B and 3C).
Thus, MDR1 knockdown sensitizes gallbladder
cancer cells to 5-FU stimulation. Moreover,
the dose-response curves indicated that the
synergistic effect of OSI-027 and 5-FU on cell
proliferation disappeared in MDRI1 knocked
down RBE and GBC-SD cells (Figure 3D and
3E). These data suggest that MDR1 mediates
the resistance to 5-FU treatment in gallbladder
cancer cells and that OSI-027 enhances the in-
hibitory effect of 5-FU on cell proliferation by
downregulating MDR1 expression.
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Figure 3. MDR1 knockdown sensitizes gallbladder carcinoma cells to 5-FU stimulation and attenuates the synergistic
effect of OSI-027 and 5-FU. (A) RBE and GBC-SD cells were transfected with the MDR1 siRNA, and MDRI protein levels
were examined by Western blot analysis. The MDRI1 protein levels relative to GAPDH were semi-quantified. (B-C) RBE (A)
and GBC-SD cells (C] transfected with control or MDR1 siRNA were subjected to CCK-8 assays after treatment with increas-
ing concentrations of 5-FU. (D-E) Dose-response curves for 5-FU and the combination of 5-FU and OSI-027 (6.25 uM) in

control or MDR1 knocked down RBE (D) and GBC-SD cells (E).

OS1-027 Downregulates MDR1
Expression by Suppressing its Synthesis
Next, we investigated how OSI-027 down-
regulates MDR1 expression in gallbladder can-
cer cells. It has been reported that MDR1 deg-
radation in mammalian cells was regulated by
the ubiquitin-proteasome pathway'®. Thus, we
treated RBE and GBC-SD cells with a prote-

asome inhibitor, MG132, alone or in combina-
tion with OSI-027. As shown in Figure 4A, the
blockade of the proteasome pathway by MG132
increased MDR1 protein levels in gallbladder
cancer cells and this effect could be blocked by
OSI-027, suggesting that OSI-induced MDR1
downregulation is not a protein degrada-
tion-mediated process. However, the reduction
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Figure 4. OSI-027 downregulates MDR1 expression by suppressing its synthesis rather than by promoting its degra-
dation. Western blot analysis of MDR1 in RBE and GBC-SD cells treated with f4) 1 uM MG132 or 100 pg/mL cycloheximide
(CHX) (B) in the presence or absence of OSI-027 (6.25 uM). Semi-quantification of MDR1 protein levels relative to GAPDH

is shown in the right panel.

of MDRI1 expression elicited by cycloheximide
(CHX) was not enhanced by OSI-027 (Figure
4B). These data suggest that OSI-027 downreg-
ulates MDR1 expression by inhibiting its syn-
thesis rather than by promoting its degradation.

Discussion

Despite the rare incidence of gallbladder can-
cer, its poor prognosis makes gallbladder cancer a
severe life threat for patients with advanced gall-
bladder cancer. Thus, there are two approaches to
elevate the 5-year survival rate of patients with
gallbladder cancer: the identification of effective
prognostic markers in the early stage of gallblad-
der cancer and the discovery of novel drugs for
gallbladder cancer therapy. Most patients with
gallbladder cancer are diagnosed at an advanced
stage, which makes it difficult to identify novel
prognostic markers®?. Improving the treatment
efficiency seems to be a promising approach.
5-FU is widely used for cancer chemotherapy, but
5-FU response rates for gallbladder cancer treat-
ment remain low because of drug resistance®.

In this study, we determined that MDR1 was
upregulated by 5-FU stimulation and that MDRI1
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depletion enhanced the inhibitory effect of 5-FU
on cell proliferation (Figures 2 and 3). Thus, we
propose that MDR1 mediates 5-FU-elicited drug
resistance to impair its therapeutic effect in gall-
bladder cancer. It also indicates that MDRI1, an
important mediator of drug resistance in multi-
ple types of cancer’, might be a target for gall-
bladder cancer therapy by a combination of 5-FU
with other chemical inhibitors. As revealed in the
present study, OSI-027 could sensitize gallblad-
der cancer cells to 5-FU by suppressing MDR1
expression (Figure 1-3), suggesting that MDR1
might be a direct target of the mTOR signaling
pathway. Consistently, the synergistic anti-prolif-
erative effect of mTOR inhibitors in combination
with 5-FU has also been reported in scirrhous
gastric cancer”. MDR1 might be the downstream
mediator in this process. We also revealed that
OSI-027 downregulates MDRI1 expression by
suppressing its synthesis rather than by promot-
ing its degradation (Figure 4). However, the un-
derlying mechanism remains unclear. The reg-
ulatory relationship between MDR1 and mTOR
signaling pathway will be investigated in details
in our future study.

Inhibition of mTOR using rapamycin and its
analogs displayed a significant anti-cancer activ-
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ity in renal cell carcinoma, hepatocellular carci-
noma, and other types of cancer’°. It was pre-
viously reported that mTORCI inhibition could
activate mTORC2 signaling as a negative feed-
back to limit the anti-cancer activity of mTORCI
inhibitors?’. We demonstrated that gallbladder
cancer cells were sensitive to the anti-prolifera-
tive effects of both mTORC1 and mTORC?2 inhi-
bition using OSI-027. Additionally, we observed
that OSI-027 did not induce apoptosis in gallblad-
der cancer cells (data not shown), indicating that
OSI-027 may inhibit cell proliferation by induc-
ing cell cycle arrest, but not apoptosis. Thus, OSI-
027 may be an anti-gallbladder cancer agent sim-
ilar to rapamycin. Additionally, when combined
to 5-FU, OSI-027 exerts a synergistic anti-prolif-
erative effect. This study provides a rational for
using OSI-027 for monotherapy or combination
therapy with 5-FU.

Conclusions

We demonstrated that OSI-027 sensitizes gall-
bladder cancer cells to the anti-proliferative effect
of 5-FU by suppressing MDR1. MDR1, which is
upregulated upon 5-FU treatment, mediates 5-FU
drug resistance, thereby impairing the anti-can-
cer effect of 5-FU in gallbladder cancer cells.
However, the clinical significance of mTORCI1
versus mTORC?2 inhibition in gallbladder cancer
cell growth and chemoresistance remains unclear.
Exploring the interactions between mTORCI or
mTORC2 specific inhibitors with anti-cancer
agents will be useful for preclinical studies and
cancer therapy.
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