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Abstract: Rapamycin (Rapa), an inhibitor of mammalian target of Rapamycin (mTOR), is
an immunosuppressive agent that has anti-proliferative effects on some tumors. This study
aims to investigate the effects of Rapa suppressing proliferation of pancreatic carcinoma
PC-2 cells in vitro and its molecular mechanism involved in antitumor activities. MTT
assays showed that the inhibition of proliferation of PC-2 cells in vitro was in a time- and
dose-dependent manner. By using transmission electron microscopy, apoptosis bodies and
formation of abundant autophagic vacuoles were observed in PC-2 cells after Rapa
treatment. Flow cytometry assays also showed Rapa had a positive effect on apoptosis.
MDC staining showed that the fluorescent density was higher and the number of
MDC-labeled particles in PC-2 cells was greater in the Rapa treatment group than in the
control group. RT-PCR revealed that the expression levels of p53, Bax and Beclin 1 were
up-regulated in a dose-dependent manner, indicating that Beclin 1 was involved in Rapa
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induced autophagy and Rapa induced apoptosis as well as p53 up-regulation in PC-2 cells.
The results demonstrated that Rapa could effectively inhibit proliferation and induce
apoptosis and autophagy in PC-2 cells.
Keywords: pancreatic carcinoma; rapamycin; mTOR; anti-tumor; apoptosis; autophagy

1. Introduction
Pancreatic cancer is the most lethal of the solid tumors and the fourth leading cause of cancer-related
death in North America [1,2]. The incidence of pancreatic cancer has been gradually rising, even
though the incidence of other common cancers has declined [3]. Eighty to 85% of patients present with
locally advanced or metastatic disease that precludes curative resection and have poor prognosis [1,3].
Despite developments in detection and treatment, the five year survival rate of pancreatic cancer is
only about 4% [3]. Furthermore, pancreatic cancer responds poorly to most chemotherapeutic agents.
In recent years, targeted therapy has become the preferred cancer therapy because of its specificity,
targeting inhibition and mild adverse reactions.
Rapamycin (Rapa) is a lipophilic macrolide antibiotic that was initially developed as a fungicide
and immunosuppressant [4]. Previous studies have reported that Rapa has anti-proliferative effects on
some tumors [5–11]. Rapa acts also as a specific inhibitor of mammalian target of rapamycin (mTOR),
a serine/threo-nine kinase that appears to be downstream of the PI3K/Akt signal pathway [12]. mTOR
plays a central role in cell growth regulation by integrating signals from growth factors, nutrients, and
stress events [13]. It is considered to be a major effector of cell growth and proliferation that controls
protein synthesis through a large number of downstream targets [14,15]. The aim of our study was to
evaluate the antitumor effect of rapamycin in human pancreatic carcinoma PC-2 cells and to clarify the
possible molecular mechanism of rapamycin in inducing apoptosis and autophagy.
2. Results and Discussions
2.1. Effect of Rapa on Proliferation of PC-2 Cells
Rapa has been shown to have in vitro or in vivo growth inhibitory effects on a number of cancers
including gallbladder cancer, Kaposi sarcoma, laryngeal cancer and prostate cancer [5–11]. Shafer’s
research demonstrated that rapamycin potentiated the effects of paclitaxel in endometrial cancer cells
through inhibition of cell proliferation, induction of apoptosis and potentially increased polymerization
and acetylation of tubulin [16]. Similarly, Rapa could inhibit urothelial carcinoma cell proliferation
and enhance the effectiveness of cisplatin [17]. Rapa also has an anti-lymphangiogentic effect and
exerts the expected inhibition of lymphatic metastasis [18]. While, in pancreatic cancer, the results
were not consistent, in clinic, Rapa was well tolerated. However, no correlation was found between the
efficacy of inhibiting mTOR in tumor tissues and anti-tumor effects [19]. RAD001, a rapalog of Rapa,
administered as a single-agent, had minimal clinical activity in patients with gemcitabine-refractory,
metastatic pancreatic cancer [20]. In vitro, Rapa combined with inhibition of the Notch pathway
showed a greater efficacy in the treatment of patients with pancreas cancer [21]. Rapa showed
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dose-dependent antiproliferative effects on pancreatic carcinoma cell lines in vitro both alone and in
combination with FTY720 [22].
In this study, PC-2 cells were treated with different doses of Rapa for 0–96 h. MTT assay was used
to examine the anti-proliferative effect of Rapa on PC-2 cells. As shown in Figure 1, the inhibitory rate
of Rapa on cell growth was as high as (82.5 ± 5.4)%, when the cells were treated for 96 h with high
concentrations of Rapa (50 nmol/L). MTT assay showed that Rapa inhibited the proliferation of PC-2
cells, in a dose- and time-dependent manner.
Figure 1. Growth inhibiting effects of Rapamycin (Rapa) on PC-2 cells. PC-2 cells were
treated with different concentrations for 0–96 h. Cell viability was determined by MTT
method. This assay was performed in triplicate. Dose- and time-dependent inhibition of
cell growth could be observed after 96 h (p < 0.05, ANOVA analysis).

2.2. Morphological Observation of Apoptosis and Autophagy of PC-2 Cells Induced by Rapa
Traditionally, apoptosis has been considered to be the predominant type of programmed cell death.
Advances in the understanding of autophagy in normal as well as pathological conditions establishes
autophagic cell death as an alternative form of cell death, leading to the reclassification of programmed
cell death into two types: Type I as apoptotic death and Type II as autophagic death [23,24].
Autophagy is an evolutionarily conserved process of sequestering organelles and long-lived proteins in
a double-membrane vesicle, the autophagosomes, for subsequent lysosomal degradation [25].
In normal cells, autophagy contributes to the turnover of long-lived proteins and elimination of
damaged or aged organelles, so that to maintain cell homeostasis [26,27]. While under pathological
conditions, autophagy is generally considered to play a prosurvival role, recently increasing evidence
indicates that autophagy is closely associated with tumors and plays an important role in human tumor
suppression [27–29].
High resolution transmission electron microscopy showed that normal PC-2 cells were round and
regular in shape with chromatin margination in few tumor cells (Figure 2A). After treatment with
different doses (10, 30, 50 nmol/L) of Rapa for 48 h, the nuclei showed chromatin pyknosis, and were
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clustered on the inner border of karyotheca (Figure 2B). The typical morphologies of apoptotic PC-2
cells such as chromatic agglutination and fragmentation of nuclei, chondriosome swelling, formation
of apoptotic body, could be observed in the high Rapa dose group (Figure 2C). In the 30 nmol/L Rapa
group, characteristic ultrastructural morphology of autophagy was also observed. Abundant autophagic
vacuoles sequestrated in cytoplasm and organelles, such as mitochondria and endoplasmic reticulum
(Figure 2D,E). The results demonstrated that both autophagy and apoptosis were activated when death
of PC-2 cells occurred after Rapa treatment.
Figure 2. Morphological observation of PC-2 cells by transmission electron microscopy after
treatment with Rapa. (A) normal PC-2 cells (5000×); (B) karyopyknosis and chromatic
agglutination (5000×); (C) formation of apoptotic body (5000×); (D) characteristic
ultrastructural morphology of autophagy in PC-2 cells (6000×); (E) autophagic vacuoles in
PC-2 cells (10,000×).

(A)

(B)

(D)

(C)

(E)

2.3. Flow Cytometry(FCM) Analysis of Cell Apoptosis Induced by Rapa
mTOR is involved in tumor growth and apoptosis of cancer cells, and can control protein
translation [30,31]. In [32–34], Rapa was found to target inhibition of mTOR expression, and could
induce apoptosis and inhibit the proliferation of cancer cells. On the other hand, some researchers
showed that Rapa alone did not induce apoptosis [16].
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After treatment with different doses of Rapa for 72 h, apoptosis induction was demonstrated using
FCM analysis. Apoptotic cells were differentiated from viable or necrotic ones by combined
application of annexin V-FITC and PI. Apoptotic and necrotic cells were distinguished according to
annexin V-FITC reactivity and PI exclusion. As shown in Figure 3, in the normal control group, there
were almost normal cells and rarely viable apoptotic cells; while in Rapa groups, the rate of apoptotic
cells was gradually increased along with increasing concentrations of Rapa. The rate of apoptosis in
normal control, 10–50 nmol/L Rapa groups were (8.53 ± 2.14)%, (17.58 ± 4.10)%, (39.24 ± 5.66)%,
(51.30 ± 4.12)% and (64.81 ± 7.52)%, respectively. Furthermore, apoptotic cells gradually increased in
a dose-dependent manner.
Figure 3. Flow cytometry analysis for PC-2 cells after treatment by Annexin V-FITC and
PI staining for apoptosis. (A) 0 nmol/L Rapa group; (B) 10 nmol/L Rapa group;
(C) 20 nmol/L Rapa group; (D) 30 nmol/L Rapa group; (E) 40 nmol/L Rapa group;
(F) 50 nmol/L Rapa group. * p < 0.05, ** p < 0.01 versus control group.

(A)

(B)

(C)

(D)

(E)

(F)
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Figure 3. Cont.

2.4. MDC-Labeled Vacuoles in Rapa-Treated PC-2 Cells
In multidrug-resistant v-Ha-ras-transformed NIH3T3 (Ras-NIH3T3/Mdr) cells, Eum and Lee [35]
demonstrated that rapamycin-induced cell death may result from two different mechanisms. At high
rapamycin concentrations (≥100 nM), cell death may occur via an autophagy-dependent pathway,
whereas at lower concentrations (≤10 nM), cell death may occur after G1-phase cell cycle arrest.
To investigate the inducing autophagy effect of Rapa in PC-2 cells, we used a fluorescence
microscope with monodansylcadaverine (MDC) staining. MDC is a specific marker for autophagic
vacuoles [36]. When the cells were viewed under a fluorescence microscope, MDC-labeled autophagic
vacuoles appeared as distinct dot like structures distributing in cytoplasm or in perinuclear.
3-methyladenine (3-MA) was a specific autophagic inhibitor. As shown in Figure 4, the fluorescent
density and MDC-labeled particles of PC-2 cells were higher in Rapa treatment group than in control
group, indicating that Rapa induces formation of MDC-labeled vacuoles. Fewer autophagic vacuoles
were observed in combined 3-MA and Rapa treatment group when 3-MA was added before Rapa
treatment, showing that 3-MA exerted its inhibitory effects on Rapa-treated autophagy. The number of
MDC-labeled particles in PC-2 cells was significantly fewer in combined 50 nmol/L Rapa and 3-MA
treatment group than in 50 nmol/L Rapa treatment group. The results indicated that autophagy was
activated when Rapa-induced death of PC-2 cells occurs.
2.5. Expression of mTOR, p53, Bax and Beclin 1 Detected by Reverse-Transcription PCR(RT-PCR)
As we know, p53 plays a pivotal role in apoptosis. In addition, p53 is currently being extensively
investigated as a promising strategy for highly specific anticancer therapy in chemotherapeutics
therapy [37]. Miyake et al. [38] observed that Rapa could induce p53-independent apoptosis through
the mitochondrial pathway in non-small cell lung cancer cells. To investigate the mechanisms
underlying the apoptosis induced by Rapa, the mRNA expression level of p53 and Bax gene in PC-2
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cells treated with Rapa was measured by RT-PCR. As shown in Figure 5, p53 mRNA expression in
PC-2 cells was up-regulated in a dose-dependent manner. Bax was the first member of bcl-2 group
shown to be induced by p53 [39]. Bax mediated more than about 50% of the p53-dependent cell
apoptosis [40]. At the same time, Rapa gradually increased the Bax mRNA expression level when the
concentration of Rapa was increased. The results demonstrated that Rapa induced apoptosis as well as
p53 up-regulation in PC-2 cells.
Figure 4. MDC-labeled autophagic vacuoles in PC-2 cells by fluorescence microscope
after treatment with Rapa. Autophagic vacuoles were labeled with 0.05 mmol/L MDC
in phosphatebuffered saline (PBS) at 37 °C for 10 min. (A) 0 nmol/L Rapa group;
(B) 10 nmol/L Rapa group; (C) 50 nmol/L Rapa group; (D) 50 nmol/L Rapa + 3-MA
group (200×).

(A)

(B)

(C)

(D)

Beclin 1, a mammalian orthologue of the yeast Apg6/Vps30 gene, is the first identified mammalian
gene to induce autophagy [28]. Beclin1 functions in autophagy as part of class III phosphatidylinositol
3-kinase (PI3k) complex, which is necessary for the formation of autophagosome during the
autophagic sequestration process [41,42]. In this study, the mRNA expression level of Beclin 1 in
PC-2 cells was measured to elucidate the mechanism of autophagy induced by Rapa. RT-PCR showed
that Rapa activated the Beclin 1 gene expression in a dose-dependent manner (Figure 5). In other
words, the Beclin 1 mRNA expression level steadily increased with the concentration of Rapa.
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Figure 5. The mRNA expression of mTOR, p53, Bax and Beclin 1 in PC-2 cells treated
with different concentrations of Rapa: After treatment with different doses of Rapa for
24 h, mRNA level was detected by semi-quantitive RT-PCR analysis. This assay was done
quintuplicate. Values represent means ± standard deviations and were determined
using the Student’s t-test. * p < 0.05 and ** p < 0.01 versus 0 nmol/L Rapa group.
(a) 0 nmol/L Rapa group; (b) 10 nmol/L Rapa group; (c) 30 nmol/L Rapa group;
(d) 50 nmol/L Rapa group.
mTOR
p53
Bax
Beclin 1
β-actin

(a)

(b) (c)

(d)

3. Experimental Section
3.1. Reagents
Fetal bovine serum (Gibco, USA); RPMI1640 medium (Gibco, USA); 3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-diphenyte- trazoliumromide (MTT) (Gibco, USA); annexin V-FITC/PI apoptosis detection
kit (Becon Dickinson Facsalibur, USA); RT-PCR kit (Ampliqon, Denmark); Trizol (Invitrogen, USA);
mTOR monoclonal antibody (Santa Cruz Biotechnology, USA); Rapamycin (Rapa) (Sigma, USA);
monodansylcadaverine (MDC) (Sigma, USA); 3-methyladenine (3-MA) (Sigma, USA).
3.2. Cell Line and Cell Culture
Human pancreatic cancer cell line, PC-2 was obtained from Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI 1640 maximal medium
containing 10% inactivated fetal bovine serum (56 °C, 30min), 1 × 105 U/L penicillin and 100 mg/L
streptomycin in a humidified atmosphere with 5% CO2 incubator at 37 °C.
3.3. MTT Assay for the Proliferation of Pancreatic Cancer Cells
Viability of PC-2 Cells was assessed using MTT dye reduction assay (Sigma, USA), which was
conducted as described previously [43]. Cells were seeded in a 96-well plate at a density of
1 × 104 cells/well, cultured for 12 h, then treated with different concentration (10, 20, 30, 40, 50 µmol/L)
Rapa for 0–96 h. At the end of the treatment, MTT, 50 μg/10 μL, was added and the cells were
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incubated for another 4 h. Dimethylsufloxide (DMSO; 200 μL) was added to each well after removal
of the supernatant. After shaking the plate for 10 min, cell viability was assessed by measuring the
absorbance at 490 nm using an Enzyme-labeling instrument (EX-800 type); all measurements were
performed four times. Cell growth curve was completed using time as the abscissa and A value
(mean ± SD) as the ordinate.
3.4. Detection of Morphological Change by Transmission Electron Microscope
Uranyl acetate and lead citrate staining of cells were performed to detect morphological changes.
Briefly, adherent PC-2 cells were treated with 50 nmol/L Rapa for 48 h. After treatment, the treated
cells were digested with pancreatin and fixed with 3% glutaraldehyde precooled in 4 °C for
2 h. To make ultra-thin sections of copper, cells were washed with phoisphate-buffered salein (PBS)
once, fixed with 1% osmic acid for 1 h, dehydrated by acetone and embedded in epoxide resin. After
staining with uranyl acetate and lead citrate, the sections were examined by a Hitachi-800 transmission
electron microscope [44].
3.5. Apoptosis Detection by FCM
Apoptotic cells were differentiated from viable or necrotic ones by combined application of annexin
V-FITC and propidium iodide (PI) (BD Biosciences Clontech, USA) [45]. The samples were washed
twice and adjusted to a concentration of 1 × 106 cells/mL with 4 °C PBS. The Falcon tubes
(12 mm × 75 mm, polystyrene round-bottom) were used in this experiment, 100 μL of suspensions was
added to each labeled tube, 10 μL of annexin V-FITC and 10 μL PI(20 μg/mL) were added into the
labeled tube, incubated for at least 20 min at room temperature in the dark, then 400 μL of PBS
binding buffer was added to each tube without washing and analyzed using FCM analysis (BD
Biosciences Clontech, USA) as soon as possible (within 30 min). This assay was done quintuplicate.
3.6. MDC Staining of Autophagic Vacuoles
MDC staining of autophagic vacuoles was performed for autophagy analysis as previously
described [46]. PC-2 cells were divided into control group, 3-MA treatment group, Rapa treatment
group, and combined 3-MA and Rapa treatment group. The cells were incubated for 48 h on coverslips.
Autophagic vacuoles were labeled with 0.05 mmol/L MDC in PBS at 37 °C for 10 min. And then, the
cells were washed three times with PBS. Autophagic vacuoles in PC-2 cells were observed under a
fluorescence microscope (Olympus, BX-60, Japan). Fluorescence intensity of MDC was measured at
an excitation wavelength of 380 nm, emission wavelength of 530 nm.
3.7. Semi-Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) Assay
PC-2 cells were seeded in 6cm culture capsules and treated with concentration gradient Rapa (0, 10,
20, 30, 40, 50 μmol/L) separately for 8h. Each group contained 3 culture capsules. As previously
described [47], cells collected at specified time were used to extract total RNA using the Trizol reagent
following the manufacturer’s instructions. 1 μg RNA synthetized cDNA through reverse transcriptase
undergo listed below condition: 70 °C 5 min, 42 °C extended for 60 min, 95 °C enzyme inactivated for
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3 min and 4 °C terminated reaction; Synthetical cDNA as template to carry out polymerase chain
reaction. mTOR primer sequence (Invitrogen CO): 5'-CGCTGTCATCCCTTTATCG-3' (sense) and
5'-ATGCTCAAACACCTCCACC-3' (anti-sense), amplification fragment was 218bp, renaturation
temperature was 55 °C (cycling 25 times). wt p53 primer sequence (Invitrogen CO): 5'-ACACCTG
GATCGTTACTCGGCTTGTC-3' (sense) and 5'-GCTAGAAAGTCAACATCAGT CTAGG-3'
(anti-sense), amplification fragment was 168bp. Bax primer sequence (Invitrogen CO):
5'-CCAGGATC GAGCAGGGAGG-3' (sense) and 5'-GAGCGAGGCGGTGAGGACT-3' (anti-sense),
amplification fragment was 95bp. Beclin 1 primer sequence (Invitrogen CO): 5'- CCTCG
TGCTGAGGGATGGAA-3' (sense) and 5'-GCCGTAGCATTGCCTGGGCTG-3' (anti-sense),
amplification fragment was 192bp. β-actin primer sequence was 5'-GTTGCGTTACACCCTTTCTTG-3'
(sense), 5'-TGCTGTCACCTT CACCGTTC-3' (anti-sense), amplification fragment was 133 bp.
Renaturation temperature was 55 °C (cycling 20–25 times). Amplification condition was below:
pre-denaturized for 3 min at 95 °C, denaturized for 30s at 95 °C, renaturated for 30s at 55 °C and
extended for 30s at 72 °C. PCR product was detected on agarose gel electrophoresis and ethidium
bromide imaging system was used to make density index analysis. The expression intensity of
destination gene mRNA was denoted with the ratio of the photodensity of the RT-PCR products of
destination gene and β-actin.
3.8. Statistical Analysis
All data were expressed by mean ± S.E.M. Statistical analyses were performed using SPSS 13.0 for
Windows software. ANOVA (one-way analysis of variance) and Student’s t-test were used to analyze
statistical differences between groups under different conditions. p-value <0.05 was considered
statistically significant.
4. Conclusions
In conclusion, MTT assays showed that Rapa could inhibit the proliferation of PC-2 cells in vitro in
a time- and dose-dependent manner. Both autophagy and apoptosis were activated when death of PC-2
cells occurred after Rapa treatment. RT-PCR results indicated that Beclin 1 was involved in Rapa
induced autophagy and Rapa induced apoptosis as well as p53 up-regulation in PC-2 cells. However,
further studies are necessary to clarify the detailed mechanism involved in the antitumor effects of Rapa.
Acknowledgments
This work was supported by The Science and Technology Foundation of Shaanxi Province, China,
No. 2010K01-138 and Sci-tech Program of Xi’an City, China, No. HM1117.
References
1.
2.

Stathis, A.; Moore, M.J. Advanced pancreatic carcinoma: Current treatment and future challenges.
Nat. Rev. Clin. Oncol. 2010, 7, 163–172.
Hidalgo, M. Pancreatic cancer. N. Engl. J. Med. 2010, 362, 1605–1617.

Int. J. Mol. Sci. 2013, 14
3.
4.
5.

6.

7.

8.

9.

10.
11.

12.
13.
14.

15.

16.

17.

283

Vincent, A.; Herman, J.; Schulick, R.; Hruban, R.H.; Goggins, M. Pancreatic cancer. Lancet
2011, 378, 607–620.
Morris, R.E. Rapamycin: Antifungal, antitumor, antiproliferative and immunosuppressive
macrolide. Transpl. Rev. 1992, 16, 39–45.
Svirshchevskaya, E.V.; Mariotti, J.; Wright, M.H.; Viskova, N.Y.; Telford, W.; Fowler, D.H.;
Varticovski, L. Rapamycin delays growth of Wnt-1 tumors in spite of suppression of host
immunity. BMC Cancer 2008, 8, doi:10.1186/1471-2407-8-176.
Wu, Q.; Kiguchi, K.; Kawamoto, T.; Ajiki, T.; Traag, J.; Carbajal, S.; Ruffino, L.; Thames, H.;
Wistuba, I.; Thomas, M.; et al. Therapeutic effect of rapamycin on gallbladder cancer in a
transgenic mouse model. Cancer Res. 2007, 67, 3794–3800.
Butzal, M.; Loges, S.; Schweizer, M.; Fischer, U.; Gehling, U.M.; Hossfeld, D.K.; Fiedler, W.
Rapamycin inhibits proliferation and differentiation of human endothelial progenitor cells in vitro.
Exp. Cell Res. 2004, 300, 65–71.
Morikawa, Y.; Koike, H.; Sekine, Y.; Matsui, H.; Shibata, Y.; Ito, K.; Suzuki, K. Rapamycin
enhances docetaxel-induced cytotoxicity in a androgen-independent prostate cancer xenograft
model by survivin downregulation. Biochem. Biophys. Res. Commun. 2012, 419, 584–589.
Li, R.; Wang, R.; Zhai, R.; Dong, Z. Targeted inhibition of mammalian target of rapamycin
(mTOR) signaling pathway inhibits proliferation and induces apoptosis of laryngeal carcinoma
cells in vitro. Tumori 2011, 97, 781–786.
Di Paolo, S.; Teutonico, A.; Ranieri, E.; Gesualdo, L.; Schena, P.F. Monitoring antitumor efficacy
of rapamycin in Kaposi sarcoma. Am. J. Kidney Dis. 2007, 49, 462–470.
Guba, M.; von Breitenbuch, P.; Steinbauer, M.; Koehl, G.; Flegel, S.; Hornung, M.; Bruns, C.J.;
Zuelke, C.; Farkas, S.; Anthuber, M.; et al. Rapamycin inhibits primary and metastatic tumor
growth by antiangiogenesis: Involvement of vascular endothelial growth factor. Nat. Med. 2002,
8, 128–135.
Huang, S.; Houghton, P.J. Targeting mTOR signaling for cancer therapy. Curr. Opin. Pharmacol.
2003, 3, 371–377.
Asnaghi, L.; Bruno, P.; Priulla, M.; Nicolin, A. mTOR: A protein kinase switching between life
and death. Pharmacol. Res. 2004, 50, 545–549.
Ito, D.; Fujimoto, K.; Mori, T.; Kami, K.; Koizumi, M.; Toyoda, E.; Kawaguchi, Y.; Doi, R.
In vivo antitumor effect of the mTOR inhibitor CCI-779 and gemcitabine in xenograft models of
human pancreatic cancer. Int. J. Cancer 2006, 118, 2337–2343.
Lang, S.A.; Gaumann, A.; Koehl, G.E.; Seidel, U.; Bataille, F.; Klein, D.; Ellis, L.M.; Bolder, U.;
Hofstaedter, F.; Schlitt, H.J.; et al. Mammalian target of rapamycin is activated in human gastric
cancer and serves as a target for therapy in an experimental model. Int. J. Cancer 2007,
120, 1803–1810.
Shafer, A.; Zhou, C.; Gehrig, P.A.; Boggess, J.F.; Bae-Jump, V.L. Rapamycin potentiates the
effects of paclitaxel in endometrial cancer cells through inhibition of cell proliferation and
induction of apoptosis. Int. J. Cancer 2010, 126, 1144–1154.
Makhlin, I.; Zhang, J.; Long, C.J.; Devarajan, K.; Zhou, Y.; Klein-Szanto, A.J.; Huang, M.;
Chernoff, J.; Boorjian, S.A. The mTOR pathway affects proliferation and chemosensitivity of

Int. J. Mol. Sci. 2013, 14

18.

19.

20.

21.

22.

23.
24.
25.
26.

27.
28.
29.

30.
31.
32.
33.

284

urothelial carcinoma cells and is upregulated in a subset of human bladder cancers. BJU Int. 2011,
108, E84–E90.
Kobayashi, S.; Kishimoto, T.; Kamata, S.; Otsuka, M.; Miyazaki, M.; Ishikura, H. Rapamycin, a
specific inhibitor of the mammalian target of rapamycin, suppresses lymphangiogenesis and
lymphatic metastasis. Cancer Sci. 2007, 98, 726–733.
Garrido-Laguna, I.; Tan, A.C.; Uson, M.; Angenendt, M.; Ma, W.W.; Villaroel, M.C.; Zhao, M.;
Rajeshkumar, N.V.; Jimeno, A.; Donehower, R.; et al. Integrated preclinical and clinical
development of mTOR inhibitors in pancreatic cancer. Br. J. Cancer 2010, 103, 649–655.
Wolpin, B.M.; Hezel, A.F.; Abrams, T.; Blaszkowsky, L.S.; Meyerhardt, J.A.; Chan, J.A.;
Enzinger, P.C.; Allen, B.; Clark, J.W.; Ryan, D.P.; et al. Oral mTOR inhibitor everolimus in patients
with gemcitabine-refractory metastatic pancreatic cancer. J. Clin. Oncol. 2009, 27, 193–198.
Vo, K.; Amarasinghe, B.; Washington, K.; Gonzalez, A.; Berlin, J.; Dang, T.P. Targeting notch
pathway enhances rapamycin antitumor activity in pancreas cancers through PTEN
phosphorylation. Mol. Cancer 2011, 10, doi:10.1186/1476-4598-10-138.
Shen, Y.; Wang, X.; Xia, W.; Wang, C.; Cai, M.; Xie, H.; Zhou, L.; Zheng, S. Antiproliferative
and overadditive effects of rapamycin and FTY720 in pancreatic cancer cells in vitro.
Transplant. Proc. 2008, 40, 1727–1733.
Baehrecke, E.H. How death shapes life during development. Nat. Rev. Mol. Cell Biol. 2002, 3,
779–787.
Klionsky, D.J. The molecular machinery of autophagy: Unanswered questions. J. Cell Sci. 2005,
118, 7–18.
Kondo, Y.; Kondo, S. Autophagy and cancer therapy. Autophagy 2006, 2, 85–90.
Yang, C.; Kaushal, V.; Shah, S.V.; Kaushal, G.P. Autophagy is associated with apoptosis in
cisplatin injury to renal tubular epithelial cells. Am. J. Physiol. Renal Physiol. 2008, 294,
F777–F787.
Morselli, E.; Galluzzi, L.; Kepp, O.; Vicencio, J.M.; Criollo, A.; Maiuri, M.C.; Kroemer, G.
Anti- and pro-tumor functions of autophagy. Biochim. Biophys. Acta 2009, 1793, 1524–1532.
Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B.
Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676.
Yue, Z.; Jin, S.; Yang, C.; Levine, A.J.; Heintz, N. Beclin 1, an autophagy gene essential for early
embryonic development, is a haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. USA
2003, 100, 15077–15082.
Zhou, H.; Huang, S. Role of mTOR signaling in tumor cell motility, invasion and metastasis.
Curr. Protein Pept. Sci. 2011, 12, 30–42.
Liu, J.; Stevens, P.D.; Gao, T. mTOR-dependent regulation of PHLPP expression controls the
rapamycin sensitivity in cancer cells. J. Biol. Chem. 2011, 286, 6510–6520.
Garcia-Echeverria, C. Blocking the mTOR pathway: A drug discovery perspective. Biochem. Soc.
Trans. 2011, 39, 451–455.
Ghayad, S.E.; Bieche, I.; Vendrell, J.A.; Keime, C.; Lidereau, R.; Dumontet, C.; Cohen, P.A.
mTOR inhibition reverses acquired endocrine therapy resistance of breast cancer cells at the cell
proliferation and gene-expression levels. Cancer Sci. 2008, 99, 1992–2003.

Int. J. Mol. Sci. 2013, 14

285

34. Dasanu, C.A.; Clark, B.A., 3rd; Alexandrescu, D.T. mTOR-blocking agents in advanced renal
cancer: An emerging therapeutic option. Expert Opin. Investig. Drugs 2009, 18, 175–187.
35. Eum, K.H.; Lee, M. Targeting the autophagy pathway using ectopic expression of Beclin 1 in
combination with rapamycin in drug-resistant v-Ha-ras-transformed NIH 3T3 cells. Mol. Cells
2011, 31, 231–238.
36. Biederbick, A.; Kern, H.F.; Elsässer, H.P. Monodansylcadaverine (MDC) is a specific in vivo
marker for autophagic vacuoles. Eur. J. Cell Biol. 1995, 66, 3–14.
37. Haupt, S.; Berger, M.; Goldberg, Z.; Haupt, Y. Apoptosis—The p53 network. J. Cell Sci. 2003,
116, 4077–4085.
38. Miyake, N.; Chikumi, H.; Takata, M.; Nakamoto, M.; Igishi, T.; Shimizu, E. Rapamycin induces
p53-independent apoptosis through the mitochondrial pathway in non-small cell lung cancer cells.
Oncol. Rep. 2012, 28, 848–854.
39. Thornborrow, E.C.; Patel, S.; Mastropietro, A.E.; Schwartzfarb, E.M.; Manfredi, J.J. A conserved
intronic response element mediates direct p53-dependent transcriptional activation of both the
human and murine bax genes. Oncogene 2002, 21, 990–999.
40. Wu, X.; Deng, Y. Bax and BH3 domain only proteins in P53 mediated apoptosis. Front. BioSci.
2002, 7, 151–156.
41. Kihara, A.; Kabeya, Y.; Ohsumi, Y.; Yoshimori, T. Beclin-phosphatidylinositol 3-kinase complex
functions at the transgolgi network. EMBO Rep. 2001, 2, 330–335.
42. Donohue, T.M., Jr. Autophagy and ethanol-induced liver injury. World J. Gastroenterol. 2009,
15, 1178–1185.
43. Dai, Z.J.; Gao, J.; Ma, X.B.; Yan, K.; Liu, X.X.; Kang, H.F.; Ji, Z.Z.; Guan, H.T.; Wang, X.J.
Up-regulation of hypoxia inducible factor-1á by cobalt chloride correlates with proliferation and
apoptosis in PC-2 cells. J. Exp. Clin. Cancer Res. 2012, 31, doi:10.1186/1756-9966-31-28.
44. Ma, G.; Yang, C.L.; Qu, Y.; Wei, H.Y.; Zhang, T.T.; Zhang, N.J. The flavonoid component
isorhamnetin in vitro inhibits proliferation and induces apoptosis in Eca-109 cells. Chem. Biol.
Interact. 2007, 167, 153–160.
45. Dai, Z.J.; Gao, J.; Ji, Z.Z.; Wang, X.J.; Ren, H.T.; Liu, X.X.; Wu, W.Y.; Kang, H.F.; Guan, H.T.
Matrine Induces Apoptosis in Gastric Carcinoma Cells via Alteration of Fas/FasL and Activation
of Caspase-3. J. Ethnopharmacol. 2009, 123, 91–96.
46. Zhang, J.Q.; Li, Y.M.; Liu, T.; He, W.T.; Chen, Y.T.; Chen, X.H; Li. X.; Zhou, W.C.; Yi, J.F.;
Ren, Z.J. Antitumor effect of matrine in human hepatoma G2 cells by inducing apoptosis and
autophagy. World J. Gastroenterol. 2010, 16, 4281–4290.
47. Guan, H.T.; Xue, X.H.; Dai, Z.J.; Wang, X.J.; Li, A.; Qin, Z.Y. Downregulation of survivin
expression by small interfering RNA induces pancreatic cancer cell apoptosis and enhances its
radiosensitivity. World J. Gastroenterol. 2006, 12, 2901–2907.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

