
 

 

Introduction 
 
Lung cancer is the leading cause of cancer-
related mortality worldwide and accounts for 
1.3 million deaths each year. Non-small-cell 
lung carcinoma (NSCLC) represents 80% of all 
cases of lung cancer and is primarily treated by 
surgical resection because of its insensitivity to 
drugs. Despite advances in systemic chemo-
therapy, only small improvements in the quality 
of life and overall survival have been achieved 
for patients with advanced NSCLC. 
 
Efforts are now being directed at developing 
molecular targeting agents. The mammalian 
target of rapamycin (mTOR) is a serine/
threonine kinase that belongs to the phosphati-
dylinositol 3-kinase (PI3K)-related kinase family 
and acts a key regulator of cell growth, prolifera-
tion and survival. Excessive mTOR activity 
through the PI3K/Akt/mTOR pathway is a 
prominent feature of many neoplasms, permit-
ting unrestricted cancer cell growth that contrib-

utes to tumorigenesis. Therefore, pharmacologi-
cal inhibitors of mTOR should directly target the 
pathogenesis of neoplasms. Indeed, novel ana-
logs of the mTOR inhibitor rapamycin 
(temsirolimus, everolimus, and deforolimus) 
have been designed as cancer treatments, and 
clinical trials of these compounds have vali-
dated the importance of mTOR inhibition as a 
profound treatment strategy for several malig-
nancies. Similarly, various studies have shown 
that mTOR activity is important in lung cancer 
growth through Akt activation [1], pAkt overex-
pression, phosphatase and tensin homolog 
(PTEN) loss [2-5], EGFR amplification or muta-
tions [6], PI3KCA mutations [7], LKBI mutations 
or silencing [8], and K-ras mutations [9]. How-
ever, the efficacy of mTOR inhibitors requires 
further investigation in relation to NSCLC, and 
the adverse effects of these inhibitors (such as 
liver damage, anemia, and non-infectious pneu-
monitis) remain current problems. 
 
Small interfering RNA (siRNA) technology prom-
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Abstract: Molecular targeting agents play important roles in non-small-cell lung cancer (NSCLC) therapy. Published 
studies have investigated new drugs categorized as molecular targeting agents that inhibit the mammalian target of 
rapamycin (mTOR). We focused on a small interfering RNA (siRNA) that specifically inhibits mTOR and has fewer side 
effects. To evaluate the antitumor effects of the siRNA, cell proliferation, apoptosis, and migration were assessed. In 
the study group, the siRNA was transfected into NSCLC cells. The number of cells present after 6 days of culture was 
counted to determine changes in cell proliferation. The level of apoptosis was evaluated by the detection of DNA-
histone complexes in the cytoplasmic fraction using an absorption spectrometer. Changes in migration were evalu-
ated by calculating the number of cells that passed through a specific filter using a commercial chemotaxis assay kit. 
mTOR-siRNA transfection inhibited cell proliferation as indicated by 37.3% (p = 0.034) decrease in the number of 
cells compared with the control cells. Analysis of the level of apoptosis in NSCLC cells revealed 16.7% (p = 0.016) 
increase following mTOR-siRNA transfection, and mTOR-siRNA transfection significantly inhibited cell migration by 
39.2% (p = 0.0001). We confirmed that mTOR-siRNA induces apoptosis and inhibits the proliferation and migration of 
NSCLC cells in vitro. Further studies using mTOR-siRNA may aid in the development of an alternative therapy that 
maximizes the antineoplastic effect of mTOR inhibition. 
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ises greater advantages over drugs for thera-
peutic application because of the ability of 
siRNAs to target the expression of a specific 
gene. siRNAs also have low toxicity, as they are 
metabolized into natural nucleotide compo-
nents by endogenous cell systems [10]. There-
fore, if the effects of targeting mTOR with 
siRNAs are optimal, this strategy may provide a 
good alternative to the use of rapamycin. 
 
The aim of this study was to evaluate the po-
tency of siRNA to transiently inhibit mTOR ex-
pression in NSCLC cells and examine its effects 
on cell proliferation, apoptosis, and migration. 
 
Materials and methods 
 
Cell culture 
 
Human NSCLC cells and squamous lung carci-
noma (RERF-LC-AI) cells were obtained from the 
RIKEN BioResource Center (Tsukuba, Japan) 
and grown as recommended at 37°C in 5% CO2 
in Dulbecco’s modified Eagle’s medium (DMEM; 
Invitrogen, Grand Island, NY) supplemented with 
4 mM glutamine, 4.5 g/L glucose, 1 mM sodium 
pyruvate, 1.5 g/L sodium bicarbonate, 10% fe-
tal bovine serum (FBS) and 100 μg/mL penicil-
lin-streptomycin (Sigma, St. Louis, MO). 
 
siRNA transfection 
 
mTOR-siRNA was purchased from Cell Signaling 
(Danvers, MA). The cells were transfected with 
10 nM of siRNA using Lipofectamine 2000 
(Invitrogen, Grand Island, NY) according to the 
manufacturer's protocol. Following transfection 
for 48 hours, the cells were enriched with 10% 
FBS, incubated for another 48 hours and col-
lected for analysis. The transfection reagent 
alone was employed as a control. 
 
Real-Time PCR 
 
Total RNA was isolated as described above. 
TaqMan quantitative real-time reverse transcrip-
tion polymerase chain reaction (RT-PCR) analy-
sis was performed using the standard protocol 
provided by Applied Biosystems (Austin, TX). 
Briefly, samples were reverse-transcribed into 
cDNA using random hexamer primers, and RT-
PCR was performed with the ABI Prism 7900 HT 
sequence detector. The primer pairs and probes 
for the GAPDH housekeeping gene and the 
mTOR gene were purchased from Applied Bio-

systems. The level of mTOR expression of each 
sample was standardized to the level of GAPDH 
expression.  
 
Proliferation assay 
 
NSCLC cells were seeded onto 6-well plates at a 
density of 10,000 cells/well in 10% FBS-DMEM 
(day 0) and treated with transfection reagent 
with or without mTOR-siRNA. After 48 hours of 
incubation, 2.5 mL of 10% media was added to 
each well, and the cells were incubated for an-
other 48 hours. On day 6, cell proliferation was 
assessed by counting the number of cells in five 
independent high-powered fields (magnification, 
x 200). Each experiment was repeated three 
times. 
 
Apoptosis assay 
 
DNA fragmentation was determined using the 
Cell Death Detection ELISA system (Roche Ap-
plied Science, Indianapolis, IN), which is an as-
say based on the principle of a quantitative 
sandwich-enzyme immunoassay, using mouse 
monoclonal antibodies directed against the DNA 
and histones. NSCLC cells that were treated 
with transfection reagent with or without mTOR 
siRNA were harvested. The cellular extracts 
were incubated in 96-well plates coated with 
anti-histone antibodies. The plates were incu-
bated with anti-DNA antibodies conjugated to 
peroxidase for 2 hours, and then the absorb-
ance was measured at 405 nm. 
 
Chemotaxis assay 
 
Chemotaxis assays were performed at 37°C 
using a 24-transwell plate containing a polycar-
bonate filter with 8-μm pores (Poretics, Liver-
more, CA). NSCLC cells that were treated with 
transfection reagent alone or transfected with 
mTOR siRNA were harvested using 0.05% tryp-
sin/ethylenediaminetetraacetic acid and 
seeded onto the upper wells in 0.5% FBS media 
at a density of 40,000 cells/well. Platelet-
derived growth factor-BB (PDGF-BB), which was 
diluted in 0.5% FBS-DMEM to 5 ng/mL, was 
placed into the lower chamber. The cells were 
incubated in a 5% CO2 incubator at 37°C for 6 
hours. Following the completion of the assay, 
the membranes were fixed in 70% ethanol at 
20°C for 30 minutes and stained with hema-
toxylin at room temperature for 30 minutes. The 
upper sides of the membranes were scraped 
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using a cotton swab to remove cells that had 
attached but had not migrated. The membranes 
were mounted onto glass slides. Chemotaxis in 
each well was assessed by counting the number 
of cells from five independent high-powered 
fields (magnification, x 200). 
 
The values were expressed as the fold-increase 
(mean ± SE) from at least three independent 
experiments. The paired data were evaluated 
using Student's t-tests, and one-way ANOVA was 
used for multiple comparisons. Values p < 0.05 
were considered statistically significant. 
 
Results 
 
Initially, we investigated the efficacy of mTOR-
siRNA by evaluating the mTOR protein levels 
and mRNA levels in NSCLC cells transfected 
with mTOR-siRNA or treated with the transfec-
tion reagent alone. Immunohistological analysis 
showed a marked decrease in the number of 
mTOR-positive cells among those transfected 
with mTOR-siRNA (Figure 1). Quantitative real-
time PCR was performed to confirm the effects 
of transfection on mTOR mRNA levels. Treat-
ment with mTOR-siRNA led 42.5% reduction 
(Control: 1.60 ± 0.06 vs. mTOR: 0.92 ± 0.06, p 
= 0.012) in gene expression (Figure 2). 
 
Cell proliferation was used to monitor how the 
inhibition of mTOR gene expression affects the 
growth rate of NSCLC cells. NSCLC cells were 
seeded at a low density following treatment with 

the transfection reagent alone or transfected 
with mTOR-siRNA and allowed to grow in the 
presence of 10% serum. Transfection with 
mTOR-siRNA inhibited cell proliferation, which 
was indicated by 37.3% decrease (Control: 
151.1 ± 8.6 vs. mTOR: 94.7 ± 3.0, p = 0.034) in 
the number of viable cells at day 6 after seeding 

Figure 1. Evaluation of transfection efficiency. Representative photomicrographs of immunofluorescence staining for 
mTOR (green) in (A) cells treated with the transfection reagent alone or (B) with mTOR-siRNA. 

Figure 2. The levels of mTOR-RNA were confirmed by 
RT-PCR. NSCLC cells were treated with the transfec-
tion reagent alone (control) or were transfected with 
mTOR-siRNA and harvested 96 hours later. Total 
RNA was isolated, and quantitative real-time PCR 
was performed. The values of mTOR-mRNA expres-
sion were normalized to GAPDH mRNA expression 
(*p = 0.012). 



Non-small cell lung carcinoma therapy using mTOR-siRNA  

 
 
122                                                                                                       Int J Clin Exp Pathol 2012;5(2):119-125 

compared with the transfection with the reagent 
alone (Figure 3). 
 
The disruption of programmed cell death in-
duces uncontrolled tumor growth, and one of 
the major factors determining the efficacy of a 
chemotherapeutic drug is its ability to induce 
apoptosis of tumor cells. Therefore, we evalu-
ated the effect of mTOR-siRNA on apoptosis. 
DNA fragmentation significantly increased in 
NSCLC cells in which mTOR expression was in-
hibited compared with that in control cells 
(Control: 0.24 ± 0.01 vs. mTOR: 0.28 ± 0.01, p 
= 0.016; Figure 4). 
 
Because migration is a key factor for the disper-
sion and dissemination of tumor cells, we evalu-
ated the role of mTOR in NSCLC cell migration. 
NSCLC cells transfected with mTOR-siRNA dem-
onstrated a reduction of 39.2% in PDGF-
stimulated chemotaxis compared with control 
cells (Control: 158.0 ± 7.4 vs. mTOR: 96.0 ± 
3.4, p = 0.0001; Figure 5). 
 
Discussion 
 
In this study, we revealed that mTOR-siRNA me-
diated silencing of mTOR gene expression effec-

tively controlled cell growth by attenuating cell 
proliferation, increasing cell apoptosis, and in-

Figure 3. Effect of mTOR-siRNA on cell proliferation. 
NSCLC cells were seeded onto 6-well plates at a den-
sity of 10,000 cells/wells and treated with the trans-
fection reagent alone or with mTOR-siRNA. After 48 
hours of incubation, 2.5 mL of 10% media was added 
to each well, and the cells were incubated for an ad-
ditional 48 hours. Cell proliferation was measured by 
counting the number of cells from five independent 
high-powered fields (× 200) (*p = 0.034). 

Figure 4. Effect of mTOR-siRNA on apoptosis. NSCLC 
cells were treated with the transfection reagent 
alone (control) or with mTOR-siRNA and harvested 
96 hours later. Apoptosis was evaluated by ELISA to 
measure the level of DNA fragmentation (*p = 
0.016). 

Figure 5. Effect of mTOR-siRNA on cell migration. 
NSCLC cell migration was examined using a Boyden 
microchemotaxis chamber. NSCLC cells were treated 
with the transfection reagent alone (control) or with 
mTOR-siRNA, plated in the upper compartment and 
allowed to migrate through 8-μm-sized pores. After 6 
hours, migrated cells were fixed and stained with 
hematoxylin and eosin. Chemotaxis in each well was 
assessed by counting the number of cells from five 
independent high-powered fields (× 200) (*p = 
0.0001). 
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hibiting the migration of NSCLC cells in vitro. 
 
Through its downstream effectors, mTOR is in-
volved in the initiation of the ribosomal transla-
tion of mRNA into proteins necessary for cell 
growth, cell cycle progression, and cell metabo-
lism. The mTOR protein is known to sense and 
integrate signals that are initiated by nutrient 
intake, growth factors, and other cellular stimuli 
to regulate downstream signaling and protein 
synthesis. This regulation can prevent cells from 
responding to growth and proliferation. 
 
Pivotal clinical trials of mTOR inhibitors for the 
treatment of many cancers are ongoing; these 
cancers include renal cell carcinomas, neuroen-
docrine tumors, pancreatic islet cell tumors, 
breast cancer, diffuse large B-cell lymphomas, 
hepatocellular carcinomas, and gastric cancer. 
Rapamycin, a chemical mTOR inhibitor, causes 
G1 cell cycle arrest in cancer cell lines and in-
hibits growth and metastatic progression in 
NSCLC animal models [11]. Conversely, the as-
sociation between the overexpression or activa-
tion of mTOR and biological behaviors remains 
unclear. 
 
We have previously reported that immunohisto-
chemical staining of surgically-resected NSCLC 
tissues revealed high levels of mTOR and phos-
phorylated-mTOR (p-mTOR). We observed that p-
mTOR is present in tissues that overexpress 
mTOR [12]. Furthermore, squamous cell carci-
noma specimens that stained positive for p-
mTOR exhibited a high frequency of lymph node 
metastasis. These results suggest that p-mTOR 
may promote cell motility, migration and subse-
quent metastasis. Another study with NSCLC 
specimens also revealed that, L-type amino acid 
transporter 1 (LAT 1), a glucose transporter nec-
essary to enhance glucose uptake in cancer 
cells is closely associated with poor prognosis in 
NSCLC, and that LAT 1 expression is correlated 
with the EGFR/Akt/mTOR pathway [13]. There-
fore, inhibitors directed against mTOR holds 
high potential for the treatment of advanced 
NSCLC. 
 
With such intention, chemical treatments using 
mTOR inhibitors have been introduced, how-
ever, there are a few major issues that remain 
with the usage of such drugs. Reports have sug-
gested that low- to high-grade noninfectious 
pneumonitis with a relationship to rapamycin 
treatment occurs in 25% of all patients [14]. 

The occurrence of these side effects of mTOR 
chemical inhibitors necessitates the close moni-
toring of patients for adverse pulmonary events 
and limits the use of these inhibitors in patients 
with low respiratory function. 
 
Another issue is factors that inhibit the efficacy 
of chemical inhibitors. A study on persistent 
hyperinsulinemic hypoglycemia in infancy (PHHI) 
has shown that, in order to achieve high efficacy 
of mTOR inhibition, one must consider the distri-
bution of phospholipase D1 (PLD1), which acti-
vates the mTOR pathway through its product 
phosphatidic acid (PA) [15]. Although rapamycin 
inhibits mTOR by associating with its intracellu-
lar receptor FKBP-12, PA is known to inhibit this 
effect. Thus, with abundant PLD1 and PA, rapa-
mycin can be ineffective, whereas in cells lack-
ing PLD1 as in acinar cells of PHHI, rapamycin 
in combination with calcium channel blockers 
that decrease activation of p-mTOR can be 
highly effective. Since the distribution of PLD1 
in NSCLC is not well known, upstream effects on 
mTOR must be considered when using chemical 
inhibitors. On the other hand, by the use of 
siRNA targeting mTOR, such consideration is 
unnecessary.  
 
Moreover, recent insights now indicate that ra-
pamycin is only a partial inhibitor of mTOR. 
mTOR forms the catalytic core of at least two 
functionally distinct complexes, mTOR complex 
1 (mTORC1) and 2 (mTORC2), of which mTORC2 
is relatively resistant to rapamycin. Even more, 
although rapamycin possesses high inhibitory 
effects on mTORC1-mediated S6K1 phosphory-
lation, it only displays limited effects on 4EBP1 
phosphorylation, protein synthesis, cell growth, 
and cell proliferation depending on the cell type 
[1, 16, 17]. In detail, mTORC1 is composed of 
mTOR, regulatory-associated protein of mTOR 
(Raptor), mammalian LST8/G-protein β-subunit 
like protein (mLST8/GβL) and PRAS40 and DEP-
TOR, and has a role in translation, ribosome 
biogenesis, autophagy and hypoxic adaptation. 
On the other hand, mTORC2 is composed of 
mTOR, rapamycin-insensitive companion of 
mTOR (Rictor), GβL, and mammalian stress-
activated protein kinase interacting protein 1 
(mSIN1), and is known to take part in growth-
factor signaling and survival by activating the 
Akt pathway and functions as a regulator of the 
cytoskeleton though its stimulation of protein 
kinase Cα and Cdc42. Rosnerand and 
Hengstschlager [18] have shown that Raptor 
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has a low affinity for mTOR in the nucleus, yield-
ing very low amounts of mTORC1 in the nucleus, 
whereas mTORC2 is detected abundantly in 
both the cytoplasm and nucleus. Furthermore, 
Dhingra et.al have found overexpression and 
nuclear localization of p-mTORC2, and overex-
pression of phospholipase D1 in uterine leiomy-
osarcoma and smooth muscle tumors of uncer-
tain malignant potential [19]. These findings 
support the importance for inhibiting both 
mTORC1 and mTORC2 in cancer therapy. Due to 
the limited effects of pre-existing mTOR inhibi-
tors, novel second-generation ATP-competitive 
mTOR inhibitors have been introduced, and 
have shown to inhibit mTORC1 and mTORC2 
hence, inhibit 4EBP1 phosphorylation and cell 
proliferation [17, 20]. Similarly, we can antici-
pate that, by the use of siRNAs that target 
mTOR, inhibitory effects on mTORC1 as well as 
effects on mTORC2 could be achieved, inducing 
a highly effective and selective inhibition of cell 
growth.  
 
Dicer is an enzyme that processes siRNAs, and 
siRNAs can also be exogenously introduced into 
cells using various transfection methods. Re-
cent studies have shown that siRNA-mediated 
mechanisms hold substantial potential for 
therapeutic use due to the high efficiency and 
lack of nonspecific genomic effects of siRNAs. 
RNAi studies have demonstrated the clinical 
potential of synthetic siRNAs in allergic skin 
diseases [21], dental diseases, eye diseases, 
cancer, metabolic diseases [22] and neurode-
generative disorders [23]. 
 
However, therapeutic applications are limited 
due to the instability of double-stranded RNA 
and the absence of a reliable delivery method to 
target cells. Degradation by enzymes in blood, 
interaction with blood components, nonspecific 
uptake by cells and immune responses to 
siRNAs must be considered for in vivo applica-
tions. Moreover, because mTOR is ubiquitously 
expressed in mammalian cells, further studies 
to specifically target siRNAs to tumor lesions 
with systemic administration need to be investi-
gated. 
 
This is the first report showing that transfection 
of cells with mTOR-siRNA effectively represses 
cell proliferation and migration and induces 
apoptosis of NSCLC cells. Further studies using 
mTOR-siRNA may lead to the development of an 
alternative therapy that maximizes the antineo-

plastic effects of mTOR inhibition and reduces 
the risk of toxicities. 
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