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mTORC1 inhibitor RAD001 (everolimus) enhances non-small
cell lung cancer cell radiosensitivity in vitro via suppressing
epithelial–mesenchymal transition
Yu Chen1, Wen-wen LI1, Ping Peng1, Wei-heng Zhao1, Yi-jun Tian1, Yu Huang1, Shu Xia1 and Yuan Chen1

Resistance to radiotherapy causes non-small cell lung cancer (NSCLC) treatment failure associated with local recurrence and
metastasis. Thus, understanding the radiosensitization of NSCLC cells is crucial for developing new treatments and improving
prognostics. mTORC1 has been shown to regulate tumor cell radiosensitivity, but the underlying mechanisms are unclear.
Moreover, mTORC1 also regulates epithelial–mesenchymal transition (EMT) that is important to metastasis and recurrence. In this
study we explored whether mTORC1 regulated NSCLC cell radiosensitivity by altering EMT. We performed immunohistichemical
analysis using tumor, adjacent and normal tissues from 50 NSCLC patients, which confirmed significantly elevated mTOR protein
expression in NSCLC tissue. Then we used NCI-H460 and NCI-H661 cell lines to examine the effects of the mTORC1 inhibitor RAD001
(everolimus) on in vitro radiosensitivity, protein expression and dose-survival curves. RAD001 (10 nmol/L) significantly inhibited the
mTORC1 pathway in both the cell lines. Pretreatment with RAD001 (0.1 nmol/L) enhanced the radiosensitivity in NCI-H661 cells with
wild-type PIK3CA and KRAS but not in NCI-H460 cells with mutant PIK3CA and KRAS; the sensitivity enhancement ratios in the two
NSCLC cell lines were 1.40 and 1.03, respectively. Furthermore, pretreatment with RAD001 (0.1 nmol/L) significantly decreased the
migration and invasion with altered expression of several EMT-associated proteins (significantly increased E-cadherin and
decreased vimentin expression) in irradiated NCI-H661 cells. Publicly available expression data confirmed that irradiation affected
mTOR and EMT-associated genes at the transcript level in NSCLC cells. These results suggest that mTORC1 inhibition enhances the
in vitro radiosensitivity of NSCLC cells with wild-type PIK3CA and KRAS by affecting EMT. Our preclinical data may provide a
potential new strategy for NSCLC treatment.
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INTRODUCTION
Radiotherapy is crucial for the treatment of locally advanced non-
small cell lung cancers (NSCLCs). However, resistance to radio-
therapy has been shown to contribute to treatment failure,
recurrence, and metastasis. While the mechanisms involved are
largely unknown, recent evidence has emerged showing that
tumor cell radiation sensitivity (radiosensitivity) involves several
signal transduction pathways. In particular, the PI3K/AKT/mTOR
pathway plays a crucial role in cancer cell growth, survival, and
proliferation [1]. In turn, the inhibition of PI3K, RAS, and AKT has
been shown to radiosensitize cancer cell lines [2]. PI3K is a
heterodimeric kinase composed of a p85 regulatory subunit and a
p110 catalytic subunit that catalyzes the phosphorylation of
phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidyli-
nositol-3,4,5-triphosphate (PIP3). This phosphorylation activates
various downstream effectors, including AKT, which is a serine/
threonine kinase involved in triggering a cascade of responses
that are linked to cancer development [3]. Importantly, these
responses include the activation of the mammalian target of
rapamycin (mTOR) protein, a serine/threonine protein kinase that

couples energy and nutrient abundance to growth and division in
eukaryotes [4]. There are two multiprotein complexes that include
mTOR, mTORC1, and mTORC2. mTORC1 is partially sensitive to
rapamycin and its analogs, whereas mTORC2 is believed to be
rapamycin-insensitive [5]. The Ras/Raf/MEK pathway is also
involved in activating mTORC1 via various growth factors and
the extracellular signal-regulated kinase (ERK) protein. ERK
phosphorylates and inactivates tuberous sclerosis complex 2
(TSC2), promoting mTORC1 activation [6].
An important contributor to recurrence and metastasis is

epithelial–mesenchymal transition (EMT), an abiological process
in which epithelial cells lose their polarity. During this process,
cells are reprogrammed to express a mesenchymal phenotype,
losing their differentiated phenotype and tight cell-cell junctions.
Markers of EMT include loss of cell-cell adhesion, reorganization of
the actin cytoskeleton, and the development of increased
migratory characteristics. EMT is often accompanied by the loss
of epithelial markers, such as E-cadherin, and an increase in
mesenchymal markers, such as vimentin [7]. Chronic exposure to
radiation or chemotherapeutic drugs, including cisplatin and
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various taxanes, can lead to fusiform morphogenesis in NSCLC
cells, increasing the expression of EMT-related proteins [8].
Importantly, NSCLC cells that undergo EMT contribute to the
development of malignancy. Additionally, E-cadherin loss may
promote tumor radioresistance by affecting DNA repair and cell
cycle checkpoints [9]. It has also been hypothesized that inhibition
of the mTOR signaling pathway with rapamycin may attenuate
cancer cell migration and invasion in colorectal cancer (CRC). This
hypothesis is supported by experiments showing that knockdown
of mTORC1 and mTORC2 induces mesenchymal–epithelial transi-
tion (MET) and enhanced chemosensitivity in CRC cells [10].
Therefore, despite some studies finding that mTORC1 can regulate
the EMT processes in some types of tumors, there has been little
investigation into the relationships between NSCLC cell radio-
sensitivity and EMT. To investigate this further, our study
examined the effects of an mTORC1 inhibitor on radiosensitivity,
EMT-associated protein levels, and dose-survival curves using two
NSCLC cell lines (NCI-H460 and NCI-H661).

MATERIALS AND METHODS
Cell lines and reagents
NCI-H460 and NCI-H661 human NSCLC cell lines were obtained
from the cell bank of the Committee on Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China) and were
maintained at 37 °C with 5% CO2 with RPMI 1640 medium (Gibco;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Waltham, MA, USA). The NCI-H460 cell line carries mutations in
PIK3CA and KRAS [11, 12], whereas the NCI-H661 cell line has wild-
type alleles for both [11, 13]. The mTORC1 inhibitor RAD001
(everolimus) was provided by Novartis Pharmaceuticals (Basel,
Switzerland) and was dissolved in DMSO before being stored
at −20 °C (Sigma-Aldrich, St. Louis, MO, USA). Drugs were diluted
in culture medium to achieve the required concentrations before
use.

Patients and immunohistochemistry
In total, 150 paraffin-embedded tissues from 50 NSCLC patients
were acquired from the Tongji Hospital Tissue Bank. The study was
approved by the Institutional Review Board (IRB ID: TJ-C20151236)
of Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology. All study participants provided written
informed consent before tissues were collected. Diagnosis was
confirmed in all cases by routine histopathological examination,
and the diagnoses were divided into three groups: primary tumor,
adjacent tissues, and normal tissues. Histological slides were then
prepared and incubated overnight at 4 °C with a primary anti-
mTOR antibody (1:50; Cell Signaling Technology, Inc., Danvers, MA,
USA). The degree of mTOR staining was then scored blindly by
two independent pathologists unaware of the clinical character-
istics of the patients. The scoring criteria followed a semiquanti-
tative seven-tier system developed by Allred et al. [14] that
assessed the percentage of positive cells (none= 0; <10%= 1;
10–50%= 2; > 50%= 3) and the intensity of the staining (none=
0; weak= 1; intermediate= 2; and strong= 3). The percentage
and intensity scores were combined to give a final immunor-
eactivity score ranging from 0 to 6 [14].

Cell proliferation assays
The effect of the RAD001 inhibitor on cell proliferation was
determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide colorimetric assay (MTT; Sigma-Aldrich, St. Louis,
MO, USA). Cells were seeded on 96-well tissue culture plates at a
density of 2000–4000 cells per well and cultured overnight to
facilitate attachment. The cells were then treated with a range of
RAD001 concentrations from 1000 to 0.1 nM. Each concentration
was tested over at least five replicates. Control cells were treated

with the same volumes of vehicle DMSO. After 72 h of incubation,
10 μL of MTT solution was added to each well, and formazan
crystals were solubilized in 100 μL of DMSO after 4 h. Absorbance
was measured at 490 nm using a 96-well microplate reader (Bio-
Rad, Hercules, CA, USA), and the concentrations that resulted in
50% cell growth inhibition (IC50) were calculated using GraphPad
Prism version 5.01 for Windows (GraphPad Software, La Jolla, CA,
USA).

Western blot analysis
Cells were cultured for 24 h with RAD001 at the indicated
concentrations. The cells were then either exposed to 4 Gy X-ray
irradiation using an RS-2000 biological research irradiator (200
cGy/min; Rad Source Technologies, Buford, GA, USA) or left as
controls. Cells were collected, washed twice in ice-cold phosphate-
buffered saline (PBS) and lysed in ice-cold lysis buffer containing
20mM Tris (pH 7.5), 150mM NaCl, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4,
1 mM EDTA, and 1 μg/mL leupeptin with 1 mM PMSF and 1mM
phosphatase inhibitors. The cells were then centrifuged at
13,000 × g for 5 min at 4 °C, and the supernatant was collected.
The supernatant was then boiled with loading buffer for 5 min
before being stored at −80 °C. Before analysis, protein concentra-
tions were determined using a BCA protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). Equivalent amounts of
protein from each sample were electrophoresed on 10% SDS-
PAGE gels, transferred to nitrocellulose membranes, and incu-
bated overnight at 4 °C with either anti-p70S6K (1:5000; N-term;
Epitomics; Abcam, Cambridge, UK), anti-vimentin (1:5000; Epi-
tomics; Abcam, Cambridge, UK), anti-phospho-p70S6K (1:1000;
Thr389; Cell Signaling Technology, Inc., Danvers, MA, USA), or anti-
E-cadherin antibodies (1:1000; Cell Signaling Technology, Inc.,
Danvers, MA, USA). Subsequently, proteins were incubated for 1 h
with goat anti-rabbit peroxidase-conjugated secondary antibody
at 25 °C (1:2000; Boster Bio, Pleasanton, CA, USA). Protein bands
were revealed using the ECL western blotting substrate (Thermo
Fisher Scientific, Waltham, MA, USA).

Immunofluorescence assays
For immunofluorescent staining, the cells were grown on
chambered slides in 24-well tissue culture plates as previously
reported [15]. The cells were pretreated with RAD001 or control
vehicle 24 h before irradiation and were then fixed with 4%
paraformaldehyde (PFA) at 0.5 and 24 h after 4 Gy X-ray irradiation
or sham-irradiation. The anti-phospho-H2A.X antibody was
purchased from Abcam (pS139, Abcam, Cambridge, UK), and the
secondary fluorescein-labeled (FITC)-conjugated goat anti-rabbit
antibody was purchased from Boster Bio (Pleasanton, CA, USA).
Images were acquired using an Olympus confocal laser scanning
microscope (magnification: × 200) and accessory software (Olym-
pus Corporation, Tokyo, Japan).

Clonogenic survival assays
NCI-H460 and NCI-H661 cells were seeded in triplicate onto
60-mm dishes at concentrations suitable to promote the
development of 50 to 100 colonies per dish and were allowed
to attach for 24 h. The cells were pretreated with or without 0.1 nM
RAD001 for 24 h and then exposed to 0, 2, 4, 6, or 8 Gy X-rays. The
medium was then replaced with drug-free RPMI 1640, and the
cells were cultured for 14 days with 5% CO2. Colonies were then
stained with 0.5 mL of 0.1% crystal violet (Sigma-Aldrich, St. Louis,
MO, USA) solution for 1 h and counted using light microscopy at
40 × magnification. A viable colony was defined as having at least
50 cells after 14 days of growth. The surviving fractions of treated
cells were established by normalizing the values to the plating
efficiency of the control cells that did not undergo irradiation. Cell
survival was plotted as a function of dose and was fitted using
GraphPad Prism version 5.01 for Windows (GraphPad Software,
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La Jolla, CA, USA) and a multi-target single hit model
SF ¼ 1� ð1� e�D=D0ÞN , where SF is cell survival, D is the dose
of radiation, and D0 and N are constants. SF2 (the surviving fraction
of cells at 2 Gy) was calculated from the actual data. The SER
(sensitivity enhancement ratio) was defined as SER= D0 (X-ray)/D0

(X-ray plus RAD001) [16].

Invasion and migration assay
The invasion assays were performed using Matrigel (Corning,
Kennebunk, ME, USA) in 24-well transwell chambers (Corning,
Kennebunk, ME, USA) as previously described [17]. The 1 × 105

NCI-H460 and NCI-H661 cells were added to the upper compart-
ment of the chamber. After overnight incubation, the cells were
pretreated with 0.1 nM RAD001 or vehicle for 24 h and then
exposed to 4 Gy irradiation. Then, the medium of the upper
compartment of the chamber was changed to 1% FBS RPMI 1640,
and the chemoattractant used in the lower compartment was 20%
FBS. After 24 h, the cells were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet. The invasive cells were
counted in four different fields with an inverted fluorescence
microscope (magnification: × 100). The migration assay was similar
to the invasion assay described above, except that 4 × 104 cells in
serum-free RPMI 1640 medium were added to the upper

compartment without the Matrigel, and the chemoattractant
used was 10% FBS. All experiments were carried out in triplicate.

Gene expression array analysis
The public ArrayExpress database was investigated to identify
appropriate assays for analysis. The GSE10547 dataset (first
made public on April 15, 2008 and last updated on March 19,
2012) using the GPL6495 platform was determined to be the
most appropriate [18]. This dataset originated from a study that
used polysome-bound RNA to examine gene translation
profiles across a series of tumor and normal cell lines. To
better define genes whose expression levels were influenced
by ionizing radiation, cell lines in the study were exposed to 2
Gy X-ray, and polysome-bound RNA was isolated 6 h later
before being subjected to microarray analysis. The dataset used
the human non-small cell lung cancer cell line HOP62 that
harbored a KRAS gene mutation and was exposed to either 2 Gy
irradiation or was sham-irradiated across two biological
replicates [18, 19]. We isolated 29 mTOR and EMT signaling
pathway-related genes from the ArrayExpress data using KEGG
pathway information and then performed unsupervised clus-
tering with the “pheatmap” package of the R statistical
program software.

Fig. 1 Expression of mTOR in samples isolated from patients with NSCLC. a Expression of mTOR in normal tissues, adjacent tissues, and
tumors (400 × ; n= 50 cases; bar= 50 μm). b Analysis of immunoreactivity scores in tumors, adjacent tissues, and normal tissues. **P < 0.01 vs.
normal tissue ##P < 0.01 vs. normal tissue n= 50
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Statistical analysis
Statistical analysis between groups was conducted by indepen-
dent sample Student’s t-test. All statistical analyses were
performed using SPSS v18.0 software (SPSS; IBM, Armonk, NY,
USA), and the data are presented as the mean ± standard
deviation (SD). Differences at a threshold of P < 0.05 were
considered significant.

RESULTS
Expression of mTOR protein is elevated in NSCLC tissue
To assess the extent of mTOR pathway alterations in NSCLC, we
analyzed mTOR protein expression in tumors, adjacent tissues,
and normal tissues that were isolated from 50 patients with
NSCLC. Each sample was assigned an immunoreactivity score
ranging from 0 to 6, representative images were obtained and
analyses for each tissue type were performed (Fig. 1). The normal
lung tissue showed negative or mild cytoplasmic staining for
mTOR, whereas the primary tumors and matched adjacent tissues
exhibited higher levels of diffuse cytoplasmic mTOR staining.
These findings show that mTOR protein is overexpressed in
primary NSCLC tissues and adjacent tissues.

Effect of the mTORC1 inhibitor RAD001 on cell proliferation and
the mTOR signaling pathway
We next performed proliferation assays to determine the effects of
treatment with the mTORC1 inhibitor RAD001 on two NSCLC cell
lines with different PIK3CA and KRAS genotypes. This demon-
strated that RAD001 treatment caused mild but significant growth

inhibition and affected cell proliferation in a dose-dependent
manner to varying extents in the different cell lines (Fig. 2). In the
NCI-H460 cells, the IC50 of RAD001 was 65.94 ± 1.35 nM (Fig. 2a)
but was 23.18 ± 1.34 nM in the NCI-H661 cells (Fig. 2b). Based on
these IC50 values, we calculated the IC20 and maximum sensitiza-
tion concentrations of NCI-H460 and NCI-H661 as 0.15 and
0.13 nM, respectively. We therefore chose a concentration of 0.1
nM to sensitize the two cell lines.
To further explore the effects of RAD001 on mTOR signaling, we

examined the expression of p70S6K and p-p70S6K in the two cell
lines exposed to 10 nM RAD001 for 24 h. p70S6K is an important
downstream effector of mTOR, and its phosphorylation is
effectively inhibited by rapamycin-analog treatment [20]. Our
data showed a decrease in the phosphorylation of p70S6K at
position Thr389 in the two cell lines (Fig. 2c, d). This highlights the
importance of the mTOR signaling pathway in the proliferation of
NSCLC cells, suggesting that sensitization with RAD001 may elicit
an antitumor effect.

Pretreatment with RAD001 increases γ-H2AX formation in
response to radiation
To assess the effects of mTORC1 inhibition and radiation on DNA
repair, we examined γ-H2AX staining as a biomarker for radiation-
induced DNA double strand breaks (DSBs). γ-H2AX foci were
quantified by confocal microscopy before irradiation and 0.5 and
24 h after irradiation with 4 Gy X-ray. We found that pretreatment
with 0.1 nM RAD001 to inhibit mTORC1 increased the generation
of γ-H2AX foci in NCI-H661 cells at the 0.5 and 24 h time points
after 4 Gy irradiation, indicating an increased abundance of DSBs.

Fig. 2 The mTOR inhibitor RAD001 is effective at inhibiting the growth of NSCLC cells and mTORC1 signaling. a, b NCI-H460 and NCI-H661
cells were exposed to different concentrations of RAD001 for 72 h (ranging from 0.1 to 1000 nM). Data are expressed as the percentage of
inhibition of cell proliferation. The mean values of three independent measurements (± SD) are shown. c Representative western blots of
p70S6K and p-p70S6K expression in NSCLC cell lines treated with 10 nM RAD001 for 24 h. d Analysis of relative p-p70S6K protein expression in
the two cell lines. **P < 0.01 vs. control. #P < 0.05 vs. control. n= 3
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However, this change was not apparent in NCI-H460 cells and was
the same as the results obtained in the control cells (Fig. 3).

mTORC1 inhibition significantly enhances the radiosensitivity of
NCI-H661 cells
To examine the effects of mTORC1 inhibition on cellular
radiosensitivity, NSCLC cells were incubated with 0.1 nM RAD001
for 24 h to sensitize them prior to radiation. Cells were then
allowed to form colonies for 14 days. The number of colonies
containing more than 50 cells was counted and plotted after
normalizing against the effect of RAD001 alone using control cells
(Table 1). Dose-survival curves indicated that pretreatment with
RAD001 suppressed the clonogenic survival of both NCI-H460 and
NCI-H661 cells after different doses of radiation (Fig. 4). The

Fig. 3 Quantification of the residual γ-H2AX foci in the two cell lines, with or without RAD001 treatment, 0.5 and 24 h after irradiation or
sham-irradiation. a, b Representative images showing γ-H2AX staining (indicative of double strand breaks) in NCI-H460 and NCI-H661 cells
pretreated with or without 0.1 nM RAD001 for 24 h and then exposed to 4 Gy X-rays. c, d Percentage of nuclei with five or more γ-H2AX foci
after exposure to 4 Gy, with or without RAD001 treatment, plotted against time. The data shown are expressed as the mean ± SD of three
independent experiments. NCI-H460 P= 0.0648 0.5 h vs. control. P= 0.0506 24 h vs. control. NCI-H661 **P <0.01 0.5 h vs. control. #P <0.05 24 h
vs. control. n= 3

Table 1. Radiobiological parameters of dose-survival curves

Curve D0 Dq N SF2 SER

NCI-H460 2.41 2.89 3.32 0.79 ± 0.03

NCI-H460+ RAD001 2.34 2.43 2.83 0.76 ± 0.02a 1.03

NCI-H661 2.24 1.93 2.36 0.67 ± 0.02

NCI-H661+ RAD001 1.60 1.37 2.36 0.55 ± 0.04b** 1.40

D0 mean lethal dose, Dq quasi-threshold dose, N extrapolation number,
SF2surviving fraction at 2 Gy, SER sensitivity enhancement ratio
aP= 0.174 vs. CON. b**P= 0.007 < 0.01 vs. CON
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sensitivity enhancement ratios (SERs) of the NCI-H460 and NCI-
H661 cells were 1.03 and 1.40, respectively. This result suggests
that mTORC1 inhibition was more effective at radiosensitizing NCI-
H661 cells with wild-type PIK3CA and KRAS in vitro than NCI-H460
cells.

Effects of mTORC1 inhibition on migration and invasion of
irradiated NSCLC cell lines
EMT is regarded as a key reversible step that facilitates tumor
migration, invasion, and metastasis. We used NCI-H460 and NCI-
H661 cells to determine the effects of RAD001 on the migration
and invasion of irradiated NSCLC. As shown in Fig. 5, pretreatment
with RAD001 for 24 h before irradiation significantly decreased the
migration and invasion of NCI-H661 cells compared with that of
the control group (Fig. 5a, b). The absolute numbers of cells
migrating and invading through the membrane into the lower
compartment of the chamber in the RAD001 pretreatment before
irradiation groups were less than those in the control groups.
However, this change was inconspicuous in NCI-H460 cells
compared with that in the control groups (Fig. 5c, d).

Activation of the mTORC1 pathway with EMT-associated genes
and proteins altered in NSCLC cell lines after irradiation
To further explore the mechanisms of genotype-dependent
radiosensitivity after RAD001 treatment, we first evaluated the
alteration of the downstream effectors p70S6K and p-p70S6K to
explore whether the radiation could activate the mTOR pathway.
The results demonstrated that radiation led to increased expres-
sion of p-p70S6K in both cell lines (Fig. 6a, b). However,
pretreatment with RAD001 24 h before irradiation reduced the
expression of p-p70S6K in NCI-H661 cells; this effect was not
notable in NCI-H460 cells (Fig. 6a, b). Then, we evaluated
the expression of various EMT-associated proteins, including
E-cadherin and vimentin. Epithelial cells predominantly express
E-cadherin, whereas mesenchymal cells express vimentin, N-
cadherin, and fibronectin. The expression of these biomarkers can

therefore be used to characterize EMT [21]. Our western blot
analysis revealed differences in expression of E-cadherin and
vimentin in NCI-H661 cells after pretreatment with RAD001 for 24
h and subsequent 4 Gy X-ray irradiation (Fig. 6d). Specifically,
inhibition of mTORC1 led to increased expression of E-cadherin
and decreased vimentin expression compared to the expression
levels in the control cells (Fig. 6f). However, no changes were
observed in the NCI-H460 cells (Fig. 6c, e). To further validate our
data at the mRNA transcript level, we used publicly available data
from the ArrayExpress database to examine the expression of
genes involved in the mTOR and EMT signaling pathways in
HOP62 cells exposed to either 2 Gy X-ray or sham-irradiation.
Similar to the NCI-H460 cell line examined in our study, the HOP62
NSCLC cell line harbors a KRAS mutation. As shown in Fig. 7, the
expression levels of several mTOR and EMT signaling pathway
transcripts, including PIK3CA, PTEN, CDH1, TWIST1, and VIM, were
altered after irradiation.

DISCUSSION
Our study revealed that the mTOR signaling pathway is involved
in regulating NSCLC cell radiosensitivity, likely by affecting EMT.
Recently, there has been increasing interest in examining the
relationships between radiation and EMT, including how EMT
affects radiosensitivity. However, the links between NSCLC
mutations and the role of the mTOR signaling pathway in EMT
and radioresistance remained unclear. Our data indicate that
pharmacological inhibition of mTORC1 significantly increases the
radiosensitivity of NCI-H661 cells in vitro by affecting EMT. Our
data build on previous studies that highlight the contribution of
the mTOR pathway and EMT to the radiosensitivity of tumor cells.
Previously, it has been reported that low doses of ionizing
radiation can induce EMT in breast cancer cells and that E-
cadherin loss associated with EMT can promote radioresistance in
human tumor cells [21, 22]. Inhibition of mTOR signaling in the
SW480 human colon cancer cell line was also found to increase E-
cadherin levels, suggesting that mTOR inhibition may promote
radiosensitivity [10]. Indeed, a recent study using the dual
mTORC1 and mTORC2 inhibitor PP242 to affect the mTOR
pathway revealed radiosensitizing effects in AMC-HN-9 and U87
cancer cells [23]. Interestingly, these two cell lines harbor the same
wild-type PIK3CA and KRAS alleles as NCI-H661 [24, 25]. More
recently, studies have shown that inhibition of either AKT or mTOR
signaling via the introduction of an endogenously mutated PIK3CA
allele exacerbates invasiveness and EMT in the MCF10A breast
cancer cell line [26].
However, in our experiments, the radiosensitizing effect of

RAD001 was primarily observed in NCI-H661 cells that possessed
wild-type PIK3CA and KRAS genes, with only a marginal effect
observed in NCI-H460 cells. More recent work has also reported
similar conflicting results. For example, Cai et al. found that
mTORC1 inhibition suppresses EMT in colon and breast cancer
cells via the specific inhibition of Snail (SNAI1) translation [27].
Although their overall conclusions are similar to ours, the study
suggested that the effects of mTORC1 inhibition on EMT and cell
motility were more pronounced in tumors with mutational
activation of the AKT and ERK pathways. This study suggests that
tumors with gene mutations in PI3K, PTEN, RAS, and RAF in the AKT
and ERK pathways are highly dependent on mTORC1/4E-
BP1 signaling for the promotion of EMT, cell motility, and
metastasis [27]. However, our results indicate that NSCLC cell
lines with wild-type PIK3CA and KRAS alleles are more radio-
sensitive after inhibition of the mTORC1 pathway than cell lines
with mutated genes. These slightly different conclusions are likely
due to the different radiation doses and cell types used in the
studies. For example, radiation can increase the metastatic
potential of the lung cancer cell line A549 in vitro through EMT-
associated events [28]. It has also been shown that tumor cells

Fig. 4 Dose-survival curves derived from clonogenic survival assays
over 14 days. a NCI-H460 and b NCI-H661 cells were treated with 0.1
nM RAD001 for 24 h and exposed to different levels of X-ray
radiation (2, 4, 6, or 8 Gy). The data shown are expressed as the
mean ± s.d. of at least three independent experiments
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carrying oncogenic PIK3CA mutations are sensitive to RAD001,
except when KRAS mutations are also present [20].
The PI3K/AKT/mTOR signaling pathway is related to the most

frequently mutated genes in tumors [29]. However, there are
many positive and negative feedback loops involved in the
multiple signaling cascades that modulate mTOR activity, includ-
ing the RAS/mitogen activated protein kinase (MAPK) pathway.
The RAS/MAPK and PI3K/mTOR pathways are positively and
negatively regulated by each other through extensive cross-talk
[30]. Mutations in PI3K can act to continuously activate down-
stream pathways, promoting tumor cell proliferation and often
leading to treatment resistance. PI3K is also a critical mediator of
KRAS and is activated through multiple mechanisms in KRAS-
mutant cells. KRAS itself can also bind directly to the p110α
catalytic subunit of PI3K, thereby activating PI3K [31]. All of these
interactions highlight the complexity involved in targeting the

PI3K/AKT/mTOR signaling pathway for the treatment of cancer. A
previous phase I trial of RAD001 for NSCLC, in combination with
thoracic radiotherapy, demonstrated a 41% partial response (PR),
with 27% of patients developing progressive disease (PD) [32].
However, this clinical trial used an unselected population, and the
genotypes of participants were unknown. Our results reveal that
NSCLC cells with mutations in the PIK3CA and KRAS genes are
insensitive to radiation with RAD001, suggesting that different
approaches should be taken for patients with mutations in these
genes. Approximately 25% of NSCLCs have a KRAS mutation, and
1% have a PIK3CA mutation [33]. This likely explains the moderate
efficacy of RAD001 in the unselected population.
Our data also found that radiation can activate the mTOR

pathway and increase the expression of p-p70S6K and EMT-
associated proteins. Moreover, inhibition of mTORC1 can reduce
radiation-induced mTOR pathway-associated protein

Fig. 5 Inhibition of mTORC1 decreases migration and invasion in NCI-H661 cells after irradiation. a, b The migration and invasion assays of the
irradiated NCI-H460 and NCI-H661 cells with or without RAD001 pretreatment. c, d Summary graphs for migration and invasion, respectively.
**P <0.01 vs. control. n= 4
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phosphorylation levels and radiotherapy resistance in some
NSCLC cells, probably by modifying EMT. This process is often
accompanied by E-cadherin loss, which was previously associated
with cancer stem cells (CSCs). These sub-populations of cells are
centrally involved in tumor relapse and radiation resistance [34,
35]. Additionally, it has been shown that mTORC1 signaling plays
an essential role in supporting tumor cell growth and survival, as
well as promoting genome instability at the onset of cancer [36].
Based on our experiments, we hypothesize that there is a

relationship between mTORC1 signaling, EMT, and CSCs that is
associated with tumorigenesis and radiation resistance. A novel
therapeutic approach that uses EMT-signaling inhibitors would
therefore be expected to alleviate radiotherapy resistance in
NSCLC, although this requires further investigation in the future.
Indeed, the precise mechanisms that underlie how mTORC1
inhibition regulates EMT and radioresistance are unclear. Further
experiments are necessary to elucidate the downstream factors
involved. In particular, determining how E-cadherin affects

Fig. 6 Irradiation activates the mTORC1 pathway by altering EMT-associated genes and proteins in NSCLC cell lines. a, b Effects of irradiation
with or without a sensitization dose of RAD001 on the expression of p-p70S6K in NCI-H460 and NCI-H661 cells. c, d Immunoblot analysis of
EMT markers in NCI-H460 and NCI-H661 cells incubated with or without 0.1 nM RAD001 for 24 h before irradiation. e, f Analysis of relative
protein expression in the two cell lines. *P < 0.05 vs. the indicated groups. n= 3
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radioresistance in NSCLC is of critical importance. A previous study
reported that PI3K/mTOR inhibition induced a positive feedback
loop that dampened the efficacy of PI3K/mTOR inhibition in
metastatic breast cancer. PI3K/mTOR and JAK2 inhibition syner-
gistically abrogated this feedback loop and reduced tumor growth
[37]. Future work therefore needs to focus on understanding
whether there are any feedback loops in NSCLC that are affected
by PIK3CA and KRAS mutations and whether these feedback loops
involve E-cadherin loss, CSC changes, or radioresistance. Our study
was also limited by being performed in vitro, and further in vivo
work is required to fully establish any links between mTOR, EMT,
and radioresistance in NSCLC.
In conclusion, our experiments revealed that the

mTORC1 signaling pathway is involved in regulating the radio-
sensitivity of some NSCLC cells. However, mTORC1 inhibition
increased radiosensitivity and affected mTOR signaling down-
stream targets only in NCI-H661 cells with wild-type PIK3CA and
KRAS genes. mTORC1 inhibition could alleviate irradiation-specific
EMT changes in NCI-H661 cells, suggesting that targeting mTORC1
may provide a potential new strategy for the treatment of NSCLC
with wild-type PIK3CA and KRAS genes.
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