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Abstract. The PI3K/AKT/mTOR pathway and autophagy
are known to play important roles in cancer radioresistance.
The aim of the present study was to investigate whether the
combination of temsirolimus (TEM), an mTOR inhibitor,
and chloroquine (CQ), an autophagy inhibitor, can increase
radiosensitivity in colorectal cancer (CRC) cells. The effica-
cies of TEM and/or CQ as radiosensitizers were examined
using clonogenic assays in CRC cell lines SW480 and HT-29.
The expression levels of the phosphorylated isoforms of S6
and 4E-BP1, downstream proteins of mTOR, as well as the
expression levels of p62 and LC3, autophagy-related proteins,
were assessed by western blot analysis. The formation of
acidic organelles was detected in acridine orange-stained
cells. Apoptosis and caspase activity were assessed using flow
cytometry. The results revealed that ionizing radiation (IR)
activated the downstream proteins of mTOR and induced
autophagy. In the clonogenic assays, neither TEM nor CQ
influenced the efficacy of IR, whereas their combination
significantly increased the dose-dependent efficacy of IR.
TEM inhibited phosphorylation of the downstream proteins
of mTOR and induced autophagy. CQ inhibited autophagy in
the late phase and did not influence the downstream proteins
of mTOR. TEM and CQ inhibited both the phosphoryla-
tion of downstream proteins of mTOR and autophagy. Cell
death analysis revealed that the combination of TEM and
CQ strongly induced apoptosis in cells exposed to IR. In
conclusion, the combination of TEM and CQ increased radio-
sensitivity in CRC cells through co-inhibition of mTOR and
autophagy.
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Introduction

Preoperative chemoradiotherapy (CRT) is considered a stan-
dard therapy for local control in patients with locally advanced
rectal cancer. Pathological complete response (pCR) in the
patients treated with CRT implies the absence of residual
cancer in the resected specimen. Since the recurrence rate after
curative surgery in the patients with pCR has been reported
to be lower than that in non-responders (1), increasing the
PCR rate is necessary to improve patient prognosis. However,
5-FU-based conventional CRT has been revealed to result
in pCR for only 13-17% of patients (2), and these results are
insufficient. Hence, chemotherapeutic regimens for increasing
tumor radiosensitivity are being investigated worldwide.

Preclinical studies on solid cancer cells revealed that
ionizing radiation (IR) activated the PI3K/AKT/mTOR
signaling pathway, which was considered to be one of the
radioresistance mechanisms (3,4). However, in a phase-II
clinical trial for patients with locally advanced rectal cancer,
CRT combined with rapamycin, an mTOR inhibitor, resulted in
PCR in 3% of patients and the radiosensitizing effect of mTOR
inhibitor was not observed (5).

An mTOR inhibitor is known to induce autophagy by dephos-
phorylating UNC-51-like kinase (ULK1). Autophagy is considered
as a cause for chemo/radiotherapy resistance in cancer cells due
to its function of self-protection and self-degradation (6,7). This
cytoprotective function of autophagy was reported to play a
role in resistance to the antitumor effect of mTOR inhibitor (8).
In addition, in a previous study, it was demonstrated that the
combination of temsirolimus (TEM), an mTOR inhibitor, and
chloroquine (CQ), an autophagy inhibitor, improved the anti-
tumor effect in colorectal cancer (CRC) cells (9). Based on this
result, we hypothesized that the simultaneous inhibition of mMTOR
signaling and autophagy is essential to enhance radiosensitivity.
Therefore, in the present study, we aimed to determine whether
the co-inhibition of mTOR and autophagy using TEM and CQ
enhanced radiosensitivity in CRC cells.

Materials and methods

Cell culture and reagents. The human CRC cell lines, HT-29
and SW480, were purchased from the Japanese Cancer
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Research Resource Bank. Cells were cultured in RPMI-1640
medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
supplemented with 5% fetal bovine serum (FBS) and 1% anti-
biotic/antimycotic solution in a 5% CO, incubator at 37°C. The
mTOR inhibitor TEM and the autophagy inhibitor chloro-
quine diphosphate (CQ) were purchased from Sigma-Aldrich;
Merck KGaA. Rabbit antibodies against phospho-S6 ribo-
somal protein (Ser235/236), S6 ribosomal protein (5G10),
phospho-eukaryotic translation initiation factor 4E-binding
protein 1 (phospho-4E-BP1; Thr37/46), and 4E-BP1 were
purchased from Cell Signaling Technology (Tokyo, Japan);
those against microtubule-associated protein light chain 3
beta (LC3B), protein 62 [p62; also known as sequestosome-1
(SQSTM1)], and B-actin were obtained from Medical and
Biological Laboratories (MBL, Nagoya, Japan); and alkaline
phosphatase-labeled goat anti-rabbit antibody was purchased
from Abcam (Cambridge, UK).

Preparation of radiosensitizers and exposure to IR. The
experimental doses of TEM and CQ were determined to be
80 nM and 20 uM, respectively based on a previous study (9).
The cells were pretreated with TEM (TEM group), CQ (CQ
group), both (TEM+CQ group), or no treatment (the control
group) for 1 h before exposure to IR. Cells were irradiated at
doses of ~6 Gy (1.0 Gy/sec) with an X-ray generator (Pantac
HF350; Kyoto, Japan). Irradiated cells were used in subsequent
experiments. The experimental radiation dose was determined
according to several preceding studies (10-12), including our
previous study using colorectal cell lines (13).

Clonogenic assay. The SW480 and HT-29 cells from each
group were seeded at densities of 200-1,200 cells in a 6-well
plate. Cells were pretreated with or without TEM and/or CQ
for 1 h followed by exposure to IR at doses of 0, 2, 4 or 6 Gy.
After incubation for 24 h, the medium was changed to a fresh
one without drugs. The medium was then changed to a fresh
one every 48 h for 14 days. Then, the cells were fixed with
70% ethanol at room temperature for 30 min, and stained with
0.5% crystal violet solution at room temperature for 30 min,
and the colonies were counted. The surviving fraction (SF) in
each group was calculated as follows: SF=no. of colonies with
IR/no. of colonies without IR. For each experimental condi-
tion, colonies from three different wells were counted. All SF
values were expressed as the mean + standard deviation (SD).

Cell proliferation assay. SW480 and HT-29 cells
(5x10* cells/well) were seeded in 96-well flat-bottomed plates
and incubated for 72 h with or without TEM and/or CQ
after exposure to IR at a dose of 4 Gy. Then, MTS reagent
(Promega Corp., Madison, WI, USA) was added to each well,
cells were incubated for 3 h, and spectrophotometric assess-
ment was performed with a 490-nm filter using Varioskan
Flash, a microplate reader (Life Technologies; Thermo Fisher
Scientific, Inc.). All experiments were performed in triplicate
wells, and the data for cell proliferation were expressed as the
mean + SD.

Western blot analysis. SW480 and HT-29 cells were incubated
for 24 h with or without TEM and/or CQ after exposure to IR
at a dose of 4 Gy. Whole cell protein extracts were obtained
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by lysing cells in Bolt LDS sample buffer (Life Technologies;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with protease and phosphatase inhibitors (Roche
Diagnostics, Basel, Switzerland). Solubilized proteins were
quantified using the Qubit protein assay kit (Life Technologies;
Thermo Fisher Scientific, Inc.) and 40 pg of protein samples
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with 4-12% Bis-Tris Gel (Life
Technologies; Thermo Fisher Scientific, Inc.) and transferred
to polyvinylidene difluoride (PVDF) membranes (pore size
0.2 um) using the Bolt system (Life Technologies; Thermo
Fisher Scientific, Inc.). After blocking with the iBind solution
(Life Technologies; Thermo Fisher Scientific, Inc.) at room
temperature for 5 min, western blotting was performed using
the iBind Western System (Life Technologies; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions;
the membranes were incubated with rabbit antibodies against
phospho-S6 ribosomal protein (Ser235/236; dilution 1:1,000;
cat.no.4857),S6 ribosomal protein (5G10; dilution 1:1,000; cat.
no. 2217), phospho-4E-BP1 (Thr37/46; dilution 1:1,000; cat.
no. 2855), 4E-BP1 (dilution 1:1,000; cat. no. 9452) all from
CST; LC3B (dilution 1:1,000; cat. no. PM036), p62, also
known as sequestosome-1 (SQSTM1) (dilution 1:1,000; cat.
no. PM045), or p-actin (dilution 1:1,000; cat. no. PM053) all
from MBL at room temperature for 3 h, followed by alka-
line phosphatase-labeled goat anti-rabbit antibody (dilution
1:2,000; cat. no. ab97048; Abcam) at room temperature for
2 h. The membranes were incubated in CDP-Star solution
(Life Technologies; Thermo Fisher Scientific, Inc.) for 5 min,
and chemiluminescence was detected using ChemiDoc XRS
system (Bio-Rad Laboratories, Inc., Tokyo, Japan). The experi-
ment was performed three times. The density of each band
was measured using ImagelJ software (version 1.4.3; National
Institutes of Health, Bethesda, MD, USA) and expressed as the
mean + SD. The phosphorylated isoform fraction of S6 and
4E-BP1 were normalized by the respective total protein levels.

Acidic vesicular organelle (autophagosome) detection. SW480
and HT-29 cells were prepared and treated as aforementioned.
The cells were collected in FACS tubes and stained with
5 ug/ml acridine orange (Sigma-Aldrich; Merck, Tokyo, Japan)
for 15 min at room temperature. Then, the samples were washed
twice with Ca?*/Mg?*-free phosphate-buffered saline [PBS(-)]
and immediately analyzed using a BD FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA), or examined
under a fluorescence microscope (BZ-8100; Keyence Corp.,
Tokyo, Japan). The experiments were performed three times.
All numerical data were expressed as the mean + SD.

Apoptosis and cell death analysis. SW480 and HT-29
cells were prepared and treated as aforementioned, and
the harvested cells were stained with a combination of
Annexin V-fluorescein isothiocyanate (FITC) and prop-
idium iodide (PI) (Annexin V-FITC apoptosis detection kit;
BD Biosciences), according to the manufacturer's instructions.
The samples were immediately analyzed by flow cytometer.
This method allows the distinction between cells in early
(Annexin V-FITC*/PI') and late (Annexin V-FITC*/PI*) apop-
tosis; however, in the present study, these subpopulations were
counted together and expressed as a fraction of the apoptotic
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cells. Next, for the quantification of caspase-3/7 activity, cells
were labeled with CellEvent caspase-3/7 green detection
reagent (Life Technologies; Thermo Fisher Scientific, Inc.) and
analyzed by flow cytometry. Alternatively, for calculating the
proportion of dead cells, the cells were stained with trypan
blue (Sigma-Aldrich; Merck KGaA), and dead cells (stained
with trypan blue) and alive cells (unstained cells) were counted
immediately. All experiments were performed three times,
and all data were expressed as the mean + SD.

Statistical analysis. Statistical significance of the differences
was determined using the unpaired, two-tailed Student's t-test
for single comparisons and one-way ANOVA followed by
Tukey's post hoc test for multiple comparisons. In addition,
the interactions of radiation levels and different drug thera-
pies were analyzed by two-way ANOVA. All analyses were
performed using the JMP Pro 13.0 software (SAS Institute,
Inc., Cary, NC, USA). Differences with P<0.05 were consid-
ered statistically significant.

Results

IR activates the mTOR signaling pathway and induces
autophagy in CRC cells. To investigate whether IR activates
the mTOR signaling pathway and induces autophagy in human
CRC cell lines, the levels of mTOR pathway-related proteins
and autophagy-related proteins in SW480 and HT-29 cells
before and after IR exposure were determined by western blot-
ting (Fig. 1A and B). The levels of the phosphorylated isoforms
of mTOR pathway-related proteins, S6 ribosomal protein and
4E-BP1, normalized by the respective total proteins, were
significantly increased after IR exposure in both cell lines,
indicating that IR activated the mTOR signaling pathway
in CRC cells. Similarly, conversion of LC3-I to LC3-II,
which plays an important role in autophagosome formation,
was observed, and the LC3-II/LC3-I ratios increased after
IR exposure, whereas the levels of p62, which is consumed
during autophagy, decreased after IR exposure, in both cell
lines. These results indicate that IR induced autophagy in CRC
cells. The time-dependent levels of p-S6 normalized by total
S6 protein (p-S6/total S6 ratios) and LC3-1I/LC3-I ratios in
cells after the IR exposure are displayed in Fig. 1C and D. In
both the cell lines, p-S6/total S6 ratios increased immediately
after IR exposure and then decreased at 48 h after exposure,
whereas LC3-II/LC3-I ratios increased slowly and remained
high at 48 h after IR exposure. Similarly, the number of acidic
autophagosomes stained with acridine orange significantly
increased after IR exposure in a time-dependent manner, in
both cell lines (Fig. 1E and F).

TEM and CQ combination therapy increases radiosensi-
tivity in CRC cells. Next, whether mTOR inhibition and/or
autophagy inhibition increases radiosensitivity in CRC cells
was investigated, by studying the dose-dependent efficacies of
IR in cells with or without TEM and/or CQ. In the clonogenic
assay (Fig. 2A and B), a two-way ANOVA revealed the inter-
action of radiation levels and drug therapies in SW480 cells
(P<0.001) and HT-29 cells (P<0.001). Although CQ or TEM
monotherapy did not affect the suppressive effect of irradia-
tion, the combination of TEM and CQ significantly enhanced
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the radiosensitivity at 2, 4 and 6 Gy in SW480 cells and at
4 and 6 Gy in HT-29 cells. In the MTS assay, TEM or CQ
treatment in cells exposed to IR decreased cell proliferation,
compared to that observed with IR exposure alone (Fig. 2C).
Moreover, cell proliferation after the combination therapy of
TEM and CQ was lower than that observed after the mono-
therapies with TEM or CQ.

TEM and CQ combination therapy inhibits the activation of
mTOR pathway and autophagy in IR-exposed cells. Next, the
levels of mMTOR pathway-related proteins and autophagy-related
proteins in each group were assessed (Fig. 3A and B). The
levels of IR-induced phosphorylated isoforms of S6 and
4E-BP1 significantly decreased after TEM monotherapy
but were not affected by CQ monotherapy. The IR-induced
conversion of LC3-I to LC3-II significantly increased after
CQ or TEM treatment and the LC3-II/LC3-I ratios were the
highest after TEM and CQ combination therapy. Furthermore,
p62 consumed by IR decreased after TEM monotherapy but
increased after CQ monotherapy and was the highest after the
combination therapy. Furthermore, acridine orange staining
revealed that the number of IR-induced acidic autophagosomes
increased after treatment with a combination of TEM and CQ,
compared to that observed after monotherapy with TEM or
CQ (Fig. 3B). These results were demonstrated in both SW480
and HT-29 cells.

TEM and CQ combination therapy induces apoptosis
in IR-exposed cells. To analyze cell death in each group,
apoptosis was analyzed via double staining with Annexin
V-FITC and PI (Fig. 4A). The proportion of apoptotic cells,
as Annexin V-positive cells, in each group are displayed
in Fig. 4B. The apoptosis rate after IR exposure alone (5.5%)
was significantly higher than that of the control (3.1%), which
indicated that IR induced apoptosis in SW480 cells. TEM
or CQ treatment with IR exposure in SW480 cells increased
the apoptotic rate to 6.6 and 7.4%, respectively, but these
differences were not significant; however, treatment with a
combination of TEM and CQ with IR exposure significantly
increased the apoptotic rate up to 14.3%, compared to that
observed after IR exposure with or without TEM or CQ single
agents. Similarly, the proportion of dead cells stained with
trypan blue in SW480 cells treated with IR and a combina-
tion of TEM and CQ (5.2%) were significantly higher than
those in the control cells (1.1%) and cells treated with IR alone
(2.5%), TEM alone (2.9%), and CQ alone (3.3%; Fig. 4D). The
proportion of activated caspase-3/7 in SW480 cells treated
with IR and a combination of TEM and CQ (15.5%) were
significantly higher than those in control cells (3.5%) and cells
treated with IR alone (7.0%), TEM alone (9.3%), and CQ alone
(11.0%; Fig. 4C). Furthermore, similar results were obtained
from HT-29 cells.

Discussion

The PI3K/AKT/mTOR pathway is an intracellular signaling
pathway involving the phosphorylation of proteins downstream
of tyrosine kinase receptors, resulting in phosphorylation of
ribosomal protein S6 and 4E-BP1 (14). In cancer cells, the
activation of mTOR signaling promotes tumor growth and
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Figure 1. Ionizing radiation activates the mTOR pathway and induces autophagy in human colorectal cancer cells. HT-29 and SW480 cells were treated
with ionizing radiation at a dose of 4 Gy and mTOR pathway activation and autophagy induction were investigated. (A) Western blot analysis of the mTOR
pathway-related proteins, p-S6, total S6, p-4E-BP1, and total 4E-BP1; and autophagy-related proteins LC3B-II/I and SQSTM1/p62 in cell lines 24 h after
radiotherapy. $-actin was used as the control. (B) Bar plots represent the relative expression levels of each protein, as determined via densitometric analysis.
The mTOR pathway-related proteins were presented as the phosphorylated isoform ratios normalized by the respective total proteins. The autophagy-related
proteins were presented as LC3-II/LC3-I ratios and the p62 expression levels were normalized to f-actin levels. The data are expressed as the mean + SD
from the results of three independent experiments (n=3). "P<0.05. Unpaired Student's t-tests were used. (C) p-S6, total S6, and LC3B-1I/1 levels at different
intervals after radiotherapy. (D) Line graphs represent the changes in the expression levels of p-S6/total S6 and LC3-II/LC3-I ratio, as determined via densi-
tometric analysis. The data are expressed as the mean + SD (n=3). (E) Acridine orange staining and fluorescence microscopy results for the accumulation of
acidic vesicular organelles (bright red fluorescence) in cell lines 24 h after radiotherapy. Scale bar, 20 ym. (F) Bar plots represent flow cytometric results for
formation of acidic vesicular organelles in cell lines 24 h after radiotherapy. The values of each therapy group were standardized by the value of the control,
without any treatment. The data are expressed as the mean + SD (n=3). "P<0.05, “P<0.01. One-way ANOVA was used. p-S6, phospho-S6 ribosomal protein;
p-4E-BP1, phospho-eukaryotic translation initiation factor 4E-binding protein 1; SQSTMI, sequestosome-1.
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angiogenesis and inhibits apoptosis (14,15). Furthermore,
the PI3BK/AKT/mTOR pathway and autophagy are known to
play important roles in cancer radioresistance. In the present
study, the effect of TEM (mTOR inhibitor) and CQ (autophagy
inhibitor) combination therapy was investigated on the
radiosensitivity of CRC cells.

In the present study, S6 and 4E-BP1 were phosphorylated
after IR exposure with a peak at 24-36 h after IR exposure,
indicating that mTOR signaling was activated by IR. The

activation of mTOR signaling by IR has been reported
in endometrial and breast cancer cells as well as human
umbilical vein endothelial cells (3,16,17) but not in CRC cells.
Since mTOR inhibitor has been reported to inhibit the repair
of IR-induced DNA damage in breast cancer cells, mMTOR
signaling activated by IR is considered to play an important
role in radioresistance (4).

Generally during the autophagic process, the autophagy
substrate SQSTM1/p62 is consumed, LC3 is converted from
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Figure 2. Combination of TEM and CQ increases the anti-proliferative effect of IR in HT-29 and SW480 cells. Cells were treated with 80 nM TEM and/or
20 uM CQ followed by several doses of IR. (A) Clonogenic assay results revealing the colony-forming ability of HT-29 and SW480 cells in the presence of
different doses of IR with or without TEM and/or CQ. Based on the results of a two-way ANOVA, only the drug groups that significantly influenced the effect
of IR at the individual radiation doses have been indicated. The data are expressed as the mean + SD (n=3); “P<0.01. Cells treated with combination of TEM
and CQ vs. untreated cells at the individual IR doses. (B) Results of crystal violet staining revealing surviving cell colonies on 10 cm dishes. (C) Results of
the MTS assay revealing proliferation of cells 3 days after 4 Gy radiotherapy with or without TEM and/or CQ. The values in each group were standardized
by the value of the control without radiotherapy. The data are expressed as the mean £ SD (n=3). "P<0.05. One-way ANOVA was used. TEM, temsirolimus;

CQ, chloroquine; IR, ionizing radiation.

its isotype I to 11, and acidic organelles are accumulated in the
cell (18,19). In particular, the LC3-II/LC3-I ratio is considered
an important parameter to evaluate the degree of autophagy. In
the present study, p62 levels decreased and the LC3-II/LC3-1
ratios and accumulation of acidic organelles increased with
a peak at 36 h after IR exposure, indicating that autophagy
was induced by IR. These results are consistent with previous
studies on IR-induced autophagy in many solid cancer cells,
including CRC cells, indicating that IR-induced autophagy
may play a cytoprotective role (10-12).

Several studies have reported the irradiation-induced
activation of the mTOR pathway (3,16,17) and autophagy
pathway (10-12) in different cell lines, despite the suppres-
sive effect of the activated mTOR pathway on autophagy. It
has been reported that autophagy can be induced via several
pathways after radiation, such as those involving accumulation
of reactive oxygen (ROS), calcium ions and mitochondrial
damage (7). The present results indicated that irradiation
induced autophagy activation independently of the mTOR

pathway and that this activation overcame the suppressive
effect of the mTOR pathway; however, further studies are
warranted to confirm this. TEM treatment in combination
with irradiation increased the LC3-II/LC3-I ratio and p62
consumption (Fig. 3), indicating the suppressive effect of the
mTOR pathway on autophagy and enhancement of autophagy
by mTOR inhibition.

Next, a clonogenic assay was performed using TEM
and/or CQ, to determine whether the inhibition of mTOR
signaling and/or autophagy increases radiosensitivity in
CRC cells. In both SW480 and HT-29 cells, neither TEM nor
CQ monotherapy influenced the effect of radiation, but the
interaction of the combination of TEM and CQ and radiation
levels was demonstrated by two-way ANOVA. Western blot-
ting revealed that TEM alone inhibited IR-induced mTOR
signaling but induced autophagy, as indicated by decreased
p62 and increased LC3-II/LC3-I ratios. mTOR is known
to be a strong factor for inhibiting autophagy; mTOR Cl1
phosphorylates ULK1 and suppresses its function, which
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Figure 3. Combination of TEM, CQ and IR downregulates mTOR pathway-related proteins and autophagy-related proteins in SW480 and HT-29 cells. The
cells were treated with 80 nM TEM and/or 20 uM CQ followed by 4 Gy radiotherapy and examined 24 h after radiotherapy. (A) Western blot analysis of mTOR
pathway- and autophagy-related proteins. (B) Bar plots represent the relative expression levels of mTOR-related proteins, p-S6/total S6, and p-4E-BP1/total
4E-BPI, as determined via densitometric analysis. The data are expressed as the mean = SD (n=3). "P<0.05, “P<0.01. One-way ANOVA was used. (C) Bar
plots represent the relative expression levels of autophagy-related proteins, LC3-1I/LC3-I ratios, and p62 levels. The data are expressed as the mean + SD
(n=3). "P<0.05, “P<0.01. One-way ANOVA was used. (D) Bar plots represent flow cytometric results revealing the formation of acridine orange-stained acidic
vesicular organelles in cells 24 h after radiotherapy. The values of each group were standardized by the value of the control without any treatment. The data
are expressed as the mean = SD (n=3). "P<0.05, “P<0.01. One-way ANOVA was used. (E) Fluorescence microscopy images showing acridine orange-stained
autophagic vesicles in cells. Scale bar, 20 gm. NS, not significant; TEM, temsirolimus; CQ, chloroquine; IR, ionizing radiation; p-S6, phospho-S6 ribosomal
protein; p-4E-BP1, phospho-eukaryotic translation initiation factor 4E-binding protein 1.

in turn suppresses the formation of autophagosomes (7).
An mTOR inhibitor has been reported to induce autophagy
by dephosphorylating ULK1 and promoting the formation
of autophagosomes. In contrast, CQ alone was revealed to
increase the level of p62, indicating autophagy inhibition
since CQ inhibits autophagy in its late phase (9,20). As

anticipated, CQ monotherapy did not affect the levels of pS6
and p4E-BP1, suggesting that CQ does not influence mTOR
signaling. Cells treated with a combination of TEM and CQ
revealed the highest levels of p62 and LC3-II/LC3-I ratios,
confirming the inhibition of IR-activated mTOR signaling by
TEM and the late phase inhibition of TEM-induced autophagy
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Figure 4. Combination of TEM, CQ and IR induces apoptosis in SW480 and HT-29 cells. The cells were treated with 80 nM TEM and/or 20 uM CQ followed
by 4 Gy radiotherapy and examined 48 h after radiotherapy. (A) FACS analysis of apoptosis based on Annexin V and propidium iodide (PI) staining in different
treatment groups. The cells in the upper-right and lower-right quadrants represent apoptotic cells. The data are expressed as the mean + SD (n=3). One-way
ANOVA was used. (B) Bar graph revealing the summed relative number of apoptotic cells in the different treatment groups. The data are expressed as the
mean + SD (n=3). “P<0.01. One-way ANOVA was used. (C) Percentage of cells with activated caspase-3/7, as detected using FACS analysis. "P<0.05, “P<0.01.
(D) Trypan blue staining revealed the percentage of dead cells in different treatment groups. The data are expressed as the mean + SD (n=3). "P<0.05, “P<0.01.
One-way ANOVA was used. NS, not significant; TEM, temsirolimus; CQ, chloroquine; IR, ionizing radiation.

by CQ. Therefore, autophagy induction after TEM treatment
and active mTOR signaling after CQ treatment indicate
that TEM or CQ alone does not affect the radiosensitivity
of cells and that both inhibition of mTOR and autophagy
collectively enhance radiosensitivity. Although the radio-
sensitizing effect of the mTOR inhibitor alone was reported

in pancreatic, breast, and prostate cancer cells via in vivo
and in vitro studies (3,21,22), the radiosensitizing effect
of rapamycin was not observed in a clinical trial of rectal
cancer (5). Similarly, the radiosensitizing effect of autophagy
inhibitor 3-MA was reported in breast cancer cells (23),
but CQ did not affect radiosensitivity in CRC cells (24).
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According to these studies, the radiosensitizing effects of an
mTOR inhibitor alone or CQ alone differed among the cell
lines (25). In contrast, the combination of an mTOR inhibitor
and CQ was reported to improve the anti-proliferative effect
in several cells, including CRC cells (26,27), however, the
radiosensitizing effect of this combination has not yet been
reported. Hence, it was considered that inhibition of mTOR
signaling or autophagy alone was insufficient for enhancing
radiosensitivity, but co-inhibition of both these processes is
essential in CRC cells.

Cell death analysis revealed a significantly high apop-
tosis rate after TEM and CQ combination therapy but not
after TEM or CQ monotherapy. Previous studies reported
the preservation of phosphorylated AKT, an anti-apoptotic
protein after treatment with an mTOR inhibitor, indicating
that it does not induce apoptosis (28). Autophagy maintains
the quality of mitochondria, thus preventing the accumula-
tion of intracellular ROS (7). Although autophagic inhibition
has been reported to induce apoptosis through aberrant ROS
accumulation, in the present study no significant increase was
revealed in the apoptosis rates after treatment with CQ alone.
In contrast, the combination of an mTOR inhibitor and CQ
was reported induce apoptosis in a synergistic manner, consis-
tent with the results obtained in our study (8,9,27). An mTOR
inhibitor induces autophagosome formation and CQ leads
to the permeabilization of the autophagosome membrane,
resulting in the induction of apoptosis (29-31). In the present
study, the accumulation of autophagosomes was observed
in IR-exposed cells, but the accumulation was enhanced in
cells treated with IR and TEM. Thus, it was hypothesized
that adding CQ in the presence of excessive autophagosome
accumulation may contribute to increased apoptosis via
autophagosome membrane permeabilization.

There are several limitations of the present study. First,
this is an in vitro study, and the findings from an in vivo
study may not be consistent with our findings. Furthermore,
although the safety of the combination of TEM and CQ has
been demonstrated in a phase-I clinical study for several
solid cancers (32), clinical studies investigating the effect
of this combination on radiosensitivity have not yet been
performed, and prospective clinical trials are warranted to
confirm our results. Second, the radiosensitizing effect of the
combination of TEM and CQ in this study may be attributed
to their unique effects, and a combination of other mTOR
and autophagy inhibitors may not yield results consistent
with those obtained in the present study. Therefore, future
investigations using various mTOR and autophagy inhibitors
are required. This study would be greatly strengthened by
future validating studies using clinical colorectal cancer
tissues or colorectal cancer xenograft in vivo models, which
were beyond the scope of the present study.

In conclusion, the radiosensitizing effect of the combina-
tion of TEM and CQ was demonstrated in CRC cells. This
combination therapy may be considered as an effective chemo-
therapy combined with radiotherapy in patients undergoing
neoadjuvant CRT for rectal cancer.
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