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Torin2 enhances the radiosensitivity of MCF-7
breast cancer cells by downregulating the mTOR
signaling pathway and ATM phosphorylation
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Abstract. Radiotherapy has an important role in the
comprehensive treatment of breast cancer. However, the
clinical outcome of adjuvant radiotherapy may be limited due
to intrinsic radioresistance, it is necessary to explore efficient
radiosensitization methods that improve the clinical outcome
of patients undergoing radiotherapy. The present study
aimed to investigate whether the novel mechanistic target of
rapamycin (mTOR) inhibitor Torin2 enhances the radiosen-
sitivity of MCF-7 breast cancer cells. A Cell Counting Kit-8
(CCK-8) assay was performed to measure the effect of Torin2
on cell proliferation, while clonogenic assays were employed
to determine the effect of Torin2 in combination with radiation
on the proliferation of MCF-7 cells. The effect of Torin2 and/or
radiation on the cell cycle was analyzed using flow cytometry.
Furthermore, the protein expression of components of the
phosphatidylinositol 3-kinase/Akt/mTOR pathway, and the
expression of proteins involved in DNA damage repair, was
measured by western blot analysis. The results demonstrated
that Torin2 exhibited a higher potency in MCF-7 cells, while
MDA-MB-231 cells were less sensitive to Torin2. Compared
with irradiation alone, pretreatment with 20 nM Torin2
followed by irradiation resulted in an increased level of y-H2A
histone family member X. Radiation induced the activation of
the Akt/mTOR signaling pathway and upregulated the expres-
sion of phosphorylated (p)-Akt*”® and p-eukaryotic translation
initiation factor 4E binding protein 1 (4EBP1)*”#¢, Notably,
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pretreatment with Torin2 attenuated the radiation-induced
activation of the Akt/mTOR signaling pathway. In addition,
Torin2 partially blocked the repair of double-strand breaks
induced by radiation by reducing the activation of ataxia telan-
giectasia-mutated, and sensitized MCF-7 cells to radiation.
In conclusion, administration of Torin2 prior to irradiation
enhanced the radiotherapeutic effect on breast cancer cells
in vitro, and these results may provide a foundation for the
rational use of combined therapy with irradiation and Torin2
for breast cancer in clinical practice.

Introduction

Breast cancer is a major health concern for women, and its
incidence is rapidly increasing worldwide (1). The latest statis-
tical data from the National Cancer Center reported that there
were ~268,600 new cases of breast cancer and 69,500 breast
cancer-associated mortalities in females in China in 2015. In
addition, breast cancer has the highest incidence among gyneco-
logical carcinomas (2). Radiotherapy has an important role in the
comprehensive treatment of breast cancer, in addition to surgery,
chemotherapy and endocrine therapy. The majority of patients
diagnosed with early-stage breast cancer prefer conservative
surgery followed by radiotherapy rather than mastectomy due to
the low incidence of injury associated with the former treatment,
which has become the primary strategy to cure breast cancer (3,4).
However, the clinical outcome of adjuvant radiotherapy may be
limited due to intrinsic radioresistance that directly influences
the prognosis and survival of patients. Therefore, it is necessary
to investigate efficient radiosensitization methods that improve
the clinical outcome of patients undergoing radiotherapy.
Recently, various studies have focused on targeted therapy,
including the use of phosphatidylinositol 3-kinase (PI3K),
mechanistic target of rapamycin (mTOR) and vy-secretase
inhibitors in breast cancer (5-7). mTOR belongs to the family
of serine/threonine protein kinases, and its two subtypes,
mTORC1 and mTORC2, differ structurally (8). mTORCI1
directly activates eukaryotic translation initiation factor 4E
binding protein 1 (4EBP1) and ribosomal protein S6 kinase {1
to facilitate translation, the cell cycle and angiogenesis, while
mTORC?2 induces the phosphorylation of Akt at serine 473
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to further activate the PI3K/Akt/mTOR pathway in a positive
feedback manner.

mTOR, as one of the major downstream components of the
PI3K/Akt pathway, is functionally involved in protein transla-
tion and is involved in various biological processes, including
tumor survival, proliferation and autophagy. mTOR is reported
to be excessively activated in several tumor types as a result
of hotspot mutations in phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit a (PIK3CA) (9-11). Therefore,
mTOR has become a potential therapeutic target, particularly
in breast cancer that harbors hotspot mutations in PIK3CA.
Several clinical trials have demonstrated superior antitumor
activity of different mTOR inhibitors in patients with breast
cancer, and everolimus has been approved by the FDA for the
treatment of advanced breast cancer (12).

Torin2 is a novel, second-generation ATP-competitive
mTOR inhibitor that demonstrates dual criteria as it suppresses
mTORCI1 and mTORC2, and also reduces the DNA damage
repair response (13). Several preclinical studies have reported
decreased proliferation and migration induced by Torin2 in
lung cancer, hepatocarcinoma, thyroid cancer and epithelial
ovarian cancer (14-16). However, it is unclear whether Torin2
may enhance the radiosensitivity of cancer cell lines, particu-
larly in breast cancer where PIK3CA mutations occur at a high
frequency. Therefore, the present study aimed to investigate
the effect of Torin2 on the radiosensitivity of breast cancer
cells and to explore the associated underlying mechanism of
this synergy.

Materials and methods

Cell culture and inhibitor. MCE-7 and MDA-MB-231 human
breast cancer cells were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA) and cultured
in Dulbecco's modified Eagle's medium (DMEM; Hyclone;
GE Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (Biological Industries Israel Beit
Haemek Ltd., Beit Haemek, Israel), 100 yg/ml penicillin and
100 mg/ml streptomycin in a humidified incubator at 37°C
with 5% CO,. Exponentially growing cells were trypsinized
for subculture or for further experiments. The selective mTOR
inhibitor, Torin2 (cat. no. SML1224), was purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Cell Counting Kit-8 (CCK-8) assay. Exponentially growing
MCF-7 and MDA-MB-231 cells were seeded in 100 ul media
consist of DMEM with 10% FBS at a density of 5x10° cells/well
in 96-well plates and were incubated overnight at 37°C. The
following day, cells were treated with 0, 25, 50, 100, 200, 400
and 800 nM Torin?2 for 48 h at 37°C; wells containing cells and
medium only were used as controls. Colorimetric readings were
taken at 450 nm following incubation with CCK-8 (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) for 2 h at 37°C. All
assays were performed independently at least three times. The
20 and 50% inhibitory concentration (IC,, and ICs;) values for
each cell line were calculated using the median-effect equation
derived by Chou (17).

Clonogenic assays. MCF-7 cells were seeded at the density
of 1x10° cells/ml in 30-mm dishes and allowed to adhere
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in the incubator overnight at 37°C. Cells were subsequently
pretreated with or without 20 nM Torin2 (close to IC,, value)
for 1 h prior to irradiation at 0-10 Gy <I min. Cells were
incubated for a further 24 h at 37°C and trypsinized to plate
in 60-mm dishes, with 3x10° cells per dish, for a period of
2 weeks. The colonies that formed were stained with 0.1%
crystal violet (Beyotime Institute of Biotechnology, Haimen,
China) at room temperature for 2 h, and colonies with >50
cells were counted using Quantity One software version 4.4.0
(Bio-Rad Laboratories, Inc.). A linear-quadratic model was
used to evaluate their radiosensitivity (18).

Flow cytometry analysis. MCF-7 cells at the density of
1x10° cells/ml were seeded in 60-mm dishes allowed to adhere
overnight at 37°C and were treated with or without Torin2 at a
concentration of 20 nM for 1 h at 37°C prior to irradiation with
X-rays at 2 or 4 Gy <30 sec. Cells were subsequently washed
twice with PBS and suspended with pre-cooled 70% alcohol for
fixing overnight. Following digestion with 100 pg/ml RNaseA
at 37°C for 30 min, 50 pg/ml propidium iodide (550825;
BD Pharmingen; BD Biosciences, San Diego, CA, USA) was
added to the cells for 30 min at room temperature and they
were kept protected from light. The fluorescence intensity of
each cell was measured using a MoFlo XDP flow cytometer
with Kaluza Analysis Software version 1.3 (Beckman Coulter,
Inc., Brea, CA, USA).

Western blot analysis. MCF-7 cells were treated with 0,
200 and 400 nM Torin2 for 2 h, or 200 nM Torin2 for 0, 2,
4 and 8 h at 37°C. In another experiment, MCF-7 cells were
treated with or without Torin2 at a concentration of 20 nM
for 1 h at room temperature prior to irradiation with X-rays at
0-10 Gy <1 min. Cells were lysed in radioimmunoprecipitation
assay lysis buffer (Beyotime Institute of Biotechnology) on
ice for 10 min 48 h after irradiation. Cell lysates were centri-
fuged at 12,000 x g at 4°C for 15 min and the supernatants
were collected. Protein concentrations were measured in the
supernatant using a Pierce BCA Protein assay kit (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). A total of 50 ug
protein from each sample was separated by 10% SDS-PAGE
and transferred onto a polyvinylidene fluoride membrane
(EMD Millipore, Billerica, MA, USA), which was followed
by blocking with 5% bovine serum albumin (Bio-sharp,
Hefei, China) at 37°C for 1 h, incubated overnight at room
temperature with the indicated primary antibodies followed
by incubation with corresponding secondary antibodies for 2 h
at room temperature and detection using Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific, Inc.). B-tubulin
was used as the loading control. The signal intensity with back-
ground correction was quantified using Quantity One software
version 4.4.0 (Bio-Rad Laboratories, Inc.). The following
antibodies were obtained from Cell Signaling Technology,
Inc. (Danvers, MA, USA): Phosphorylated (p)-Akt*” (cat.
no. 9271, 1:1,000), Akt (cat. no. 9272, 1:1,000), P-4EBP1774¢
(cat. no. 2855, 1:1,000), 4EBP1 (cat. no. 9452, 1:1,000), y-H2A
histone family member X (H2AX; cat. no. 9718, 1:1,000),
p-ataxia telangiectasia-mutated (ATM; cat. no. 5883, 1:1,000),
p-ATR serine/threonine kinase (ATR; cat. no. 2853, 1:1,000),
B-tubulin (cat. no. 2146, 1:5,000), horseradish peroxidase
(HRP)-conjugated goat anti-rabbit (cat. no. 7074, 1:5,000).
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Figure 1. Torin2 suppresses cell viability and mTOR signaling pathway in breast cancer cells. (A) Viability assay for MCF-7 and MDA-MB-231 cell lines
treated with 0-800 nM Torin?2 for 48 h. (B) Protein expression of major components of the mTOR signaling pathway under routine culture conditions in MCF-7
and MDA-MB-231 cell lines. (C) MCF-7 cells were exposed to 0,200 and 400 nM Torin2 for 2 h and western blotting was performed. Lanes 1,2 and 3 present
results for cells treated with 0, 200 and 400 nM Torin2, respectively. (D) MCE-7 cells were exposed to 200 nM Torin2 for 0, 2, 4 and 8 h and western blotting
was performed. Lanes, 4, 5,6 and 7 present results for cells treated with Torin2 for 0, 2,4 and 8 h, respectively. B-tubulin was used as a loading control. "P<0.05
and “P<0.01 vs. 0 nM group. mTOR, mechanistic target of rapamycin; p, phosphorylated; 4EBP1, eukaryotic translation initiation factor 4E binding protein 1.

Statistical analysis. Data are presented as the mean + standard
deviation. Each experiment was repeated at least three times.
Significance was determined using two-tailed unpaired Student's
t-tests. All figures and statistical analysis were performed with
Origin version 8.0 (OriginLab, Northampton, MA, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Torin2 inhibits cell proliferation by downregulating the
mTOR signaling pathway. CCK-8 assay results demonstrated
that the viability of MCF-7 and MDA-MB-231 cells was
significantly decreased by Torin2 in a dose-dependent manner
(Fig. 1A). However, Torin2 was more potent in MCF-7 cells,
with IC,, and ICs, values of 32.1 and 163.4 nM, respectively,
compared with MDA-MB-231 cells, which had IC,, and
ICy, values of 83.9 and 1012.8 nM, respectively. In order to
validate the drug-targeted effect, western blot analysis was
performed to evaluate the protein expression of the major
components of the Akt/mTOR pathway. Consistent with the
effects of Torin2 on cell growth, the basal expression of p-Akt

and P-4EBP1 were elevated in MCF-7 cells compared with
MDA-MB-231 cells (Fig. 1B). As demonstrated in Fig. 1C,
p-Akt*” and P-4EBP1°7*¢ expression was abolished when
MCEF-7 cells were treated with 200 or 400 nM Torin2 for 2 h.
Furthermore, p-Akt*”* and P-4EBP1°7*¢ expression was inhib-
ited in MCF-7 cells by treatment with 200 nM Torin2 for up
to 8 h (Fig. 1D). As 4EBP1 and Akt are direct substrates of the
enzymes mMTORC1 and mTORC?2, respectively, these results
indicate that Torin2 may reduce the viability of MCF-7 cells
by diminishing mTOR activity, therefore, MCF-7 cells were
selected for subsequent experiments.

Torin2 enhances the radiosensitivity of MCF-7 cells. Colony
formation assay results demonstrated that treatment with
20 nM Torin?2 prior to irradiation sensitized cells to radiation
compared with cells treated with radiation alone (Fig. 2A). The
parameters of a and 3 calculated using the linear-quadratic
model were 0.264+0.029 Gy and 0.029+0.005 Gy, respec-
tively, for cells treated with a combination of radiation and
Torin2, and 0.057+0.016 Gy and 0.031+0.002 Gy, respec-
tively, for those treated with radiation alone (Fig. 2B). These
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Figure 2. Torin2 enhances the radiosensitivity of MCF-7 cells. (A) Representative images of results for the colony formation assay. (B) Quantified results for
clonogenic survival assays. Data are presented as the mean + standard deviation of three replicates. The results indicate that pretreatment with 20 nM Torin2
for 1 h prior to irradiation resulted in radiation dose-dependent inhibition of MCF-7 cells. "P<0.05 vs. Torin2 + IR group at same radiation dose. IR, irradiation.
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Figure 3. Torin2 induces y-H2AX expression in MCF-7 cells. (A) Representative western blot bands for MCF-7 cells treated with 20 nM Torin2 followed by
0-10 Gy radiation. (B) Quantification of the relative protein expression of y-H2AX by densitometric analysis. "P<0.05 vs. IR alone at same radiation dose.

H2AX, H2A histone family member X; IR, irradiation.

data indicate that pharmacological inhibition of mTOR using
Torin2 enhanced the radiosensitivity of MCF-7 cells in vitro.

Torin2 increases the level of y-H2AX induced by radiation.
To investigate the potential mechanism of enhanced radiosen-
sitivity induced by Torin2, the protein expression of p-H2AX,

which is a well-established indicator of DNA double-strand
breaks (DSBs) induced by radiation, was evaluated in MCF-7
cells treated with or without 20 nM Torin2 followed by an
increasing dose of radiation. Induction of y-H2AX expres-
sion by irradiation in MCF-7 cells was dose dependent, and
the expression was markedly elevated at 6 and 8 Gy (Fig. 3A).
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Figure 4. G1/S phase arrest is induced by Torin2 alone in MCF-7 cells but is not further influenced by combination with irradiation. (A) Cell cycle analysis of
MCF-7 cells treated with 0-10 Gy radiation with or without pretreatment with 20 nM Torin2. (B) Percentage of cells in each group in each phase of the cell
cycle. (C) Percentage ratios for each cell cycle phase and statistical analysis. "P<0.05 vs. IR alone at same cell cycle phase.

However, compared with the induced expression of y-H2AX
in MCF-7 cells treated with radiation alone, expression was
further induced in cells that were pretreated with Torin2 (fold
change, 4.34+0.56 and 10.02+1.00 at 6 and 10 Gy, respectively;
Fig. 3B). These results indicate that Torin2 may enhance the
lethal effect of radiation on MCF-7 cells by increasing DNA
damage.

Torin2 induces cell cycle arrest in the GI/S phase. Flow
cytometry was performed to investigate the effect of Torin2
on cell cycle arrest (Fig. 4A). The G1 phase cell popula-
tion increased by 16.57%, whereas the S phase population
significantly decreased by 19.17%, in MCF-7 cells treated
with Torin2 alone compared with control cells without Torin2
or irradiation treatment (Fig. 4B). The percentage of cells in
Gl and S phases were significantly increased and decreased,
respectively, compared with cells treated with radiation alone
at different radiation doses (Fig. 4C). However, the combina-
tion of Torin2 and irradiation at 2 and 4 Gy did not enhance
alterations in cell cycle distribution in MCF-7 cells compared
with cells treated with Torin2 alone.

Torin2 downregulates the expression of the mTOR signaling
pathway. A previous study reported that hyperactivity of the
Akt/mTOR axis may confer radioresistance to glioblastoma
cell lines (19). In the present study, radiation alone induced
marginally elevated p-Akt expression in MCF-7 cells at low
doses, and markedly increased p-Akt expression at higher
doses (Fig. 5). P-4EBP1 was induced at low radiation doses
and decreased when the dose was increased between 6
and 10 Gy. Sustained inhibition of p-Akt and almost complete
downregulation of P-4EBP1 was observed in MCF-7 cells
pretreated with Torin2. These results, combined with those
for y-H2AX expression, indicate that Torin2 may enhance
the radiosensitivity of MCF-7 cells through inhibition of
Akt/mTOR signaling and subsequent impairment of DNA
repair machinery.

Torin2 sensitizes breast cancer cells to radiation by attenuating
DNA repair mechanisms. To confirm whether the attenuation
of DNA repair mechanisms induced by Torin2 contributes to
radiosensitization of MCF-7 cells, the present study analyzed
the protein expression of p-ATM and p-ATR (Fig. 6). The
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Figure 6. Torin2 decreases the expression of p-ATM and p-ATR induced by irradiation alone. (A) Representative western blot results for MCF-7 cells treated
with 20 nM Torin2 followed by 0-10 Gy radiation. (B) Quantification of the relative expression of (B) p-ATM and (C) p-ATR by densitometric analysis.
“P<0.05 vs. IR alone at same radiation dose. p, phosphorylated; ATM, ataxia telangiectasia-mutated; ATR, ATR serine/threonine kinase; IR, irradiation.

results demonstrated that irradiation alone markedly enhanced
the expression of p-ATR. Although MCF-7 cells treated with
radiation alone and those pretreated with Torin2 exhibited a
similar expression of ATR and ATM, the expression of p-ATM
and p-ATR in Torin2-treated MCF-7 cells was significantly
diminished compared with the expression observed in MCF-7
cells treated with radiation alone at the majority of radiation
doses. These results demonstrated that the effect of Torin2
on the radiosensitization of MCF-7 cells may be partially
attributed to impaired DSB repair due to inactivation of the
Akt/mTOR signaling pathway.

Discussion

Excessive activation of the PI3K/Akt/mTOR pathway was
reported in 30-50% cases of breast cancer, which may be
attributed to mutations in the oncogene PIK3CA (20-22).
Liu et al (23) reported that the mTOR inhibitor INK128 radio-
sensitized breast cancer cell lines. Consistent with the results
of their study, the results of the present study demonstrated
that the novel mTOR inhibitor Torin2 inhibited the prolifera-
tion and enhanced the radiosensitivity of MCF-7 cells. Torin2
also markedly inhibited the phosphorylation of 4EBP1 and
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Akt, which are direct substrates of mMTORC1 and mTORC2,
respectively, indicating that the activities of mTORCI and
mTORC2 may be inhibited by Torin2. Unlike other traditional
mTOR inhibitors that inhibit only mTORCI, Torin2 inhibits
both isoforms. To the best of our knowledge, the present study
is the first to report that the novel mTOR inhibitor Torin2
inhibited the proliferation and enhanced the radiosensitivity
of breast cancer cells. Furthermore, growth inhibition assay
results also demonstrated that MDA-MB-231 cells are more
resistant Torin2 than MCF-7 cells. MCF-7 cells belong to
the luminal subtype of breast cancer and are primarily char-
acterized by a high frequency of PIK3CA mutations, while
MDA-MB-231 cells belong to the basal-like subtype and
exhibit the epithelial-mesenchymal transition phenotype (24).
Therefore, PI3K/Akt/mTOR is a growth-dependent pathway in
MCF-7 cells but not in MDA-MB-231 cells.

Research on genomics and proteomics has revealed that
the mechanisms of radioresistance in cancer are complex,
and involve the tumor microenvironment and genomic and
epigenetic alterations (25). Aberrant activation of oncogenic
signaling pathways such as the PI3K/Akt/mTOR pathway
has an important role in radioresistance. The mechanisms
of radioresistance due to activation of the PI3K/Akt/mTOR
pathway include intrinsic radioresistance, tumor cell prolifera-
tion and hypoxia (26). Activated mTOR induced by irradiation
has been observed in several cancer types, including lung and
prostate cancer (8,27). In the present study, upregulated mTOR
activity, reflected by phosphorylation status, was also observed
in MCF-7 cells treated with radiation alone. However, mTOR
activity was suppressed in MCF-7 cells treated with Torin2
prior to irradiation. Therefore, the ability of Torin2 to enhance
the radiosensitivity of MCF-7 cells may be partially attributed
to reduced mTOR activity, which reduces the response to DNA
damage repair.

To further investigate the potential mechanisms of
radiosensitization by Torin2, flow cytometry analysis was
performed to evaluate the cell cycle progression in MCF-7
cells with or without Torin2 pretreatment. The results demon-
strated an increase in the G1 phase cell population, which
was accompanied by a reduced proportion of cells in the
S phase. Consistent with these results, previous studies have
reported that Akt inhibitors downregulated the expression of
cyclin DI, which led to G1/S arrest in various cancer cells. It
is well established that, compared with cells in the S phase,
those in the G1 phase are more sensitive to irradiation (28-30).
Therefore, radiosensitization may be partially attributed to
altered cell cycle distribution induced by Torin2.

Cell membrane deconstruction and DNA damage induced
by irradiation, which enhance apoptosis, have important roles
in the anticancer effect of irradiation. Irradiation leads to DNA
single-strand breaks (SSBs) and DSBs, and the accumulation
of DSBs exerts lethal effects. ATR primarily participates
in SSB repair, whereas the ATM gene and DNA-dependent
protein kinase C are involved in the repair of DSBs through
homologous recombination and non-homologous end joining,
respectively (31-33). In the present study, increased y-H2AX
expression combined with reduced p-ATR and p-ATM in
MCF-7 cells treated with Torin2 and irradiation was observed.
These results indicate that Torin2-enhanced radiosensitivity
of MCF-7 cells may be partially mediated by the suppression
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of ATR and ATM activity, and subsequent diminished DNA
repair capacity.

In conclusion, the present study demonstrated that Torin2
inhibited the growth of MCF-7 cells and enhanced their
radiosensitivity. The enhanced radiosensitivity of MCF-7
cells by Torin2 may be attributed to three factors: mTOR
activity was blocked by Torin2, which may lead to decreased
radioresistance; Torin2 induced G1/S arrest and inhibited cell
proliferation, and subsequently improved the radiosensitivity;
and Torin2 enhanced the radiosensitivity of MCF-7 cells by
reducing the capacity for DNA damage repair via inhibition
of ATM and ATR activity. However, a single breast cancer
cell line was employed to obtain these results in the present
study, no animal model was used to validate the results in vivo
and association analysis with certain genomic alterations was
not performed. Therefore, further detailed investigation of the
radiosensitization mechanism of Torin2 is required. However,
the results of the present study may provide a theoretical foun-
dation to rationally utilize a combination of irradiation and
Torin2 therapy for breast cancer in clinical practice.
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