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Oct4 suppresses IR‑induced premature senescence
in breast cancer cells through STAT3- and
NF‑κB-mediated IL‑24 production
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Abstract. Breast cancer stem cells (BCSCs) are a small
subpopulation of breast cancer cells that have been proposed
to be a primary cause of failure of therapies, including
ionizing radiation (IR). Their embryonic stem-like signature
is associated with poor clinical outcome. In the present study,
the function of octamer-binding transcription factor 4 (Oct4),
an embryonic stem cell factor, in the resistance of BCSCs to
IR was investigated. Mammosphere cells exhibited increased
expression of stemness-associated genes, including Oct4
and sex‑determining region Y‑box 2 (Sox2), and were more
resistant to IR compared with serum-cultured monolayer
cells. IR‑resistant MCF7 cells also exhibited significantly
increased expression of Oct4. To investigate the possible
involvement of Oct4 in IR resistance of breast cancer cells,
cells were transfected with Oct4. Ectopic expression of Oct4
increased the clonogenic survival of MCF7 cells following
IR, which was reversed by treatment with small interfering
RNA (siRNA) targeting Oct4. Oct4 expression decreased
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phosphorylated histone H2AX (γ-H2AX) focus formation and
suppressed IR‑induced premature senescence in these cells.
Mammosphere, IR‑resistant and Oct4‑overexpressing MCF7
cells exhibited enhanced phosphorylation of signal transducer
and activation of transcription 3 (STAT3) (Tyr705) and inhibitor
of nuclear factor κ B (NF‑κ B), and blockade of these pathways
with siRNA against STAT3 and/or specific inhibitors of
STAT3 and NF‑κ B significantly increased IR‑induced senescence. Secretome analysis revealed that Oct4 upregulated
interleukin 24 (IL‑24) expression through STAT3 and NF‑κ B
signaling, and siRNA against IL‑24 increased IR‑induced
senescence, whereas recombinant human IL‑24 suppressed it.
The results of the present study indicated that Oct4 confers
IR resistance on breast cancer cells by suppressing IR‑induced
premature senescence through STAT3- and NF‑κ B-mediated
IL‑24 production.
Introduction
Breast cancer is one of the most frequent malignancies in
women, leading to >300,000 mortalities annually worldwide (1). Despite recent improvement in the mortality rate
through drastic treatment strategies, including radiotherapy
and chemotherapy, the patient survival rate has not improved
owing to tumor relapse and metastasis (2). A growing body of
evidence suggests that cancer recurrence and metastasis may
be driven by a subpopulation of cells within the tumor termed
cancer stem cells (CSCs) or cancer-initiating cells (3). As with
normal stem cells, these cells have the ability to self-renew and
differentiate into multiple lineages; therefore, they are considered to be responsible for tumorigenesis, therapeutic resistance,
metastasis and recurrence (4). Stem-like breast cancer cells
were first identified by Al-Hajj et al (5), who identified that a
subpopulation of cells from human breast tumors and cluster
of differentiation (CD)44+CD24 ‑ESA+ pleural effusion cells
of patients are responsible for breast cancer tumorigenicity.
CD44 + CD24 ‑ breast cancer stem cells (BCSCs) may be
induced by promoting epithelial-mesenchymal transition via
suppression of epithelial (E-)cadherin by short hairpin RNA,
ectopic expression of an E-cadherin transcriptional suppressor
such as Snail or Twist or treatment with transforming growth
factor-β (6). BCSCs may be enriched by growth factor-enriched
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serum‑free non‑adherent sphere culture of primary cancer
cells and established cell lines, including MCF7 breast cancer
cells (7). Since CSCs are considered to be the primary reason
for therapeutic failure, these cells are considered a candidate
therapeutic target.
One of the hallmarks of CSCs is their resistance to
therapy (3). Preclinical data indicate that BCSCs are more
resistant to ionizing radiation (IR) compared with serumcultured normal cancer cells. The radioresistance in BCSCs
is based on their decreased production of reactive oxygen
species in response to IR owing to enhanced expression of
free radical-scavenging proteins (8,9). Additionally, upregulation of Notch ligand expression followed by activation of
the Notch pathway by IR enriches BCSCs in MCF7 cells
and maintains stemness in these cells (8). A previous study
demonstrated that increased survival of MCF7 BCSCs in
response to IR is mediated by downregulation of the senescence pathway, not apoptosis (10). Thus, targeting BCSCs may
be a promising way to increase radiotherapeutic effectiveness
in breast cancer.
The POU-domain transcription factor octamer-binding
transcription factor 4 (Oct4) is one of the master regulators
of maintenance of embryonic stem cells along with sex‑determining region Y‑box 2 (Sox2) and Nanog, and one of the key
transcription regulators of stem cell pluripotency (11). Oct4 is
expressed in various malignant tumor tissues and cell lines,
including non‑small cell lung cancer, liver cancer and glioma
lines (12‑14). Oct4 is also expressed in breast cancer tissues and
BCSCs (15), and is associated with poorly differentiated highgrade estrogen receptor-negative tumors (16). Oct4 confers
chemoresistance on liver cancer cells via protein kinase B
(Akt)-mediated upregulation of ATP-binding cassette transporter G2 (ABCG2) (13). Additionally, Oct4 promotes colony
formation of glioma cells (14), whereas Oct4 suppression
leads to the induction of apoptosis in breast cancer cells (15).
However, the function of Oct4 in the response of tumor cells to
IR is poorly understood.
In the present study, the function of Oct4 was investigated in radioresistance of breast cancer cells. Using
mammosphere and radioresistant cells derived from MCF7
cells, results indicated that radioresistance of breast cancer
cells is associated with Oct4 expression. Mammosphere and
radioresistant cells expressed an increased level of Oct4, and
overexpression of Oct4 increased radioresistance of MCF7
cells. Importantly, Oct4 expression suppressed IR‑induced
premature senescence by enhancing IL‑24 production
through signal transducer and activator of transcription 3
(STAT3) and nuclear factor κ B (NF‑κ B) signaling pathways,
which are associated with IR resistance of breast cancer
cells.
Materials and methods
Reagents. Antibodies against Oct4 (cat. no. sc‑5279), c-Myc
(cat. no. sc‑40), interleukin (IL)-24 (cat. no. sc‑22769),
Krüppel-like factor 4 (cat. no. sc‑20691), p53 (cat. no. sc‑126),
phosphorylated (p)-p53 (Ser15) (cat. no. sc‑101762), p21
(cat. no. sc‑397), p27 (cat. no. sc‑527), p16 (cat. no. sc‑486),
Sirt1 (cat. no. sc‑15404) and β-actin (cat. no. sc‑47778) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,

USA). Antibodies against Bmi‑1 (cat. no. 05-637), Nanog
(cat. no. AB9220), phosphorylated histone H2AX (γ-H2AX;
cat. no. 05-636) and Notch1 (cat. no. MAB5352) were from
EMD Millipore (Billerica, MA, USA). Antibodies against
p-extracellular-signal-regulated kinase 1/2 (cat. no. 4695),
p-Akt (Ser473) (cat. no. 9271), STAT3 (cat. no. 9139), p-STAT3
(Ser727) (cat. no. 9134), p-STAT3 (Tyr705) (cat. no. 9145), p-c-Jun
N‑terminal kinase (cat. no. 2361), p-retinoblastoma protein
(Ser807/811) (cat. no. 9308), non‑p‑ β ‑catenin (cat. no. 8814),
inhibitor of NF‑ κ B (I κ B) (cat. no. 4814) and p-I κ B
(cat. no. 2859) were obtained from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Anti-Sox2 (cat. no. MAB2018) was
from R&D Systems, Inc. (Minneapolis, MN, USA). Specific
inhibitors of STAT3 (WP1066) and NF‑κ B (Bay 11-7082)
were purchased from Calbiochem; Merck KGaA (Darmstadt,
Germany).
Cell culture. Human breast cancer cells (MCF7 cells) (ATCC,
Manassas, VA, USA) were cultured in Dulbecco's modified
Eagle's medium (DMEM) (Welgen, Daegu, Korea) supplemented with 10% fetal bovine serum (FBS; JR Scientific, Inc.,
Woodland, CA, USA) and 1% penicillin/streptomycin at 37˚C
in a 5% CO2 incubator. For collecting mammospheres, cells
were trypsinized and cultured at 37˚C in serum‑free DMEM/
Ham's F12 (Cellgro; Corning Incorporated, Corning, NY,
USA) with epidermal growth factor (EGF) and basic fibroblast
growth factor (bFGF) (R&D Systems, Inc.) (10 ng/ml each).
Mammospheres were collected following three passages of
culture.
Sphere-forming and soft-agar clonogenic assays. For the
sphere-forming assay, a single-cell suspension prepared by
trypsinization was seeded in serum‑free DMEM/Ham's F12
with EGF and bFGF (10 ng/ml each) at a density of
1x103 cells/ml. After 10 days of culture, spheres were attached
to the plate by adding FBS (10%), stained using Diff-Quick
solution (Sysmex Corporation, Kobe, Japan) and counted by
eye. For the soft-agar clonogenic assay, cells were resuspended
in the same volume of 0.7% agar with 10% FBS and plated onto
the bottom agar layer (1:1 mixture of 1% agar and 2X DMEM/
Ham's F12 with 10% FBS). After 14 days of incubation, colonies in five random fields/well were counted under a brightfield
microscope (magnification, x100).
Invasion and migration assays. Matrigel invasion assays
were performed using Transwell chambers (Costar; Corning
Incorporated) precoated with Matrigel (100 µg/cm 2). Cells
(105 cells in 100 µl serum‑free DMEM) were seeded into the
upper part of each chamber, whereas the lower compartments
were filled with 600 µl DMEM with 1% FBS. Following
incubation at 37˚C for 18 h, non‑invading cells on the upper
surface of the filter were removed using a cotton swab, and
the invading cells on the lower surface of the filter were fixed
and stained using a Diff-Quick kit (Sysmex Corporation),
according to the manufacturer's protocol. Invasiveness was
determined by counting cells in five brightfield microscopic
fields/well (magnification, x100), and the extent of invasion
was expressed as the mean number of cells/microscopic field.
Transwell migration assays were performed using a similar
procedure to that used for the invasion assay, except that the
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lower surfaces of filters were coated with gelatin (100 µg/cm2)
and upper surfaces were not coated.
Western blot analysis. Cells (2x106) were lysed in lysis buffer.
Following a brief sonication, the lysates were clarified by
centrifugation at 12,000 g for 15 min at 4˚C, and protein content
was determined using the Bradford method. An aliquot (25 µg
protein/lane) of total protein was separated by SDS‑PAGE
(10 or 12% gel) for 2 h at 80 V, blotted onto a nitrocellulose
membrane (0.2 µm pore size; GE Healthcare, Chicago, IL,
USA) for 1.5 h at 100 V. The membrane was blocked with
3% BSA in TBST [20 mmol/l Tris‑HCl (pH 7.6), 137 mmol/l
NaCl and 0.01% Tween-20] for 1 h at room temperature
followed by incubation with primary antibody (1:1,000) for
2 h at room temperature. Following extensive washing with
TBST, the membrane was probed with secondary antibody
[rabbit immunoglobulin G (IgG) heavy and light chain antibody (cat. no. A120‑101P) or mouse IgG heavy and light chain
antibody (cat. no. A90‑116P); 1:20,000; Bethyl Laboratories,
Inc., Montgomery, TX, USA] conjugated with horseradish
peroxidase for 1 h at room temperature. Following washing
three times with TBST for 15 min, immunoblots were visualized using enhanced chemiluminescence (GE Healthcare),
according to the manufacturer's protocol.
Reverse transcription-polymerase chain reaction (RT‑PCR).
High-quality total RNA was isolated from cells (1x105) using
TRIsure™ (Bioline; Meridian Bioscience Inc., London,
UK), according to the manufacturer's protocol. cDNA was
synthesized using a SentiFAST™ cDNA synthesis kit (cat.
no. BIO-65054; Bioline; Meridian Bioscience Inc.). PCR for
IL‑6 (149-bp), IL‑8 (194‑bp), IL‑24 (429-bp) and 18S (433-bp)
was performed as described previously (22). Oligonucleotide
primer sequences were as follows: IL‑6, 5'-ACTCACCTCTT
CAGAACGAATTG-3' (forward) and 5'-CCATCTTTGGAAG
GTTCAGGTTG-3' (reverse); IL‑8, 5'-TTTTGCCAAGGAGTG
CTAAAGA-3' (forward) and 5'-AACCCTCTGCACCCAGT
TTTC-3' (reverse); IL‑24, 5'-GACTTTAGCCAGCAGACC
CTT-3' (forward) and 5'-GGTTGCAGTTGTGACACGAT-3'
(reverse); 18S, 5'-AAACGGCTACCACATCCAAG-3'
(forward) and 5'-CGCTCCCAAGATCCAACTAC-3' (reverse).
The PCR products were analyzed on a 2% agarose gel, stained
with ethidium bromide (Mbiotech, Inc., Hanam, Korea), and
visualized under UV light using an image analyzer
(ChemiDoc XRS; Bio-Rad Laboratories, Inc., Hercules, CA,
USA).
Immunocytochemistry and γ-H2AX focus assay. Cells (1x105)
were seeded in a chamber slide with DMEM supplemented
with 10% FBS. The following day, the cells were fixed with
4% paraformaldehyde for 20 min and washed with PBS
three times. Subsequently, the cells were incubated in blocking
solution (5% BSA and 0.5% Triton X‑100 in PBS) for 1 h at room
temperature. The cells were stained with primary antibodies
(against Oct4 and γ-H2AX) in blocking solution (1:100) for
2 h and washed with PBS three times. Subsequently, the cells
were incubated with Alexa Fluor 488-labeled goat anti‑rabbit
and Alexa Fluor 594‑labeled goat anti-mouse secondary antibodies (both 1:1,000; Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) for 1 h. Nuclei were stained
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using Vectashield mounting medium with DAPI) (Vector
Laboratories, Inc., Burlingame, CA, USA) for 5 min at room
temperature and stained cells were viewed using a confocal
laser-scanning microscope (magnification, x100). γ-H2AX
foci were determined in ≥50 cells.
Colony formation assay and selection of IR‑resistant (IRR)
cells. For determining IR resistance, 500 cells were seeded
in 60-mm dishes and were exposed to γ-rays from a 137Cs
γ-ray source (Atomic Energy of Canada, Korea Institute of
Radiological and Medical Sciences, Seoul, Korea) at a dose
rate of 3.81 Gy/min. After 7 days of incubation, the culture
dishes were washed with PBS and the cells were stained with
0.05% crystal violet in 20% methanol. Following three washes
with distilled water, colonies were counted by eye. For collection of IRR cells, cells (500 cells/60-mm dish) were exposed
to IR at 5 or 7 Gy and cultured for 21 days. Emerging colonies
were collected as IRR cells.
Transduction of adenoviruses and transfection of small
interfering RNA (siRNA). Adenoviral‑Oct4 and control virus
(adenoviral-luciferase) were a gift from Dr Hee-Choong
Kwon (Korea Institute of Radiological and Medical Sciences).
MCF7 cells (5x10 5 ) were infected with Adenoviruses
(multiplicity of infection, 100) in the presence of 8 µl/
ml polybrene. Cells (5x105) were transfected with a pool of
siRNAs against Oct4 (5'-AUCACGUAAAGCUAGAAA-3'
and 5'- G G GAUCAU U UCUAG CU U U-3'; Integrated
DNA Technologies, Coralville, IA, USA) and Stealth™
RNAi Negative Control Duplexes (Invitrogen; Thermo
Fisher Scientific, Inc.) at a final concentration of 50 nM
using Lipofectamine™ 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.).
Cell-cycle and Annexin V-propidium iodide (PI) assays.
For the Annexin V‑PI assay, cells (5x105) were cultured in
60-mm dishes and exposed to IR (6 Gy). Cell death was
quantified using an Annexin V-FITC Apoptosis Detection
kit (BD Biosciences, Franklin Lakes, NJ, USA), according
to the manufacturer's protocol. For the cell-cycle assay, cells
(5x105) were suspended in 100% ice-cold ethanol at -20˚C
overnight. The cells were washed with PBS and stained with
cell-cycle solution (50 µg/ml PI, 10 µg/ml ribonuclease A and
0.05% Triton X‑100 in PBS) in the dark for 40 min. Following
centrifugation at 200 x g for 5 min at 4˚C, the cells were
resuspended in PBS and analyzed using a FACSCalibur flow
cytometer (BD Biosciences).
Senescence-associated β -galactosidase (SA- β -gal) staining.
Cells (1x104) were seeded in a 35-mm dish and were exposed
to IR (4 or 6 Gy). After 4 days of incubation, the cells were
washed with PBS and fixed with 2% formaldehyde (prepared
in PBS) for between 4 and 5 min. The cells were washed with
PBS twice, stained with SA-β -gal staining solution [NaCl,
MgCl2 and X-gal in dimethylformamide, citric acid/sodium
phosphate buffer (pH 6.0), potassium ferrocyanide and potassium ferricyanide] and incubated at 37˚C for between 12 and
16 h. Following incubation, the cells were washed with PBS
twice and blue colonies were counted under an inverted
brightfield microscope (magnification, x100).
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Figure 1. IR resistance of mammosphere cells and Oct4 expression in mammosphere and IRR breast cancer cells. (A) Clonogenic survival of irradiated serum-containing monolayer-cultured and serum‑free mammosphere-cultured breast cancer cells. Western blot analysis of monolayer-cultured
and mammosphere cells (B) and parental and IRR MCF7 cells (C) with the indicated antibodies. (D) Immunocytochemistry of Oct4 in parental and
IRR MCF7 cells regrown following 5 and 7 Gy of IR exposure. Nuclei were stained with DAPI. *P<0.05. IR, ionizing radiation; Oct4, octamer-binding
transcription factor 4; IRR, IR‑resistant; msp, mammosphere; mono, monolayer-cultured; P, parental; Sox2, sex‑determining region Y‑box 2; KLF4,
Krüppel-like factor 4; con, control.

Cytokine array-base analysis. Cytokine array-base analysis
was performed using a Human Cytokine Array kit (cat.
no. ARY022; R&D Systems, Inc.), according to the manufacturer's protocol.
Fluorescence-activated cell sorting (FACS). Cells (2x105)
were seeded in 60-mm dishes and were exposed to IR (4 or
6 Gy). After 4 days of incubation, the cells were washed
with PBS and treated with bafilomycin A1 (100 nM) in fresh
culture medium. After 1 h of incubation, 5-dodecanoylaminofluorescein di‑D-galactopyranoside (C12 FDG) solution
(1 µl/ml) was added to the plate, and the cells were incubated
further for between 2 and 3 h. The solution in the plate was
removed and the cells were washed twice with PBS. The cells
were harvested and analyzed by flow cytometry, according to
a previously published experimental protocol (17).
Statistical analysis. The mean ± standard deviation of at least
three independent experiments was calculated with reference
to a control. Data analysis was performed using two-tailed
Student's t-test to compare two experimental groups or an
analysis of variance to compare ≤3 groups. Means were
compared using an independent-samples t-test. P<0.05 was
considered to indicate a statistically significant difference.
Results
Mammosphere and radioresistant cells exhibit increased
Oct4 expression compared with parental breast cancer
cells. Since a number of studies have demonstrated that
BCSCs are enriched in mammospheres and are the cause of
IR resistance of MCF7 cells (16,18,19), it was first examined
whether mammosphere-cultured breast cancer cells exhibit
resistance to IR and a stem-like cell character. As presented
in Fig. 1A, mammosphere-cultured MCF7 cells were more
resistant to IR exposure compared with monolayer MCF7
cells cultured in serum-enriched medium as indicated by
clonogenic survival assays. Mammosphere cells expressed

increased levels of the stemness-associated factors, including
Oct4 and Sox2, compared with monolayer cells (Fig. 1B). To
investigate the involvement of these factors in the radioresistance of breast cancer cells, MCF7 cells were exposed
to IR (6 Gy) and were allowed to regrow for 3 weeks. In
line with these results, IRR cells expressed increased levels
of Oct4, but not of Sox2 or other stemness-related factors,
compared with parental cells (Fig 1C). The increased Oct4
expression was confirmed by immunocytochemical staining
of IRR MCF7 cells (Fig. 1D). IRR MCF7 colonies began
to emerge in the second week and were collected in the
third week (Fig. 2A). Collected cells exhibited a larger
CD44 + CD24 ‑ cell fraction compared with parental cells,
indicating that IRR cells exhibited BCSC traits (Fig. 2B).
CD44 + IRR MCF7 cells were also confirmed using immunocytochemistry (Fig. 2C). On the basis of these results, it
was decided to investigate the function of Oct4 in stemness
and IR resistance of breast cancer cells.
Overexpression of Oct4 enhances stemness and IR resistance
of breast cancer cells. To investigate the function of Oct4 in
the self-renewal activity and IR resistance of breast cancer
cells, adenovirus harboring Oct4 was introduced into MCF7
cells. Overexpression of Oct4 was confirmed by western
blotting (Fig. 3A). Other stem cell-associated factors were
not altered significantly by Oct4 overexpression (Fig. 3A). In
a sphere-forming assay, overexpression of Oct4 significantly
enhanced mammosphere formation in MCF7 cells (Fig. 3B).
Additionally, Oct4 promoted clonogenicity in soft agar and
enhanced the invasive and migratory activities in MCF7 cells
(Fig. 3C and D). Importantly, introduction of Oct4 significantly
increased clonogenic survival upon IR exposure in MCF7
cells (Fig. 4A). To confirm the specific function of Oct4 in IR
resistance of breast cancer cells, siRNA against Oct4 (siOct4)
was introduced into Oct4‑overexpressing MCF7 cells (Fig. 4B)
and decreased clonogenic survival following IR observed in
these cells (Fig. 4C). Next, it was determined whether Oct4 is
involved in regulating the DNA damage response induced by IR
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Figure 2. Enhancement of stem cell characteristics in IRR breast cancer cells. (A) Emergence of IR‑resistant colonies at the indicated days following IR (6 Gy)
in MCF7 cells. (B) Fluorescence-activated cell sorting analysis of parental and IRR MCF7 cells using the indicated antibodies. (C) Immunocytochemistry of
CD44 in parental and IRR MCF7 cells. Nuclei were stained with DAPI. IRR, IR‑resistant; IR, ionizing radiation; d, days; CD, cluster of differentiation; IgG,
immunoglobulin G; P, parental.

Figure 3. Enhanced malignant characteristics of Oct4‑overexpressing breast cancer cells. (A) Western blot analysis of MCF7 cells transduced with adenoviral‑Luc and adenovira‑Oct4 with the indicated antibodies. (B) Sphere-forming assay, (C) soft-agar clonogenic assay, and (D) migration and invasion assay
of MCF7 cells transduced with adenoviral‑Luc and adenoviral‑Oct4. *P<0.05. Oct4, octamer-binding transcription factor 4; Luc, luciferase; Sirt1, sirtuin 1.
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Figure 4. Enhanced IR resistance by Oct4 overexpression in breast cancer cells. Clonogenic survival assays of MCF7 cells (A) infected with adenoviral‑Luc
and adenoviral‑Oct4, and (B) transfected with scramble or Oct4‑targeted siRNA. (C) Western blot analysis of Oct4 in MCF7 cells transfected with scramble
or Oct4‑targeted siRNA. (D) Immunocytochemical staining of γ-H2AX foci of MCF7 cells transduced with Luc and Oct4 following IR exposure (6 Gy) with
anti-γ-H2AX at the indicated time‑points. (E) Representative image of γ-H2AX foci (left) and quantification of foci/cell at 5 min after IR (right). *P<0.05.
IR, ionizing radiation; Oct4, octamer-binding transcription factor 4; siRNA, small interfering RNA; γ-H2AX, phosphorylated histone H2AX; Luc, luciferase;
con, control; si-Scramble, scramble siRNA; si‑Oct4, Oct4‑targeted siRNA; S, scramble; O1/2, Oct4‑targeted siRNA 1/2.

in breast cancer cells. Immunocytochemical analysis revealed
that focus formation of γ-H2AX following IR exposure was
decreased in Oct4‑overexpressing MCF7 cells compared with
in vector control cells (Fig. 4D), which was identified to be a
significant difference (Fig. 4E). Taken together, these results
suggested that Oct4 serves a crucial function in self-renewal
activity and IR resistance by decreasing DNA damage in breast
cancer cells.
Oct4 decreases IR‑induced premature senescence in breast
cancer cells. The potential mechanism of Oct4‑mediated
IR resistance of breast cancer cells was then investigated.
IR exposure did not markedly induce cell death and did
not affect cell-cycle distribution in MCF7 cells (Fig. 5A
and B). However, exposure to IR at 4 and 6 Gy significantly
increased senescence in MCF7 cells as revealed using the
SA-β -gal assay and FACS (C12FDG fluorescence) analysis,
which was significantly suppressed by overexpression of
Oct4 (Fig. 5C and D). Whereas the Oct4‑mediated suppression of IR‑induced premature senescence was more evident at
4 Gy compared with at 6 Gy in the SA-β-gal assay (Fig. 5C),
FACS analysis revealed similar suppressive effects under
the two conditions (Fig. 5D). These results indicated that
Oct4‑mediated IR resistance is achieved by suppression of
IR‑induced premature senescence rather than by apoptosis or
cell-cycle arrest.

STAT3 and NF‑κ B signaling is required for Oct4‑mediated
inhibition of IR‑induced senescence in MCF7 cells.
The next aim was to elucidate the signaling crucial for
Oct4‑mediated suppression of IR‑induced premature senescence in breast cancer cells. Among the pivotal signaling
molecules for cancer cell survival, STAT3 and NF‑ κ B
were commonly activated in mammosphere, IRR and
Oct4‑overexpressing MCF7 cells as was revealed by the
enhanced phosphorylation of Tyr705 in STAT3 and of Ser32/36
in Iκ B (Fig. 6A). IR exposure of Oct4‑overexpressing cells
further increased Oct4 expression, and STAT3 (Tyr705) and
Iκ B phosphorylation (Fig. 6B). To examine the involvement of STAT3 and NF‑ κ B signaling in Oct4‑mediated
suppression of IR‑induced premature senescence, the cells
were pretreated with the STAT3-specific inhibitor WP1066
prior to IR. Pretreatment with WP1066 marginally affected
IR‑induced senescence in control cells; however, it significantly enhanced Oct4‑mediated suppression of IR‑induced
senescence as determined using the SA- β -gal assay and
FACS analysis (Fig. 7A and B). In addition, siRNA-mediated
downregulation of STAT3 (Fig. 7C) inhibited the suppression of IR‑induced senescence (Fig. 7D and E). Finally,
pretreatment with the NF‑κ B-specific inhibitor Bay 11-7082
prevented Oct4‑mediated suppression of IR‑induced senescence (Fig. 7F and G). Taken together, these results indicated
that Oct4‑mediated inhibition of IR‑induced premature
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Figure 5. Suppression of IR‑induced premature senescence in Oct4‑overexpressing breast cancer cells. (A) Fluorescence-activated cell sorting and
(B) cell‑cycle analysis of MCF7 cells transduced with adenoviral‑Luc and adenoviral‑Oct4 following exposure to IR (6 Gy) for 48 h. (C) Representative image
of SA-β-gal staining, and (D) fluorescence-based flow-cytometric assay results of IR‑induced senescence in MCF7 cells transduced with adenoviral‑Luc and
adenoviral‑Oct4 3 days after exposure to 4 (left panel) or 6 (right panel) Gy. *P<0.05, **P<0.01. IR, ionizing radiation; Oct4, octamer-binding transcription
factor 4; SA-β-gal, senescence-associated β-galactosidase; Luc, luciferase; C12FDG, 5-dodecanoylaminofluorescein di‑D-galactopyranoside.

senescence in MCF7 cells is achieved via activation of the
STAT3 and NF‑κ B signaling pathways.
Oct4 augments IL‑24 expression through the STAT3 and
NF‑ κ B signaling pathways. The next aim was to identify
the effector molecule for Oct4‑mediated inhibition of

IR‑induced senescence in MCF7 cells. Cytokine array-base
analysis revealed that expression of IL‑24, along with that
of IL‑6, C-reactive protein and SDF‑1, was increased in
Oct4‑overexpressing cells (Fig. 8A). Among these proteins,
IL‑24 expression was commonly enhanced in mammosphere,
IRR and Oct4‑overexpressing cells compared with control
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IL‑24 serves a critical function in Oct4‑mediated suppression
of IR‑induced senescence. Finally, to examine the function of
IL‑24 in Oct4‑mediated suppression of IR‑induced senescence
further, MCF7 cells were treated with recombinant human
IL‑24 and it was identified to significantly suppress IR‑induced
senescence (Fig. 9A and B). In contrast, siRNA-mediated
suppression of IL‑24 expression (Fig. 9C) significantly restored
IR‑induced senescence in Oct4‑overexpressing MCF7 cells
(Fig. 9D and E). These results indicated that Oct4‑mediated
suppression of IR‑induced premature senescence is achieved
through IL‑24 production via the STAT3 and NF‑κ B signaling
pathways.
Discussion

Figure 6. Increased activation of STAT3 and NF-κ B in mammosphere, IRR,
and Oct4-overexpressing breast cancer cells. (A) Western blot analysis of
MCF7 cells with indicated antibodies. (B) Western blot analysis of MCF7 cells
transduced with Luc and Oct4 following IR exposure (6 Gy). STAT3, signal
transducer and activator of transcription 3; NF-κ B, nuclear factor κ B; Oct4,
octamer-binding transcription factor 4; mono, serum-containing monolayer
culture; msp, serum-free mammosphere culture; con, parental control cells;
IRR, IR-resistant cells regrown following 6 Gy of IR exposure; Luc, luciferase;
p-, phosphorylated; Iκ B, inhibitor of NF-κ B; AKT, protein kinase B; ERK,
extracellular-signal-regulated kinase; JNK, c-Jun N-terminal kinase; n-p-βcatenin, non-phosphorylated-β-catenin.

cells as indicated using RT‑PCR (Fig. 8B). The increase in
IL‑24 levels by Oct4 was confirmed by western blot analysis
(Fig. 8C). IL‑24 expression was increased further by IR in
these cells (Fig. 8D). Treatment with STAT3 inhibitor and
transfection of siRNA against STAT3 suppressed basal and
Oct4‑induced IL‑24 expression (Fig. 8E and F). In addition,
RT‑PCR and western blot analysis demonstrated that
NF‑κ B inhibition by Bay 11-7082 treatment also inhibited
IL‑24 expression (Fig. 8G and H). Taken together, these
results suggested that IL‑24 is an effector molecule of the
Oct4‑mediated STAT3 and NF‑κ B signaling axis.

It has been identified previously that cancer cells are hierarchically organized in heterogeneous populations and contain
minor subpopulations of stem-like cancer cells that are markedly capable of initiating tumor growth and resistance to
conventional therapy, including IR (3). As accelerated relapse
of cancer following sublethal therapy is thought to be caused
by CSCs, eliminating CSCs may be a major step in improving
the treatment of cancer. Consistent with this concept, the
function of Oct4 was investigated in the maintenance of
stemness and resistance to IR in breast cancer cells. It was
identified that sphere-cultured cells were more resistant to IR
exposure and exhibited increased Oct4 expression compared
with monolayer-cultured breast cancer cells. In addition,
IRR MCF7 cells exhibited more marked Oct4 expression
compared with parental cells. Ectopic expression of Oct4
conferred IR resistance on breast cancer cells, whereas siOct4
reversed this effect. Oct4‑mediated IR resistance was not
due to the induction of apoptosis or cell-cycle arrest, but to
IR‑induced premature senescence. Oct4 expression enhanced
the activation of STAT3 and NF‑κ B, and siRNA-mediated or
pharmacological inhibition of these signaling molecules inhibited Oct4‑mediated suppression of IR‑induced senescence.
Finally, the inhibition of IR‑induced senescence by the activation of Oct4‑mediated STAT3 and Oct4/NF‑κ B signaling was
achieved through IL‑24 production. These results suggested
that the embryonic stem cell factor Oct4 is a stemness factor
for BCSCs with IR‑resistance capacity that acts through
suppressing IR‑induced premature senescence and it thus may
be considered a potential target for eliminating CSCs in this
devastating type of cancer.
Expression of Oct4 is thought to be a putative marker
for CSCs in various types of cancer, including breast
cancer (12‑14). A number of studies have addressed the function of Oct4 in the maintenance of stemness and therapeutic
resistance. In drug‑resistant liver cancer cells, Oct4 mRNA
expression is increased and overexpression of Oct4 results
in chemoresistance of liver cancer cells via the upregulation
of ABCG2 (14). Consistent with the results of the present
study, CD133+ lung cancer cells maintain stemness and drug
resistance by upregulating Oct4 expression (12). However, the
function of Oct4 in IR resistance of CSCs is not well understood. The results of the present study indicated that ectopic
expression of Oct4 enhanced IR resistance in breast cancer
cells by suppressing IR‑induced premature senescence. Thus,
it is highly likely that the higher IR resistance of BCSCs
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Figure 7. Involvement of STAT3 and NF‑κ B signaling in Oct4‑mediated suppression of IR‑induced senescence. (A) Representative images of SA-β-gal assay
(upper panel) and quantification (lower panel) and (B) flow cytometric assays (upper panel) and quantification (lower panel) of IR‑induced senescence in MCF7
cells transduced with adenoviral‑Luc and adenoviral‑Oct4 3 days after exposure to 4 Gy of IR. Cells were pretreated with or without STAT3-specific inhibitor
WP1066 (5 µM). (C) Western blot analysis of MCF7 cells transfected with sicon, siSTAT3‑1 or -3 with the indicated antibodies. SA-β-gal assays (D) and flow
cytometric assays (E) of MCF7 cells transfected with siSTAT3‑1 and -3. SA-β-gal assays (F) and flow cytometric assays (G) of MCF7 cells treated with NF‑κ Bspecific inhibitor Bay 11-7082 (5 and 10 µM) prior to IR exposure. *P<0.05, **P<0.01. STAT3, signal transducer and activator of transcription 3; NF‑κ B, nuclear
factor κ B; Oct4, octamer-binding transcription factor 4; SA-β-gal, senescence-associated β-galactosidase; IR, ionizing radiation; siSTAT3, small interfering RNA
against STAT3; sicon, control small interfering RNA; Luc, luciferase; con, parental control; C12FDG, 5-dodecanoylaminofluorescein di‑D‑galactopyranoside.
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Figure 8. Function of IL‑24 in Oct4‑mediated suppression of IR‑induced senescence. (A) Cytokine array of MCF7 cells. RT‑PCR analysis of MCF7 cells
(B) cultured as indicated with the indicated primers. (C) Western blot analysis of adenoviral‑Luc- and adenoviral‑Oct4‑transduced MCF7 cells. RT‑PCR analysis
of MCF7 cells (D) exposed to 4 Gy of IR, (E) treated with STAT3 inhibitor WP1066 (5 µM), (F) transfected with siRNA-targeting STAT3 or (G) treated with
NF‑κ B inhibitor Bay 11-7082 (10 and 20 µM) following transduction with adenoviral‑Luc or adenoviral‑Oct4. (H) Western blot analysis of adenoviral‑Luc- and
adenoviral‑Oct4‑transduced MCF7 cells pretreated with Bay 11-7082 (10 µM) with the indicated antibodies. IL, interleukin; Oct4, octamer-binding transcription
factor 4; RT‑PCR, reverse transcription-polymerase chain reaction; IR, ionizing radiation; siRNA, small interfering RNA; STAT3, signal transducer and activator
of transcription 3; NF‑κ B, nuclear factor κ B; Iκ B, inhibitor of NF‑κ B; SDF‑1α, stromal cell-derived factor 1α; GDF15, growth differentiation factor 15; MCP‑1,
monocyte chemoattractant protein 1; CCL, CC chemokine ligand; PAI‑1, plasminogen activator 1; Rantes, regulated on activation, normal T-cell expressed and
secreted; IP‑10, interferon γ-induced protein 10; CXCL10, CXC cytokine ligand 10; DKK1, dickkopf-related protein 10; msp, mammosphere; mono, monolayercultured; IRR, IR‑resistant; Luc, luciferase; siSTAT3, small interfering RNA against STAT3; sicon, control small interfering RNA; p-, phosphorylated.

Figure 9. Suppression of IR‑induced senescence by recombinant human IL‑24 treatment in breast cancer cells. (A) Senescence-associated β-gal and (B) flow
cytometric assay of IR‑induced senescence in MCF7 cells 3 days after exposure to 4 or 6 Gy of IR. *P<0.05, **P<0.01. (C) Reverse transcription-polymerase
chain reaction analysis of adenoviral‑Luc- and adenoviral‑Oct4‑transduced MCF7 cells probed with IL‑24 primer following transfection with siIL‑24.
IR, ionizing radiation; IL‑24, interleukin 24; β-gal, β-galactosidase; Oct4, octamer-binding transcription factor 4; C12FDG, 5-dodecanoylaminofluorescein
di‑D-galactopyranoside; Luc, luciferase; sicon, control small interfering RNA;siIL‑24, small interfering RNA against IL‑24.
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enriched in mammospheres compared with that of differentiated monolayer-cultured cells is, at least in part, due to
enhanced Oct4 expression.
In human epidermal growth factor receptor 2-positive
breast cancer cells, activation of the STAT3 signaling pathway
is crucial for radioresistance (18-20). Additionally, IR‑induced
NF‑κ B activation confers radioresistance on breast cancer
cells (21-23). In the present study, STAT3 and NF‑κ B activation was common in mammosphere, radioresistant and
Oct4‑overexpressing MCF7 cells, and blockade of these
molecules with specific siRNAs or through pharmacological
inhibition sensitized these cells to IR‑induced senescence.
Therefore, the results of the present study suggest that
Oct4‑mediated activation of STAT3 and NF‑κ B signaling
confers IR resistance on breast cancer cells.
IL‑24, also known as melanoma differentiation-associated
gene-7, is a secretory cytokine of the IL‑10 family. Following
identification in differentiated melanoma, it was demonstrated to serve a critical function in tumor inhibition (24‑26).
IL‑24 induces cancer cell death by augmenting endoplasmic
reticulum stress and mitochondrial dysfunction (27,28). It also
stimulates autophagy in various cancer cells (29). In addition,
IL‑24 suppresses tumor angiogenesis directly by inhibiting
tumor blood vessel formation and/or indirectly by suppressing
the production of angiogenic growth factors, such as vascular
endothelial growth factor, bFGF and IL‑8 (30). Furthermore,
IL‑24 inhibits cancer cell invasion and metastasis by downregulating metastasis-associated genes (31). The present
study identified another function of IL‑24 in the suppression
of IR‑induced premature senescence. Ectopic expression of
Oct4 increased IL‑24 production in breast cancer cells, and
IL‑24 production was increased further by IR exposure in
these cells. Although IL‑24 reportedly enhances the IR effect
in cancer cells (32,33), this appeared to be an effect of the
adenoviral expression system. However, the results of the
present study indicated that moderate expression of IL‑24 was
able to suppress IR‑induced premature senescence in cancer
cells.
In summary, the results of the present study provide
the first evidence that Oct4‑mediated STAT3 and NF‑κ B
signaling serves an important function in resistance to IR
by suppressing IR‑induced premature senescence in breast
cancer cells. Thus, controlling Oct4 is a promising approach
for efficient suppression or elimination of BCSCs, and may be
beneficial in radiotherapy for breast cancer.
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