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Adaptive EGF expression sensitizes pancreatic cancer cells
to ionizing radiation through activation of
the cyclin D1/PS3/PARP pathway
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Abstract. It is well-known that the activation status of the
P53, signal transducer and activator of transcription (Stat)3
and nuclear factor (NF)-xB signaling pathways determines
the radiosensitivity of cancer cells. However, the function
of these pathways in radiosensitive vs radioresistant cancer
cells remains elusive. The present study demonstrated that
adaptive expression of epidermal growth factor (EGF)
following exposure to ionizing radiation (IR) may induce
radiosensitization of pancreatic cancer (PC) cells through
induction of the cyclin D1/P53/poly(ADP-ribose) polymerase
pathway. By contrast, adaptively expressed interleukin (IL)-6
and insulin-like growth factor (IGF)-1 may promote
radioresistance of PC cells, likely through activation of the Stat3
and NF-kB pathways. In addition, cyclin D1 and survivin, which
are specifically expressed in the G1/S and G2/M phase of the
cell cycle, respectively, are mutually exclusive in radiosensitive
and radioresistant PC cells, while Bcl-2 and Bcel-xL expression
does not differ between radiosensitive and radioresistant PC
cells. Therefore, adaptively expressed EGF and IL-6/IGF-1
may alter these pathways to promote the radiosensitivity of PC
cancers. The findings of the present study highlight potential
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makers for the evaluation of radiosensitivity and enable the
development of effective regimens for cancer radiotherapy.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth
leading cause of cancer-related mortality worldwide, although
its incidence is lower compared with that of other types (1). In
addition to its aggressive nature, the late onset of symptoms,
failure to respond to systematic therapy, and its radio and
chemoresistance, contribute to a 5-year survival rate of only
5% among pancreatic cancer (PC) patients (2). In addition
to surgery, radiotherapy is a standard treatment used for
PDAC. However, PDAC cells inevitably develop resistance
to radiotherapy. Although extensive investigations have been
performed on the mechanisms underlying the radioresistance
of cancers and the multiple signaling pathways involved,
such as the suppressed P53-mediated apoptosis pathway, the
pro-survival cytokine and growth factor-mediated activation
of the signal transducer and activator of transcription (Stat)3
and nuclear factor (NF)-xB pathways, and the impaired DNA
damage repair pathway (3,4), the molecular mechanisms that
antagonize these pathways have not been fully elucidated in
PC cells. Therefore, it is important to explore the mechanisms
underlying cancer cell radiosensitivity in order to overcome the
radioresistance of PDAC and develop safe, effective regimens.
In the clinical setting, radiotherapy is one of the main
adjuvant treatments for cancer and it is frequently applied to
patients with PC. Ionizing radiation (IR)-induced apoptosis is
considered to be one of the major cell death responses following
exposure to irradiation, including X-rays or y-rays. After
irradiation, the DNA damage response cascade is activated, a
number of transcription factors, such as P53, are activated, and
the DNA repair process is impaired, with subsequent cell cycle
arrest, senescence and/or apoptosis (5). While the P53-mediated
apoptotic pathway is initiated, radiation-induced cell cycle
arrest, failure to repair damaged DNA and inactivation of
pro-survival pathways promote cell death (6).
B-celllymphoma (Bcl)-2 and related family members are key
regulators of mitochondrial-related apoptosis (7). This family
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of proteins is divided into two subfamilies, the pro-apoptotic
proteins and anti-apoptotic proteins. The pro-apoptotic
Bcl-2 family proteins, such as Bcl-2-associated X (BAX),
Bcl-2 homologous antagonist/killer (BAK), Bcl-2-like
protein 11 (Bim) and p53-upregulated modulator of
apoptosis (PUMA), serve critical roles in the P53-mediated
apoptotic pathway, which can be inhibited by inhibitor of
apoptosis proteins (IAPSs), such as survivin (8). By contrast, the
anti-apoptotic Bcl-2 family proteins, such as Bcl-2, Bcl-extra
large (Bcl-xL) and myeloid cell leukemia sequence-1 (Mcl-1),are
associated with the outer mitochondrial membrane, antagonize
pro-apoptotic proteins and protect cells from programmed cell
death (PCD) (9). P53 can mediate transcriptional repression
of anti-apoptotic genes, including the Bcl-2 gene and the
IAP family member survivin (10,11). Eventually, the caspase
family becomes involved in the apoptotic process, during
which caspase-3 is activated by caspase-9, and then executes
the apoptosis (12). Caspases exist in the cell as zymogens and
are activated when the cell encounters external or internal
stimuli. The IR-induced caspase cascade may also inactivate
the poly(ADP-ribose) polymerase (PARP), an enzyme critical
for repairing damaged DNA, in order to block DNA repair,
thereby promoting IR-induced apoptotic cell death. Indeed,
both PARP-1 and PARP-2 knockout mice exhibit severe
deficiencies in DNA repair, showing increased sensitivity to
alkylating agents or IR (13).

The Stat3, a member of the Stat family, is a transcription
factor that transmits pro-survival signals from the surface of
the cell to the nucleus, playing a key role in the development
of human cancers (14). Cytokines, such as interleukin (IL)-6,
may activate Stat3 through tyrosine phosphorylation to
transactivate anti-apoptotic regulators, such as Bcl-2,
Bcl-xL, and other apoptosis-related genes (15). The NF-xB
is a ubiquitous transcription factor that is associated
with inflammatory and innate immune responses (16).
NF-xB is constitutively activated by various stimuli,
including inflammatory cytokines, such as tumor necrosis
factor (TNF)-a, IL-1p, epidermal growth factor (EGF),
insulin-like growth factor (IGF)-1, T and B-cell mitogens,
bacteria and lipopolysaccharides, viruses, viral proteins,
double-stranded RNA, and physical and chemical stress (17).
Under normal physiological conditions, by binding to the
inhibitory protein IkBa. in the cytoplasm, NF-kB assumes an
inactive form (18). Upon induction by various stimuli, IxBa
is ubiquitinated and degraded, thereby releasing NF-kB to
translocate from the cytoplasm to the nucleus. The activated
NF-xB in the nucleus regulates the transcription of a wide
range of target genes associated with cell proliferation,
survival and angiogenesis (19).

Although the Stat3 and NF-kB signaling pathways
described above contribute to the radioresistance of cancers,
it is not clear how they are overridden by the P53-mediated
pathways in radiosensitive cancer cells. In the present
study, spontaneous radiosensitive and radioresistant PC cell
lines were screened and their potential signaling pathways
mediating radiosensitivity were investigated following
irradiation. The current study aimed to provide a novel insight
into the mechanisms underlying the radiosensitivity of PC
cells, particularly the unique functions of adaptively expressed
EGF and cyclin DI1.
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Materials and methods

Cell culture and reagents. The human PC cells SW1990,
Capan-2, PANC-1, AsPC-1, BxPC-3 and CFPAC-1 were
obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were grown
in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and maintained in a
humidified 5% CO, atmosphere at 37°C. DMEM and FBS were
obtained from Gibco; Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). The Annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Detection kit was purchased from BD Biosciences
(San Jose, CA, USA). Recombinant human EGF was purchased
from PeproTech, Inc. (Rocky Hill, NJ, USA). TRIzol reagent
was purchased from Invitrogen (Thermo Fisher Scientific, Inc.).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Kumamoto, Japan).

Clonogenic assay. PC cells at various concentrations were
plated into 6-well plates (Corning Inc., Corning, NY, USA),
according to the dose of irradiation, and cultured for 24 h.
After irradiation by X-rays at 0, 2, 4, 6, 8 and 10 Gy, the cells
were cultured for 2 weeks at 37°C. The cells were washed
three times with PBS, fixed with ice-cold methanol for 15 min,
stained with 1% crystal violet solution (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for 15 min, and rinsed
in distilled water to remove the excess dye. The plates were
allowed to dry prior to scanning. Only colonies of =50 cells
were counted. Triplicate experiments were performed
independently. The surviving fractions were determined as
ratios of the plating efficiencies (PE = counted colonies/seeded
cells x100) of the irradiated cells to the non-irradiated cells.
The cell survival curves were fitted with the linear-quadratic
equation of SF=exp [-(aD+pD2)] by optimizing variable
parameters o and f3.

X-ray irradiation. Human PC cell lines were irradiated by
a linear accelerator (Elekta Medical Systems, Stockholm,
Sweden) with 8-MV X-rays at a dose rate of 500 cGy/min,
the cells were further incubated for different time periods, and
then harvested for the subsequent experiments.

Cell proliferation assay. Cells were seeded into 96-well culture
plates at a density of 5,000 cells/well and allowed to adhere
for 24 h. After X-ray irradiation, the cells were incubated for
different times in a humidified chamber at 37°C. Each day for
3 consecutive days, viable cells were evaluated with the CCK-8
assay, according to the manufacturer's instructions. CCK-8
solution was added to the cells in 96-well plates incubated
at 37°C for an additional 1 h, and the absorbance at 450 nm
was determined using a microplate reader (ELX800; Bio-Tek
Instruments, Inc., Winooski, VT, USA).

Flow cytometric detection of the cell cycle. PC cells were
harvested by trypsin. After centrifugation, cells were washed
twice with PBS and fixed with ethanol for 1 h at -20°C. After
washing twice with PBS, the cells were stained with a solution
containing 5 mg/ml propidium iodide (PI) and 1 mg/ml
RNase A (Sigma Aldrich; Merck KGaA) at 4°C for 30 min.
The cell-cycle distribution was examined by flow cytometry
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(BD Biosciences) and the proportion of cells in the GO-GlI,
S and G2-M phases was determined. Cell cycle analysis was
performed using FlowJo 7.6.1 software (FlowJo LLC, Ashland,
OR, USA).

Flow cytometric detection of apoptosis. Cells were cultured
in growth medium for 12 h at a density of 2x10° cells per
well in 6-well plates, and irradiated at the indicated doses.
Apoptotic cells were quantified using an Annexin V-FITC/PI
Apoptosis Detection kit and FACSCalibur flow cytometry
(BD Biosciences). The cells were harvested by centrifugation
after irradiation and washed twice with PBS. The cells were
then resuspended in 100 ul of Annexin V binding buffer,
incubated with 5 ul of Annexin V-FITC for 15 min at room
temperature, and counterstained with PI (final concentration
1 pug/ml). After the incubation period, the cells were diluted
with 190 ul of Annexin V binding buffer. A total of 10,000
counts were acquired per sample, and examined by flow
cytometry (BD Biosciences). Cells in the early stages of
apoptosis were Annexin V-positive, whereas cells that were
Annexin V-positive and PI-positive were in the late stages of
apoptosis.

Nuclear protein extraction. Nuclear protein extracts were
obtained using the nuclear and cytoplasmic extraction kit
(Thermo Fisher Scientific, Inc.). Cells were harvested with
trypsin and then centrifuged at 500 x g for 5 min at 4°C. Cells
were resuspended with PBS and centrifuged at 500 x g for 5 min
at 4°C. The supernatant was discarded, followed by addition of
ice-cold CER I solution. The tube was vortexed vigorously for
15 sec and incubated on ice for 10 min. Then, CER II solution
was added, followed by vortexing for 5 sec and incubation
for 1 min. After centrifugation at 16,000 x g for 5 min at 4°C,
the supernatant (cytoplasmic extract) was collected and the
insoluble fraction was washed with PBS. Finally, NER solution
was added to the tube and vortexed for 15 sec four times,
followed by centrifugation at 16,000 x g for 10 min at 4°C and
collection of the supernatant (nuclear extract).

Western blotting. The treated cells were collected and washed
twice with cold PBS. The cells were lysed in 200 1 RIPA buffer
(cat. no. 89900; Thermo Fisher Scientific, Inc.) and the lysates
were incubated on ice for 30 min, vortexed and centrifuged at
14,000 x g for 15 min at 4°C. The supernatant was collected
and protein concentration was determined using the Bradford
assay. After addition of sample loading buffer, protein samples
(20 ug) were electrophoresed on a 10% SDS-polyacrylamide
gel and then transferred to PVDF membranes (Millipore
Corporation, Billerica, MA, USA). After blocking for 4 h
in a solution of 5% non-fat dry milk in Tris-buffered saline
containing 0.1% Tween-20 (TBST) at room temperature for
1.5 h, the membranes were incubated overnight at 4°C with
primary antibodies (1:1,000 dilution). The antibodies were:
p53 (cat. no. sc-126; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), PUMA (cat. no. 4976), BAX (cat. no. 5023), BAK
(cat. no. 6947), Bcl-xL (cat. no. 2764), Bcl-2 (cat. no. 2870),
PARP (cat. no. 9532), phosphorylated (p-) Histone H2AX (cat.
no. 97188S), Survivin (cat. no. 2808), cyclin DI (cat. no. 2978),
p-EGF receptor (EGFR; cat. no. 3777), NF-xB p65 (cat.
no. 8242), p-NF-xB p65 (cat. no. 3033), cleaved caspase-3
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(cat. no. 9664), Stat3 (4 cat. no. 904), p-Stat3 (cat. no. 9145),
[-actin (cat. no. 4970) (all from Cell Signaling Technology,
Inc., Danvers, MA, USA), EGFR (cat. no. 18986-1-AP),
TATA-binding protein (TBP; cat. no. 66166-1-Ig), and
GAPDH (cat. no. 60004-1-Ig) (all from ProteinTech Group,
Inc., Chicago, IL, USA). After washing four times, the
membranes were incubated with secondary anti-rabbit and
anti-mouse antibodies (cat. nos. 7074 and 7076; Cell Signaling
Technology, Inc.; 1:3,000 dilution) at room temperature for
1 h. The blots were developed using an Immobilon Western
Chemiluminescent detection reagent (Millipore Corporation)
and the results were recorded using the ChemiDox XRS+
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Quantitative analysis was performed using Image Lab 6.0.1
software (National Institutes of Health, Bethesda, MD, USA).

RNA interference. Small interfering (si) RNA targeting BAX,
cyclin D1 and control siRNA were purchased from GenePharma
Co., Ltd. (Shanghai, China). A total of 2x10° cells per well were
seeded in 6-well plates and incubated overnight, followed by
transfection with BAX siRNA-1 (5-ACUUUGCCAGCAAACU
GGUGCUCAA-3' and 5-UUGAGCACCAGUUUGCUGGC
AAAGU-3"), BAX siRNA-2 (5-ATCCAGGATCGAGCAGG
GCG-3' and 5-GGTTCTGATCAGTTCCGGCA-3"), cyclin DI
siRNA-1 (5'-CCCGCACGAUUUCAUUGAATT-3" and
5-UUCAAUGAAAUCGUGCGGGTT-3"), cyclin D1 siRNA-2
(5'-GUCUGCGAGGAACAGAAGUTT-3' and 5'-ACUUCUG
UUCCUCGCAGACTT-3"), cyclin D1 siRNA-3 (5-CCACAG
AUGUGAAGUUCAUTT-3' and 5-AUGAACUUCACAUCU
GUGGTT-3"), or negative control (5-UUCUCCGAACGUGUC
ACGUTT-3"' and 5-ACGUGACACGUUCGGAGAATT-3"),
using jetPRIME transfection reagent (Polyplus-transfection SA,
Tllkirch, France) according to the manufacturer's protocol. First,
110 pmole siRNA was diluted in 200 gl of jetPRIME buffer and
mixed by pipetting. Second, 4 ul jetPRIME reagent was added,
vortexed for 10 sec and spun down briefly, followed by incubation
for 10 min at room temperature. Third, the transfection mixture
was added dropwise to the cells in serum-containing medium, the
plate was gently rocked, and then returned to the incubator. After
24 h, the transfection mixture was removed and fresh medium
was added, and the cells were further cultured for 24 h.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Cells were seeded in
6-well plates and allowed to grow until semi-confluent prior to
being irradiated in DMEM supplemented with 10% FBS. After
treatment, total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Inc.) according to the manufacturers'
recommendations. cDNA was generated using equal amounts of
sample RNA with RevertAid First strand cDNA Synthesis kit
(Thermo Fisher Scientific, Inc.). Subsequently, 2 ul of cDNA
and Taq PCR Master Mix (Takara Biotechnology Co., Ltd.,
Dalian, China) was used for PCR. The primers sequences used
for gPCR were as follows: BAX, forward, AAGCTGAGCGAG
TGTCTCAAG and reverse, CAAAGTAGAAAAGGGCGAC
AAG,; cyclin D1, forward, GTGTATCGAGAGGCCAAAGG
and reverse, GCAACCAGAAATGCACAGAC; IGF-1, forward,
TTCAACAAGCCCACAGGGTA and reverse, GCAATACAT
CTCCAGCCTCCT; EGF, forward, GCTTCAGGACCACA
ACCATT and reverse, GGCATAAACCATTCCCATCTG;
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Figure 1. Identification of radiosensitive and radioresistant pancreatic cancer cells. (A) Different pancreatic cancer cells (SW1990, Capan-2, PANC-1, AsPC-1,
BxPC-3 and CFPAC-1) were treated with 6 Gy and apoptosis was measured by flow cytometry. “P<0.01 and ““P<0.001 vs. non-IR. (B) Both SW1990 and
Capan-2 cells were treated with IR for 72 h and apoptosis was measured by flow cytometry. The data represent the mean + SEM of three independent experi-
ments. ““P<0.001 vs. irradiated Capan-2 cells. (C) SW1990 cells were analyzed for viability by the CCK-8 assay. "P<0.05, “P<0.01 and ““P<0.001 vs. non-IR.
(D) Capan-2 cells were analyzed for viability by the CCK-8 assay. “P<0.01 and ““P<0.001 vs. non-IR. (E) Clone forming efficiency was evaluated using crystal
violet staining on day 7 post-irradiation. The data represent the mean + SEM of three independent experiments. “P<0.01 and ““P<0.001 vs. irradiated SW1990

cells. IR, ionizing radiation; CCK, cell counting kit; SEM, standard error of the mean.

IL-6, forward, CAATGAGGAGACTTGCCTGG and reverse,
GGCATTTGTGGTTGGGTCAG; IGF-IR, forward, CCTGAA
AGGAAGCGGAGAG and reverse, GGGTCGGTGATGTTG
TAGGT; EGFR, forward, ATGCAGAAGGAGGCAAAGTG
and reverse, AGGTCATCAACTCCCAAACG;IL-6R, forward,
GGTGAGAAGCAGAGGAAGGA and reverse, TGGGAG
GTGGAGAAGAGAGA; and GAPDH, forward ATGACAT
CAAGAAGGTGGTG and reverse, CATACCAGGAAATG
AGCTTG. PCR amplifications were performed as follows: 5
min at 94°C, followed by 25 cycles of 30 sec at 94°C, 30 sec at
55°C, 30 sec at 72°C, and a final extension step at 72°C for 5 min.
gPCR was performed using the StepOnePlus Real-Time PCR
System (ABI, Applied Biosystems; Thermo Fisher Scientific,
Inc.). Relative fold changes in mRNA expression were calculated
using the formula 2444,

Statistical analysis. All statistical analyses were performed
using GraphPad Prism 5.0 software (GraphPad Software, Inc.,

La Jolla, CA, USA). Each experiment was performed three
times. All data are expressed as mean + standard error of the
mean, unless otherwise specified. Comparison of data between
two groups was performed using a two-tailed Student's t-test.
Multiple comparisons were assessed by one-way analysis
of variance with Bonferroni's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Identification of radiosensitive and radioresistant PC cells.
To evaluate the radiosensitivity of PC cells, six human PC
cell lines (SW1990, Capan-2, PANC-1, AsPC-1, BxPC-3 and
CFPAC-1) were irradiated with 6 Gy, and apoptotic cell rates
were measured by flow cytometry 72 h post-IR. As illustrated
in Fig. 1A, the SW1990 cell line was most sensitive to IR,
whereas the Capan-2 cell line was the most resistant. The
PANC-1, AsPC-1, BxPC-3 and CFPAC-1 cell lines exhibited
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Figure 2. Activation of the P53-mediated apoptotic pathway is more pronounced in radiosensitive compared with radioresistant pancreatic cancer cells fol-
lowing ionizing radiation. Cells were irradiated and protein expression was analyzed by western blotting at the indicated time-points. (A) Representative
blots for P53 and PUMA protein expression. GAPDH was used as a loading control. (B) BAX and BAK protein expression. $-actin was used as a loading
control. (C) Cleaved caspase-3 protein expression. 3-actin was used as a loading control. BAX, Bcl-2-associated X; BAK, Bcl-2 homologous antagonist/killer;
PUMA, p53-upregulated modulator of apoptosis. Numbers above the bands indicate quantified protein levels normalized to loading control.

comparable but relatively mild sensitivity to IR. Thus, SW1990
and Capan-2 cells were irradiated with various doses (2, 4,
6, 8 and 10 Gy) and their viability was measured at 24, 48
and 72 h post-IR (Fig. 1C and D). Within 24 h post-IR, the
viability of SW1990 and Capan-2 cells was not significantly
affected. However, cell viability was significantly decreased
in a dose-dependent manner at 24 h post-IR (P<0.001). At
72 h post-IR, the viability of SW1990 cells was decreased
more obviously compared with Capan-2 cells (Fig. 1C and D),
confirming that SW1990 was the most sensitive cell line and
Capan-2 was the most resistant cell line to IR. While SW1990
cells had a rate of spontaneous apoptosis comparable with
Capan-2 cells in the culture prior to IR, their apoptosis rate
increased ~2-fold that of Capan-2 cells post-IR (Fig. 1B),
suggesting a differential adaptive response of these cells to
IR. Clonogenic formation assay was performed to examine
its association with radiosensitivity. The survival fraction
results revealed that SW1990 cells were more radiosensitive
compared with Capan-2 cells post-IR (P<0.001; Fig. 1E).
Therefore, SW1990 cells were identified as radiosensitive
and Capan-2 cells as radioresistant, and were used as a cell

model to investigate the molecular mechanisms underlying the
adaptive radiosensitivity of PC cells in the present study.

Activation of the P53-mediated apoptotic pathway is more
pronounced in radiosensitive compared with radioresistant
PC cells post-IR. To elucidate the reason as to why SW1990
cells were more sensitive to IR compared with Capan-2 cells,
the adaptive expression of the P53 protein in SW1990 cells
and Capan-2 cells was examined following IR treatment. P53
is a major sensor of DNA damage mediating IR-induced cell
death. While the basal levels of P53 protein were comparable
between SW1990 and Capan-2 cells prior to IR, the P53
protein levels in the SW1990 cells were upregulated to a
markedly higher extent compared with Capan-2 cells between
6 and 96 h post-IR (Fig. 2A). Consequently, PUMA, a protein
downstream of P53 activation (20), was also upregulated
in a similar manner in SW1990 cells post-IR (Fig. 2A).
Additionally, the expression of BAX and BAK, two
proapoptotic proteins that interact with PUMA to mediate the
mitochondrial apoptosis pathway (21), was also upregulated,
with kinetics similar to that of P53 and PUMA (Fig. 2B).



LIU et al: ADAPTIVE EGF EXPRESSION PROMOTES RADIOSENSITIVITY OF CANCER CELLS

A SW1990
0.11 0.12 017 0.30 0.34 0.39 046

Bel-xL 30 kDa

r' =
a —

0.06 0.14 037 1.01 1.31 1.32 1.38

B-actin

B-actin 45 kDa
(- P _— 4
Time after IR (6 Gy,h) 0 6 12 24 48 T2 96
B SW1990
0.70 0.88 0.89 1.29 212 2.16 1.27
Full-length PARP 116 kDa
Cleaved PARP 89 kDa

p-actin }M 45 kDa

Time after IR (6 Gy,h) 0 6 12 24 48 72 96

C SW1990
0.08 0.40 0.52 051 0.16 0.18

Time after IR (6 Gy,h) 0 0.5 1 2 & 6

0.36 0.76 0.65 0.57 0.27 0.54 048

Time after IR(6Gy,h) 0 6 12 24 48 72 96

1471

Capan-2
0.15 0.11 0.14 0.28 0.30 0.24 0.34

Bel-xL 30 kDa

B-actin 43 kDa

II

0.94 1.15 2.01 2.09 267 2.68 270

Bcl-2 26 kDa

B-actin 45 kDa

I

Time after IR (6 Gy,h) 0 6 12 24 48 72 96

Capan-2
0.57 0.71 078 1.18 0.52 0.35 0.3

Full-length PARP

Cleaved PARP

- o4
p-actin w 45k0a

Time after IR (6 Gy,h) 0 6 12 24 48 72 96

Capan-2
049 110 080 061 0.31 0.36

05 1 2 < 6

Time after IR (6 Gy,h) 0

0.43 045 0.45 0.54 1.68 2.13 1.93

Time after IR (6 Gy,h) 0 6 12 24 48 72 96

Figure 3. P53-mediated apoptotic pathway activation in radiosensitive pancreatic cancer cells is associated with inactivation of PARP. Cells were irradiated and
protein expression was analyzed by western blotting at the indicated time-points. (A) Representative blots for Bcl-xL and Bcl-2 protein expression. (B) PARP
protein expression. The protein bands at 116 kDa are specific for full-length PARP and the smeared signal above the full-length PARP is non-specific.
Therefore, only the changes in the specific protein bands were measured. (C) y-H2AX protein expression. 3-actin was used as a loading control. PARP,
poly(ADP-ribose) polymerase; Bcl-2, B-cell lymphoma-2; Bel-xL, Bel-extra large; y-H2AX, y-H2A histone family member X. Numbers above the bands

indicate quantified protein levels normalized to loading control.

By contrast, P53, PUMA, BAX and BAK were less or not
upregulated in Capan-2 cells post-IR (Fig. 2A and B). As a
consequence, caspase-3, an executor of cell apoptosis, was
also more markedly activated/cleaved in the radiosensitive
SW1990 cells compared with the radioresistant Capan-2 cells,
starting from 24 h post-IR (Fig. 2C). These results indicated
that the P53-mediated mitochondrial apoptosis pathway was
more extensively upregulated in the radiosensitive SW1990
cells compared with the radioresistant Capan-2 cells.

P53-mediated apoptotic pathway activation in radiosensitive
PC cells is associated with inactivation of PARP. Enhanced
activation of the P5S3/PUMA/BAX/BAK/caspase-3 pathway
is considered to be associated with the suppressed expressions
of Bcl-2 and Bcel-xL in the radiosensitive PC cells following
IR treatment. To test this hypothesis, the adaptive expression
of Bcl-2 and Bcel-xL was further examined in SW1990 and
Capan-2 cells post-IR, as Bcl-2 and Bcel-xL can bind BAX or

BAK to suppress their functions. Unexpectedly, the expressions
of Bcl-2 and Bcl-xLL were not significantly decreased in the
radiosensitive SW1990 cells compared with the radioresistant
Capan-2 cells post-IR, although the basal level of Bcl-2
was higher in the radioresistant Capan-2 cells (Fig. 3A).
The results indicated that the enhanced activation of the
P53/PUMA/BAX/BAK pathway was likely not associated
with the expression of Bcl-2 and Bcel-xL in radiosensitive PC
cells, and other mechanisms may be responsible.

It is known that IR-induced DNA damage activates PARP
to repair the damaged DNA, however activated caspase-3 may
cleave PARP to block the DNA repair, and the failure to repair the
damaged DNA may lead to cell death (22). Thus, the activation
state of PARP was examined in SW1990 cells and Capan-2
cells post-IR. As illustrated in Fig. 3B, the cleaved PARP levels
were higher in the radiosensitive SW1990 cells compared with
the radioresistant Capan-2 cells at 72 h post-IR, suggesting that
PARP was cleaved by activated caspase-3 in SW1990 cells but
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Figure 4. Cyclin D1 and survivin are distinctly expressed in radiosensitive and radioresistant pancreatic cancer cells. Cells were irradiated and protein expres-
sion was analyzed by western blotting at the indicated time-points. (A) Survivin and (B) cyclin D1 protein expression. 3-actin was used as a loading control.
(C) Cell cycle distribution was measured by flow cytometry with propidium iodide staining. Representative plots are shown. (D) Proportion of cells in GI,
S and G2-M phases following irradiation. Numbers above the bands indicate quantified protein levels normalized to loading control.

not in Capan-2 cells. As a consequence, the DNA damage repair
was blocked by the cleaved PARP in SW1990 cells, resulting in
increased apoptosis or increased sensitivity to IR (Fig. 1). This
hypothesis was further confirmed by the decreased expression
of y-H2A histone family member X (y-H2AX), a marker of the
efficiency of DNA repair (23), in SW1990 cells at 72 h post-IR,
as compared to that in Capan-2 cells (Fig. 3C). At this time,
SW1990 cells were more susceptible to radiation-induced cell
death (Fig. 1B-D). Notably, there were two peaks of y-H2AX
expression in both radiosensitive and radioresistant PC cells
within 96 h post-IR. The first peak appeared between 0.5 and 2 h
post-IR, and the second peak between 6 and 12 h or between 48
and 96 h post-IR in the radiosensitive SW1990 cells (Fig.3C). The
expression kinetics of y-H2AX was essentially consistent with
that of cleaved PARP (Fig. 3B). These results indicated that the
enhanced activation of the P53/PUMA/BAX/BAK/caspase-3
pathway following IR may sensitize PC cells through cleaving
PARP to block DNA damage repair.

Cyclin DI and survivin are distinctly expressed in
radiosensitive and radioresistant PC cells. To determine
whether the activation of the PS3/PUMA/BAX/BAK/caspase-3
pathway in radiosensitive PC cells was associated with the
downregulation of IAPs, the adaptive expression of survivin, a
member of the IAP family, was investigated in radioresistant
and radiosensitive cancer cells. As illustrated in Fig. 4A,
survivin appeared to be distinctively expressed in SW1990
and Capan-2 cells post-IR. While survivin was constitutively
expressed in Capan-2 cells at a higher level compared with
SW1990 cells (Fig. 4A), it was transiently upregulated in
SW1990 cells between 12 and 24 h post-IR, followed by a
marked downregulation starting from 48 h, resulting in levels
lower than Capan-2 cells. The downregulation of survivin
was associated with the upregulation of P53, PUMA, BAX
and BAK, and cleaved caspase-3 (Fig. 2) in SW1990 cells. By
contrast, survivin was increasingly upregulated in Capan-2
cells post-IR, without a subsequent decrease after 48 h,
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suggesting that the P53-mediated apoptotic pathway was
inhibited by survivin in the radioresistant PC cells (Fig. 4A).
These results suggest that adaptive expression of survivin
is transient in radiosensitive cancer cells but persistent in
radioresistant cells, serving a critical role in modulating the
radiosensitivity of PC cells.

It is well-known that survivin is specifically expressed in
dividing cancer cells at the G2/M cell cycle phase, during which
time cyclin D1 is downregulated (24). Thus, we investigated
whether the adaptive expression of survivin in radioresistant
PC cells was associated with decreased expression of cyclin D1,
a marker of G1/S phase (25), and vice versa. As illustrated
in Fig. 4B, the expression pattern of cyclin D1 was opposite
to that of survivin in the radiosensitive SW1990 cells within
96 h post-IR, whereas cyclin D1 expression was suppressed in
radioresistant PC cells (Fig. 4B). The kinetics of the adaptive
expression of cyclin D1 was similar to that of P53, PUMA,
BAX and BAK in SW1990 cells (Fig. 2A and B). These
results suggested that cyclin DI and survivin were oppositely
expressed in radiosensitive and radioresistant PC cells.

Since cyclin D1 and survivin are specifically expressed
during the G1/S and G2/M phases, respectively, the cell cycle
status of the SW1990 and Capan-2 cells was examined at 24 h
post-IR. The % of G1/S phase cells (68.06%) was decreased
in SW1990 cells compared with Capan-2 cells (84.15%) prior
to IR. By contrast, the % of G2/M phase cells was markedly
higher (30.94%) in SW1990 cells compared with Capan-2 cells
(15.92%) prior to IR (Fig. 4C and D). This cell cycle pattern
was reversed following IR treatment, with more SW1990 cells
arrested at the G1/S phase, and more Capan-2 cells arrested at
the G2/M phase (Fig.4C and D). These results suggested that the
survivin-associated G2/M phase cells were less susceptible to
IR-induced cell death compared with the cyclin-DI-associated
G1/S phase cells. Therefore, the adaptive expression levels of
cyclin D1 and survivin in PC cells after IR may determine the
susceptibility of cancer cells to radiation-induced cell death.

EGF and IL-6/IGF-1 are distinctly expressed in radiosensitive
and radioresistant PC cells. Since the expression of cyclin D1
and survivin is regulated by growth factors such as EGF,
IL-6 and IGF-1 (26-31), their expression was examined in
the radiosensitive and radioresistant PC cells following
exposure to IR. As illustrated in Fig. 5A, EGF transcripts
were constitutively expressed and adaptively upregulated in
the radiosensitive SW1990 cells, but less in the radioresistant
Capan-2 cells post-IR. By contrast, IGF-1 and IL-6 were
constitutively expressed and adaptively upregulated in the
radioresistant Capan-2 cells, but less so or not at all in the
radiosensitive SW1990 cells (Fig. 5D and F). Notably, EGFR
transcripts were constitutively expressed at a higher level in
Capan-2 cells compared with SW1990 cells (Fig. 5B). At the
protein level, EGFR also appeared to be less expressed in
SW1990 cells. However, the levels of p-EGFR were significantly
upregulated in Capan-2 cells post-IR, while they were less
or not upregulated in SW1990 cells (Fig. 5C). Therefore,
the adaptively increased expression of EGF and activation
of EGFR appeared to be associated with cell proliferation
and survival. These results suggested that the adaptively
upregulated EGF may be associated with the upregulation of
cyclin D1 in radiosensitive PC cells post-IR (Fig. 4B).
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Ofnote,similarto EGFexpression,the adaptive upregulation
of IGF-1 and IL-6 in the radioresistant Capan-2 cells was not
necessarily correlated with the IGF-1R and IL-6R. The IL-6R
mRNA was upregulated in SW1990 cells, while the IGF-1R
mRNA levels were comparable between SW1990 and Capan-2
cells (Fig. 5SE and G). The NF-xB protein, a downstream
signaling protein of IGF-1, was differentially activated in
SW1990 and Capan-2 cells. The activated NF-kB (p65)
protein (p-p65) was detected in the cytoplasm (Fig. SH) and
nuclei (Fig. 5T) of Capan-2 cells more prominently compared
with SW1990 cells. In addition, Stat3, which is induced and
activated by IL-6, was more highly expressed in Capan-2 cells
compared with SW1990 cells before and after IR (Fig. 5J).
These results indicated that IGF-1 and IL-6, rather than EGF,
may contribute to the radioresistance of PC cells through
activation of the NF-kB and Stat3 pathways, respectively.

Adaptive expression of EGF is required for sensitization of
PC cells through activation of the cyclin DI/P53 pathway.
Since cyclin D1 and EGF were adaptively upregulated in the
radiosensitive SW1990 cells with similar kinetics, we investigated
whether adaptive expression of EGF could induce cyclin D1
expression in radioresistant cancer cells. To test this hypothesis,
exogenous EGF was added into the cultures of the radioresistant
Capan-2 cells and its effects on cyclin DI expression in the
radioresistant cells were examined at 72 h post-IR. As illustrated
in Fig. 6, exogenous EGF promoted cyclin D1 expression in
Capan-2 cells at 72 h post-IR (Fig. 6B), suggesting that continuous
supply (autocrine) of EGF may be required for the radioresistant
PC cells to continuously express cyclin D1. As a control, addition
of exogenous EGF to SW1990 cells exerted no additive effect on
the expression of cyclin D1 at 72 h post-IR (Fig. 6B). Consistently
with cyclin D1 expression, exogenous EGF also promoted P53
expression in Capan-2 cells at 72 h post-IR, although to a relatively
lower extent compared with the SW1990 cells (Fig. 6A). The
enhanced P53 expression was associated with decreased y-H2AX
expression (Fig. 6C). These results were supported by the fact that
exogenous EGF promoted IR-induced cell death in Capan-2 cells,
although moderately (Fig. 6D). Therefore, the adaptive expression
of EGF may sensitize cancer cells to IR through upregulation of
cyclin D1 and P53.

Knockdown of cyclin DI and BAX prevents IR-induced
apoptotic cell death. To further confirm that the
EGF-dependent expression of cyclin D1 is critically involved
in the radiosensitization of cancer cells, cyclin D1 or BAX were
silenced by siRNA in SW1990 and Capan-2 cells, in order to
examine their effects on apoptotic cell death of PC cells upon
IR exposure. First, it was confirmed that cyclin D1 and BAX
were transcriptionally upregulated in SW1990 cells but less so
in Capan-2 cells upon IR exposure (Fig. 7A and B). These data
were in accordance with the results observed for the protein
levels in Fig. 4. siRNAs specific for cyclin D1 and BAX were
screened and used for subsequent experiments (Fig. 7C and D).
Cyclin DI knockdown resulted in decreased P53 in SW1990
cells after irradiation (Fig. 7E). However, the expression of P53
was not significantly downregulated in Capan-2 cells (Fig. 7E).
Consistently, the % of apoptotic cells was decreased in the
radiosensitive SW1990 cells, but not in the radioresistant
Capan-2 cells post-IR (Fig. 7F). However, BAX knockdown



1474

A EGF
0.0049 Isw1990
Il Capan-2 ol

0.003 4

0.002 4

0.001 4

Relative mRNA levels
(EGF/GAPDH)

0.000 -

0 6 12 24 48 72 9
Time after irradiation (6 Gy,h)

C SW1990
0.10 0.07 0.12 0.20 012 0.18

0.05

0.06 0.06 0.07 0.04 0.06 0.15 0.08

EGFR sous sosn s o 98 S 8999 175 kDa

GAPDH 37 kDa

Time after IR (6 Gy,h) 0 6 12 24 48 72 96

D IGF-1

I sw19%0
Il Capan-2

whh

%

Relative mRNA levels
(IGF1/GAPDH)
=) o

%

0 6 12 24 48 72 96
Time after irradiation (6 Gy,h)

F 0.0025- e
B : 1 SW1990
% 0.0020- Il Capan-2 e
gﬁ 0.00154
E % ke
@ 2 0.0010-
ze
€2
E =~ 0.0005 o " » » o

0 6

12 24 48 72 9
Time after irradiation (6 Gy,h)

INTERNATIONAL JOURNAL OF ONCOLOGY 54: 1466-1480, 2019

EGFR

0159 3 sw1gg0
I Capan-2

0.104
0.05 "
0.00 -
0 6 12 24 48 72 96

Time after irradiation (6 Gy,h)

Relative mRNA levels
(EGFR/GAPDH)

Capan-2
011 013 0.18 0.40 0.56 0.80 1.10

GAPDH 37 kDa

0.64 0.30 0.41 0.44 0.74 1.23

EGFR 175 kDa

GAFPDH 37 kDa

- -
—enen e

Time after IR (6 Gy,h) 0

E IGF-1R
0.0159 =3 sw1990
2 Il Capan-2
[T
4 o L.
g g ke =
[ 4
EZ
oW
20
E -5
@
4
0 6 96
Time after irradiation (6 Gy,h)
G  0004- IL-6R
1 sw1990

@ Capan-2
9 _ 0003 B Capa
iz
<
Z3 0002

o
H
-E o 0.001
! —
&

0.000-

Time after irradiation [G Gy,h}

Figure 5. EGF and IL-6/IGF-1 are distinctly expressed in radiosensitive and radioresistant pancreatic cancer cells. (A) RT-qPCR was performed to measure
the mRNA expression of EGF. "‘P<0.05, “P<0.01 and “"P<0.001 vs. non-IR. (B) RT-qPCR was performed to measure the mRNA expression of EGFR. "P<0.05,

“P<0.01 and ""P<0.001 vs. non-IR. (C) Western blot analysis was performed using antibodies against the p-EGFR and total EGFR. GAPDH was used as a
loading control. (D) RT-gPCR of IGF-1 levels. "P<0.05, “"P<0.01 and ““P<0.001 vs. non-IR. (E) RT-qPCR of IGF-1R levels. "P<0.05 and “P<0.01 vs. non-IR.
(F) RT-qPCR of IL-6 levels and (G) RT-qPCR of IL-6R levels. “P<0.01 and *"P<0.001 vs. non-IR.

resulted in decreased apoptosis in both SW1990 and Capan-2
cells (Fig. 7G). These results confirm that cyclin D1 has an
important role in the radiosensitization of PC cells.

Discussion
Radiotherapy is one of the common approaches to the treatment

of cancer, including PC. IR induces cancer cell apoptosis,
however, irradiation can also induce various responses, such

as radioresistance, which may contribute to tumor recurrence
and metastasis (32). It has been reported that cancer cells
can adaptively respond to irradiation by regulating several
signaling pathways, including those mediated by P53, Stat3 and
NF-xB (33-35). It is well-known that the P53-mediated pathway
is enhanced, but the Stat3 and NF-kB-mediated pathways are
suppressed, in radiosensitive cancer cells. However, it remains
unclear how these pathways are differentially regulated and
utilized in radiosensitive vs. radioresistant cancer cells. To the
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Figure 5. Continued. (H) Western blot analysis was performed using antibodies against NF-kB p65 and NF-kB p-p65. -actin was used as a loading control for
cytoplasmic protein. (I) Western blot analysis was performed using antibodies against the NF-xB p65 and NF-«xB p-p65. TBP was used as a loading control for
nuclear protein. (J) Western blot analysis was performed using antibodies against p-Stat3 and total Stat3. 3-actin was used as a loading control. EGF, epidermal
growth factor; IL, interleukin; IGF, insulin-like growth factor; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; EGFR, EGF receptor;
p-, phosphorylated; IGF-1R; IGF-1 receptor; IL-6R, IL-6 receptor; NF, nuclear factor; TBP, TATA-binding protein; Stat, signal transducer and activator of
transcription. Numbers above the bands indicate quantified protein levels normalized to loading control.

best of our knowledge, the present study is the first to demonstrate
that the radiosensitivity of PC cells may be determined and
modulated at least partially by the status of adaptive expression
of EGF or IL-6 and IGF-1 in irradiated cancer cells (Fig. 8). In
radiosensitive cancer cells, the adaptively expressed endogenous
EGF may promote cyclin D1 expression, which in turn enhances
the activity of the P53/PUMA/BAX/caspase-3 pathway,
reducing survivin expression and eventually preventing
DNA repair through inactivation of PARP. By contrast, the
radioresistance of cancer cells may be mediated by the IGF-1
and/or IL-6 pathways, which is characteristic of increased
activation of Stat3 and NF-kB, respectively. Furthermore, the
P53-mediated apoptotic pathway is suppressed by survivin in
radioresistant cancer cells (Fig. 8). These findings are of great
significance in understanding the mechanisms underlying
the radiosensitivity of cancer cells and providing valuable
prognostic and therapeutic markers for cancer radiotherapy.

A number of proapoptotic and antiapoptotic factors have
been reported to be involved in the radiosensitivity of cancer
cells. P53 can initiate apoptosis and programmed cell death,
if DNA damage proves to be irreparable. The present study
provided evidence that P53-mediated apoptosis of cancer
cells post-IR is associated with inactivation of PARP, and
thus irreparable DNA damage. P53 and its downstream
signaling proteins PUMA, BAX, BAK and caspase-3 were
more active in the radiosensitive SW1990 cells compared with
the radioresistant Capan-2 cells. In particular, the kinetics of
caspase-3 activation was similar to that of PARP inactivation,
suggesting that caspase-3 inactivated PARP, leading to failure
of DNA repair and cell death. The DNA damage-dependent
PARP activation is an immediate cellular response to
metabolic, chemical, or radiation-induced DNA damage. Both
PARP-1 and PARP-2 knockout mice exhibit severe deficiencies
in DNA repair mechanisms, with ensuing increased sensitivity
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to alkylating agents or IR (36). PARP inactivation by cleaved
caspase-3 may result in defective DNA repair in radiosensitive
PC cells. However, the expressions of Bcl-2 and Bcel-xL was
not defective in radiosensitive PC cells, suggesting that the
Bcl-2-mediated antiapoptotic functions in these cells were
unaffected. Therefore, the P53/PARP pathway may override
the Bcl-2/Bcel-xL pathway in radiosensitive cancer cells upon
exposure to IR.

There remains the question of how the P53/PARP pathway
was modulated in radiosensitive vs radioresistant PC cells.
Analysis of autocrine factors revealed that EGF and IGF-1/IL-6
were differentially expressed in radiosensitive and radioresistant
PC cells after IR. This finding suggests that adaptive expression
of EGF may single out the P53/PARP pathway and thus
increase the radiosensitivity of cancer cells. Indeed, the kinetics
of transcriptional expression of EGF is similar to that of P53
expression. In addition, the kinetics of cyclin D1 expression is
also similar to P53, suggesting a functional association between
EGF, P53 and cyclin D1. This hypothesis was confirmed by the
fact that radioresistant Capan-2 cells became more apoptotic
post-IR when exogenous EGF was added to the culture, which
was accompanied by increased expression of cyclin D1 and
P53. Of note, exogenous EGF exerted no further effects on the
expression of P53 and cyclin D1 in the radiosensitive SW1990
cells post-IR, suggesting that endogenous EGF was sufficient
to initiate the cyclin D1/P53/PARP pathway. Furthermore,

knockdown of cyclin D1 decreased P53 expression in the
radiosensitive PC cells only following IR treatment. These
results indicate that in radiosensitive cancer cells, EGF may
be upregulated and in turn stimulate cyclin DI expression
followed by upregulation of P53 (EGF/cyclin D1/P53
pathway). Therefore, a mechanism was identified (namely the
EGF/cyclin D1/P53/PUMA/BAX/caspase-3/PARP pathway),
through which radiosensitive cancer cells may undergo
apoptosis post-IR. However, this pathway is less or not activated
in radioresistant cancer cells post-IR.

EGFR is usually overexpressed in various types
of tumor cells, and mediates tumor cell proliferation,
invasion, metastasis and resistance to radiotherapy and
chemotherapy (37,38). It has been reported that EGFR
can perform its function by translocating from the plasma
membrane to the nucleus through two pathways (39-41). In
addition to directing phosphorylation of proliferating cell
nuclear antigen (PCNA) (42), nuclear EGFR can also interact
with Stat3 and E2F1, regulating transcription of cyclin DI,
inducible nitric oxide synthase (iNOS), MYB proto-oncogene
like 2 (B-Myb) and Aurora kinase A (43-45). The present
study revealed a distinct but opposite expression pattern of
EGF/EGFR between radiosensitive and radioresistant PC
cells. Adaptive expression of EGF transcripts was observed in
radiosensitive but not in radioresistant PC cells. Furthermore,
EGFR was expressed at a higher level in radioresistant
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Figure 7. Knockdown of cyclin D1 and BAX prevents IR-induced apoptotic cell death. (A) RT-qPCR was performed to measure the cyclin DI mRNA expres-
sion. “P<0.01 and “"P<0.001 vs. non-IR. (B) RT-qPCR was performed to measure the BAX mRNA expression. ‘P<0.05, “P<0.01 and ““P<0.001 vs. non-IR.
(C) The protein expression and mRNA levels of cyclin DI and (D) Bax were measured by western blotting and RT-qPCR analysis, respectively, following
siRNA transfection. ‘P<0.05 and ““P<0.001 vs. NC. (E) Western blot analysis was performed using antibodies against cyclin D1 and P53. $-actin and GAPDH
were used as loading controls. (F) Cell apoptosis was measured by flow cytometry. “P<0.01 vs. irradiated NC cells. (G) Cell apoptosis was measured by flow
cytometry. "P<0.05 and “"P<0.001 vs. irradiated NC cells. BAX, Bcl-2-associated X; IR, ionizing radiation; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; NC, negative control. Numbers above the bands indicate quantified protein levels normalized to loading control.

compared with radiosensitive cells. However, it is likely translocation to the nucleus to induce cyclin D1 transcription
that a high level of endogenous EGF may promote p-EGFR  in radiosensitive PC cells, although the level of p-EGFR is low.
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pathway; right panel, radioresistant pathway. EGF, epidermal growth factor; BAX, Bcl-2-associated X; BAK, Bcl-2 homologous antagonist/killer; PUMA,
p53-upregulated modulator of apoptosis; PARP, poly(ADP- ribose) polymerase; IGF, insulin-like growth factor; IL, interleukin; NF, nuclear factor; STAT, signal

transducer and activator of transcription.

Consistent with this hypothesis, the present study observed
that cyclin D1 was upregulated in the radiosensitive SW1990
cells compared with the radioresistant Capan-2 cells. However,
the low levels of endogenous EGF may not be sufficient to
stimulate EGFR translocation, despite the fact that EGFR is
highly expressed in radioresistant Capan-2 cells. These results
suggest that the level of autocrine expression of EGF is crucial
for the cancer cells to acquire radiosensitivity upon irradiation.

Cyclin DI is known to be involved in cell-cycle arrest in
DNA-damage responses and it serves a key role in maintaining
the integrity of the G1/S checkpoint via the activation of apoptotic
pathways following exposure to IR in vitro (46). Cyclin D1
prevents cell apoptosis when it is sequestered in the cytoplasm,
but may induce apoptosis when it is localized in the nucleus (47).
The localization of cyclin D1 is associated with the radiation dose.
It has been reported that high-dose of irradiation (5 Gy of y-rays)
may enhance cyclin D1 translocation from the cytoplasm to the
nucleus. By contrast, low-dose of irradiation (10 cGy X-rays) may
induce cyclin D1 accumulation in the cytoplasm by dissociating
the complex of cyclin D1 and chaperone 14-3-3, as demonstrated
in human keratinocytes (48). Furthermore, cyclin DI can directly
interact with the pro-apoptotic BAX protein to prevent apoptosis
via improving the mitochondrial membrane potential (Dwm)
after irradiation. Blocking cyclin DI/BAX complexes using
cyclin DI-specific siRNA reversed the mitochondrial membrane
potential and suppressed the apoptotic response after irradiation.
In the present study, it was demonstrated that knockdown of
cyclin D1 using specific siRNAs promoted apoptosis in both
radiosensitive and radioresistant PC cells, but decreased apoptosis
in PC cells post-IR, especially more so in radiosensitive PC cells.
These results suggest that radiation-induced cyclin DI is more
likely translocated to the nucleus, mediating cell death. However,

it is unlikely that cyclin D1 forms a complex with BAX to
prevent apoptosis in radiosensitive cancer cells post-IR, although
the levels of BAX were found to be high in the radiosensitive
SW1990 cells. Further investigation is required to verify this
hypothesis.

The present study demonstrated that cyclin D1 expression is
mutually exclusive to survivin expression in a time-dependent
manner, consistent with the kinetics of cell apoptosis post-IR.
Cyclin D1 is expressed in the G1/S phase, whereas survivin
is expressed in the G2/M phase (49). Increased cyclin D1
expression in the radiosensitive SW1990 cells was found to
be associated with decreased expression of survivin at 48-72 h
post-IR when cell apoptosis reaches a peak, suggesting that the
cells arrested in the G1/S phase are more susceptible to apop-
tosis. By contrast, higher levels of survivin expression were
observed in the radioresistant Capan-2 cells, suggesting that
the radioresistant cells that have progressed to the G2/M phase
are resistant to apoptotic cell death induced by irradiation.
Therefore, cyclin D1 and survivin appear to be potential
markers for evaluating the radiosensitivity of cancer cells.

While EGFis adaptively expressed in radiosensitive PC cells
to mediate apoptosis post-IR, IL-6 and IGF-1 are adaptively
expressed in radioresistant PC cells. Both IL-6 and IGF-1 are
reportedly associated with radioresistance of cancer (50,51).
IL-6, as an inflammatory cytokine, can activate the Janus
kinase (Jak)/Stat3 signaling pathway in both a pro-inflammatory
and an anti-inflammatory manner. In human esophageal
carcinoma cells, IL-6 exerts its anti-apoptotic function through
activation of both Stat3 and mitogen-activated protein kinase
pathways (51). Constitutive activation of Stat3 leads to an
increase in the oncogenes that drive proliferation and inhibit
apoptosis (52). In addition, IL-6 can also activate the NF-xB
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pathway, further driving IL-6 production (53). IGF-1-mediated
phosphoinositide 3-kinase (PI3K)/Akt signaling can enhance
NF-xB signaling (54), which exerts strong anti-apoptotic
effects on cancer cells. In the present study, we also observed
that Stat3 and NF-kB were not only constitutively but also
adaptively expressed and highly activated in radioresistant
PC cells compared with radiosensitive PC cells, suggesting
that both autocrine IL-6 and IGF-1 may coordinately have an
important role in mediating radioresistance of PC cells upon
IR exposure. The precise mechanisms through which IL-6
and IGF-1 interact to promote radioresistance of cancer cells
require further investigation. In addition, these findings are
based on cell models in vitro, and therefore further verification
will be required in patients undergoing radiotherapy.

In summary, the present study comprehensively analyzed the
pathways mediating radiosensitivity of PC cells and revealed the
mechanisms through which radiosensitivity is determined. The
adaptively expressed EGF may sensitize PC cells to radiation
therapy through induction of the cyclin D1/P53/PARP signaling
pathway, and IL-6/IGF-1 may contribute to the radioresistance
of PC cells through coordinately activating the Stat3 and
NF-kB pathways. These findings are novel, and comparable
to the reported pathways involved in the radioresistance in
cancer stem cells, including the PI3K/Akt/mammalian target
of rapamycin, extracellular signal-regulated kinase, glycolysis,
vascular endothelial growth factor, autophagy, non-homologous
end joining and homologous recombination DNA repair
pathways (55). Furthermore, the present study has for the first
time integrated these pathways to delineate the distinct signaling
between the radiosensitive and radioresistant cancer cells.
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