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Background: Although pancreatic cancer is typically radio-sensitive, local treatment failure
and metastasis are commonly caused by the development of resistance to radiotherapy. In the
current study, the radio-sensitizing actions of zoledronic acid (ZOL) on pancreatic cancer
cells were investigated.

Materials and methods: Three human pancreatic cancer cell lines were exposed to ZOL,
ionizing radiation (IR), or a combination of both, and the effects of the respective drug
regimens on cell proliferation and invasion were examined.

Results: Combined treatment with low doses of ZOL plus IR efficiently increased cell death
and attenuated cell invasion compared with the individual use of ZOL or IR. These effects of
ZOL were associated with inactivation of signal transducer and activator of transcription 3
(STAT3) and nuclear factor-xB (NF-kB).

Conclusion: Collectively, these data suggest that ZOL in combination with IR is
a promising therapeutic strategy for enhancing radio-sensitivity in pancreatic cancer cells
via downregulation of the STAT3/NF-«B signaling pathway.
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Introduction

Due to the high risk of local disease progression and metastasis, pancreatic cancer
ranks as the fourth leading cause of cancer-associated mortality worldwide, with an
overall 5-year survival rate of 6.7%.' Despite increasing advances in clinical
imaging technologies, the diagnosis of pancreatic cancer typically occurs during
the advanced stage of this malignancy for the majority of patients. Currently,
conventional adjuvant therapies, including chemotherapy and radiotherapy, have
limited beneficial impact on advanced pancreatic cancer.* Therefore, it is urgent to
identify reliable drugs that may sensitize pancreatic cancer cells to increase the
response to standard chemotherapy and radiotherapy.

Bisphosphonates are the most effective inhibitors of osteoclast-mediated bone
resorption and have been widely used to treat osteoclast-mediated metabolic bone
diseases.” ® Zoledronic acid (ZOL), a third-generation bisphosphonate, has been
demonstrated to act synergistically with other chemical substances, predominantly
due to an increase in the proportions of cells in S-phase of the cell cycle.”'* This
suggests that ZOL could serve as a potent radio-sensitizer, as decelerated progression
through S-phase or a blockade between S and G,M phases results in increased
sensitivity of cancer cells to radiotherapy.'”
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Our previous study reported the synergistic radio-
sensitizing effects of ZOL on human esophageal squamous
cell carcinoma cells.'® Treatment with ZOL also reversed
the cisplatin resistance in nasopharyngeal carcinoma
cells.'” On the basis of our previous study and others,
combined application of ZOL and ionizing radiation (IR)
may be useful for cancer therapy without excessive side
effects and complications.” '*'” However, the radio-
sensitizing ability of ZOL on pancreatic cancer remains
to be elucidated. Consequently, in the present, whether
treatment with ZOL could augment the cytotoxic effects
of IR was examined. The associated molecular mechan-
isms were then analyzed to understand the radio-
sensitizing effect of ZOL on pancreatic cancer cells.

Materials and methods

Cell culture and reagents
Three human pancreatic cancer cell lines, MIA-PaCa2

PANC-1 and BxPC3, were cultured as described
previously.'"®'” An immortalized pancreatic ductal epithe-
lial cell line, H6C7, was cultured in Defined

Keratinocyte-serum free medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Zoledronic acid
(ZOL) was provided by Novartis International AG
(Basel, Switzerland). Stock solution of ZOL was prepared
at 10 mM in 0.9% saline, stored at —20°C and added to
Dulbecco’s modified Eagle’s medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc.) immediately prior to
application. All cell lines were kindly provided by
Dr Yonggang Ran (Medical NCO Academy of PLA,
Shijiazhuang, China) and the employment of these cell
lines was approved by the Institutional Review Board and
the Ethics Committee of Ningxia Hui Autonomous
Region People’s Hospital.

Cell viability assay

An MTT colorimetric assay was performed to measure
the growth rate of tumor cells following exposure of
ZOL, as described previously.'®'” Briefly, cells were
plated in triplicate at a density of 4x10% cells per well
on 96-well plates (Corning Costar, Cambridge, MA,
USA). After 24 hrs of culture at 37°C, cells were
incubated with ZOL at various concentrations (2—64
uM) at 37°C for 72 hrs, followed by MTT assays. The
purple formazan in each well was dissolved in
dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and measured at 490 nm.

Colony formation assay
This
described.'*!'® Cells were plated at different densities in
6-well plates and allowed to attach for 12 hrs. Then, the
cells were treated with 2 uM ZOL for 6 hrs and transiently
exposed to graded doses of irradiation (from 2 to 6 Gy, 1

procedure was performed as previously

Gy per min) using the Gammacell® 3000 Elan system
(Nordion, Inc., Ottawa, ON, Canada). The media were
changed 24 hrs after radiation exposure and cells were
incubated for 2 weeks. Subsequently, cellular colonies
were stained with 0.5% crystal violet (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). The number of colo-
nies was counted, and images were captured using a light
x100; Carl AG,
Oberkochen, Germany). Only colonies with >50 cells

microscope (magnification, Zeiss
were counted. Each surviving fraction (SF) was calculated
by dividing the number of cellular clones by the number of
cells plated per plate, then normalizing the SF for each

radiation dose to the SF of untreated cells.

Cell cycle analysis

Flow cytometry was performed to determine whether the
activity of ZOL was associated with changes in cell cycle
distribution. In brief, cells were treated with 2 uM ZOL 12
hrs after plating and exposed to a single 4 Gy IR dose 6 h later.
Media were changed the following day, and cells were har-
vested and fixed in 70% ethanol at —20°C. Cells were sus-
pended in 500 pL solution containing 10 pg/mL propidium
iodide, 100 pg/mL RNase, and 20 mM ethylene-diamine-
tetraacetic acid. After 1 hr of incubation at 37°C, flow cyto-
metry analyses were performed. DNA content and percentages
of cells in each phase of the cells cycle were analyzed using
a FACSCalibur cytometer (BD Biosciences;
Dickinson and Company, Franklin, Lakes, NJ, USA).

Becton,

Cell invasion assay

The cell invasion assay was performed as described
previously.'*'®!° Briefly, cells were pretreated with 2 uM
ZOL and then plated in 24-well Matrigel-coated Transwell
inserts (EMD Millipore, Billerica, MA, USA) at 5x10* cells
per in 500 pL serum-free DMEM. The lower chamber of the
Transwell insert was filled with 750 uL. DMEM with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.).
Irradiation (4 Gy) was immediately applied to cells.
Following incubation at 37°C for 24 hrs, non-invasive cells
in the upper chamber were removed. Invasive cells on the
inserts were fixed with 4%

lower surface of the
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paraformaldehyde at room temperature for 30 mins. Crystal
violet (4%) was used to stain the migrated cells for 15
mins at room temperature, which were then counted using
an inverted microscope at x100 magnification. Invasion
activity was assessed as the mean number of invaded cells
in three randomly selected microscopic fields.

Western blot analysis
Western  blot described
previously.'>*° The membrane containing transferred protein

analysis was performed as
was incubated with the following primary antibodies over-
night at 4°C: Rabbit polyclonal antibodies against signal
transducer and activator of transcription 3 (STAT3; cat. no.
sc-482; dilution, 1:400; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), phospho (p)-STAT3 (cat. no. sc-8059;
dilution, 1:500; Santa Cruz Biotechnology, Inc.), p65 (cat.
no. sc-7151; dilution, 1:400; Santa Cruz Biotechnology, Inc.)
and cyclooxygenase-2 (COX-2; cat. no. sc-23,983; dilution,
1:400; Santa Cruz Biotechnology, Inc.). Following washing
with 0.1% Tween-20 in PBS, the membranes were then incu-
bated with the following horseradish peroxidase-conjugated
secondary antibodies for 1 h at 37°C: Goat anti-rabbit immu-
noglobulin G (IgG; cat. no. sc-2004; dilution, 1:2,000; Santa
Cruz Biotechnology, Inc.). Proteins were detected using an
enhanced chemiluminescence kit (GE Healthcare Life
Sciences, Chalfont, UK). Anti-GAPDH monoclonal antibody
(cat. no. ab9485; dilution, 1:2,500; Abcam, Cambridge, MA,
USA) was used to ensure equal loading of protein.

Statistical analysis

Statistical analysis was performed using the SPSS statistical
software package (version 17.0; SPSS Inc., Chicago, IL,
USA). Data from at least three independent experiments are
presented as the mean =+ standard deviation. Data were
analyzed using a paired #-test with Bonferroni adjustment or
one-way analysis of variance, followed by the Student-
Newman-Keuls post hoc test for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results
ZOL inhibits the proliferation of

pancreatic cancer cells

Results from MTT assays revealed that treatment with
ZOL dose-dependently decreased the cell viability of all
three pancreatic cancer cell lines (Figure 1). Notably, the
anti-growth effects of ZOL were slightly different for each

cell line; MIA-PaCa2 and BxPC3 cells exhibited a more
sensitive cellular response to ZOL than PANC-1 cells.
Notably, the viability of H6C7 immortalized pancreatic
epithelial cells was unaffected by ZOL, even when
exposed to high doses. This suggests a wide range of
drug activity depending on the intrinsic differences
between the cell lines.

ZOL augments IR-induced clonogenic cell
death

Analyses of clonogenicity were subsequently conducted to
examine the percentage of surviving cellular clones fol-
lowing exposure to ZOL and IR. Based on the above
results, a relatively low dose of ZOL was selected to
avoid excessive toxicity in all subsequent studies (2 uM
ZOL pre-treatment prior to irradiation). Co-treatment of
three pancreatic cancer cell lines with ZOL and IR mark-
edly increased clonogenic cell death compared with IR
(Figure 2). this
sensitizing effect was not observed in H6C7 pancreatic

treatment alone However, radio-

epithelial cells.

ZOL induces S-phase cell cycle arrest

The association between combined treatment with ZOL plus
IR and changes in cell cycle distribution was investigated.
Flow cytometry revealed that combined treatment of MIA-
PaCa2 cells with a lower concentration of ZOL (2 pM) and
a single dose of IR (4 Gy) led to an increase in the propor-
tion of cells in S-phase (Figure 3). Combination of ZOL and
IR resulted in more significant effect than use of either ZOL
or IR alone, indicating synergistic function. In addition, co-
treatment with ZOL and IR induced a marginal upregulation
in the proportion of subG1-phase cells.

Co-treatment with ZOL and IR exhibits
enhanced anti-invasive effects on

pancreatic cancer cells

It has been previously reported that ZOL inhibits the migra-
tion and invasion of cancer cells.'* Therefore, it was further
analyzed whether co-treatment with ZOL and IR could
augment the anti-invasion effect induced by their use indi-
vidually. Invasion assays were performed using MIA-PaCa
2 cells following exposure to ZOL and/or IR. ZOL alone
significantly reduced the number of invaded cells compared
with the control (Figure 4). This anti-invasive effect was
enhanced significantly when ZOL was combined with IR,
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Figure | ZOL inhibits the proliferation of pancreatic cancer cells. Cells were either treated with vehicle control (PBS) or ZOL (2-64 pM) for 48 hrs. Cell viability was
assessed by MTT assay. The results were representative of three independent experiments. *P<0.05, *¥P<0.01, ***P<0.001 vs control group.

Abbreviation: ZOL, zoledronic acid.

although this inhibitory effect was not markedly different to
the effect of IR treatment alone.

ZOL and IR inactivate STAT3/NF-«xB
signaling

To further determine the molecular mechanism by which
ZOL induces and anti-metastatic
effects in pancreatic cancer cells, STAT3 and NF-«B,
two critical cancer-associated regulators, were analyzed.
Western blot analysis revealed that the levels of
p-STAT3 and p65, a crucial NF-xB subunit, were
decreased by ZOL treatment (Figure 5). This effect
was significantly augmented by combined treatment
with ZOL and IR. Notably, the expression of COX-2,
a downstream target gene of the NF-xB pathway, was

anti-proliferative

also increased. However, treatment with IR alone failed
to change the expression patterns. These data suggest
that inactivation of STAT3/NF-«xB signaling may have
an important role in the radio-sensitivity of human pan-
creatic cancer cells induced by ZOL.

Discussion

Multiple chemotherapeutic agents have been reported to
act as radio-sensitizers when used in combination with
radiotherapy. For instance, S5-fluorouracil and cisplatin
are commonly used as radio-sensitizers in cancer
therapy.”'** Furthermore, various novel plant extracts
and targeted biological agents exhibit radio-sensitizing
effects.”>?* As a third generation of bisphosphonate,
ZOL has been demonstrated to cause cell cycle arrest
at the S-phase or G2/M transition, subsequently resulting
in cell apoptosis.”>** This function suggests that ZOL
could be used as a potential radio-sensitizer, as cells in
G2/M are more sensitive to radiation than cells in other
phases of the cell cycle."*™7 In the present study,
a significant synergistic anti-tumor effect was produced
by combined treatment of in pancreatic cancer cells with
ZOL and IR, which was at least partially due to inacti-
vation of STAT3/NF-kB signaling. The data provide
a novel insight into future application of ZOL combined
with IR therapy.
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Figure 2 ZOL affects clonogenic survival synergistically with IR in pancreatic cancer cells. Cells were pretreated with vehicle control or 2 pM ZOL for 6 hrs before
exposure to IR at the indicated doses. Media were changed the following day and cells were maintained in normoxic conditions for 12—14 days prior to counting. Cell
colonies were stained, and the SF was determined by colony counting. Clonogenic curves are presented in the upper panel and the represented images are shown in the
lower panel, respectively. Data are presented as the meantstandard deviation of three independent experiments. *P<0.05; **P<0.01.

Abbreviations: ZOL, zoledronic acid; IR, ionizing radiation; SF, surviving fraction.

ZOL treatment alone exhibited significant anti-

proliferative effects in a dose range of 8—64 mM. This result

is supported by various other reports in vitro.

4,11,14,16,17,20

However, it is well established that ZOL has a rapid clear-

ance rate from the blood, which limits its clinical

application.”> Thus, an important future direction of ZOL

application is use in combination with other chemicals and
biological agents to produce synergistic efficiency, with the
potential to allow lower and less toxic doses of each drug to
be administered.'®!” The results suggest a novel strategy
for treating pancreatic cancer by combination of ZOL and
IR. Notably, pancreatic cancer cells exhibited enhanced
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Figure 3 S-phase cell cycle arrest induced by ZOL plus IR. MIA-PaCa2 cells were
treated with 2 pM ZOL and irradiated 6 hrs later with 4 Gy. Media were changed
the following day. Cell cycle distribution was assessed by flow cytometry at 24 hrs
after irradiation (30 hrs after exposure to ZOL). *P<0.01.

Abbreviations: ZOL, zoledronic acid; IR, ionizing radiation.

radio-sensitivity when IR used as a combined treatment
with low doses of ZOL; however, the sensitivity of H6C7
immortalized normal pancreatic ductal epithelial cell line
was not affected by ZOL, indicating that the radio-
sensitizing effect of ZOL may be tumor-specific.
Generally, tumor cells are most sensitive to radiotherapy
during late S and G2/M phases.”® It is reported that the
proportion of multiple myeloma cells in S phase was
increased following exposure to ZOL, potentially due to
slowing of progression through S phase or arrest between
S and G2/M in the cell cycle.'® Recently, it was also demon-
strated that the S phase cell cycle arrest induced by ZOL may
be mediated by elevated levels of cyclin A and cyclin B in
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S and M phases, and by decreased p21<"! expression.'* In
addition, we found that ZOL reverses cisplatin resistance in
nasopharyngeal carcinoma cells by activating the mitochon-
drial apoptotic pathway.'” Exposure of cisplatin-resistant
cells to ZOL resulted in upregulated expression of BAX
and caspase-9, and downregulated expression of BCL-2.
A previous study has revealed that ZOL induces antiproli-
ferative and apoptotic effects in human pancreatic cancer
cells in vitro.?” The proapoptotic effect was correlated to
cleavage/activation of caspase-9 and poly(ADP)-ribose poly-
merase, but not of caspase-3. In the current study, the propor-
tion of cells cell in S phase was increased by ZOL treatment;
however, no significant alteration was observed compared
with the control treatment. By contrast, combined treatment
with ZOL and IR resulted in a significantly increased propor-
tion of S phase cells, suggesting ZOL and radiation exert
synergistic effects. This finding is consistent with our pre-
vious reports.'*'°

Our previous studies have also demonstrated that ZOL
inhibits invasion and migration of nasopharyngeal carcinoma
cells via attenuation of vascular endothelial growth factor
and matrix metalloproteinases (MMPs).%° This observation is
consistent with the finding in another report on pancreatic
cancer, which suggested that combined treatment with ZOL
and gemcitabine has significant anti-proliferative, anti-
metastatic and anti-angiogenic effects on pancreatic cancer
cells in vitro and in vivo.* It has also been reported that ZOL
suppresses the invasiveness of pancreatic cancer cells by
downregulating the expression of MMP-2 and MMP-9.*
Additionally, the STAT3/NF-«B signaling has been identified
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Figure 4 Combined treatment with ZOL plus IR decreases invasiveness of pancreatic cancer cells. MIA-PaCa2 cells were treated with 2 pM ZOL 24 hrs after platting and
then irradiated with 4 Gy after 6 hrs. Cells invasion assays were then performed. The experiments were repeated three times in triplicate. Data are presented as the mean

+standard deviation. **P<0.01, ***P<0.001.
Abbreviations: ZOL, zoledronic acid; IR, ionizing radiation.
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Figure 5 Inactivation of STAT3/NF-kB signaling is involved in enhanced radio-
sensitivity induced by ZOL plus IR. MIA-PaCa2 cells were treated with 2 pM
ZOL (6-hr exposure) then cells were irradiated (4 Gy single fraction). Western
blot analyses were performed at 24 hrs after irradiation using antibodies against the
indicated proteins.

Abbreviations: ZOL, zoledronic acid; IR, ionizing radiation; STAT3, signal trans-
ducer and activator of transcription 3; NF-«B, nuclear factor-«B.

as an important pathway that regulates cancer progression,
particularly in inflammation-driven tumorigenesis and
metastasis.”® Inactivation of STAT3/NF-«kB signaling in pan-
creatic cancer cells may mediate the anti-proliferative and
anti-metastatic effects of ZOL and IR combined treatment.

In summary, ZOL combined with IR was demon-
strated to reduce the proliferation and invasion of
pancreatic cancer cells. These results confirm that co-
treatment with ZOL and IR results in a synergistic
effect, which is greater than the effects of their use
individually. Additionally, inactivation of STAT3/NF-
kB signaling has an important role in the radio-
sensitivity of human pancreatic cancer cells induced by
ZOL. Overall, the findings of the current study offer
a promising strategy for the future application of this
drug regimen in patients with pancreatic cancer.
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