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Zoledronic acid augments the radiosensitivity of cancer cells

through perturbing S- and M-phase cyclins and p2
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Abstract. Radiotherapy and adjuvant chemotherapy have
become the standard treatments for multiple types of cancer.
Although cancer cells are usually sensitive to radiotherapy,
metastasis and local failure still occur mainly due to developed
resistance to radiotherapy. Thus, it is critical to improve thera-
peutics for cancer treatment. The present study demonstrated
that third-generation bisphosphonate zoledronic acid (ZOL),
even at a low concentration, augments the radiosensitivity of
cancer cells exposed to ionizing radiation (IR) by inducing
S-phase arrest and subsequently promoting apoptosis. This
function of ZOL was associated with elevated levels of cyclin
A and cyclin B in the S and M phases, as well as decreased
p21€™! expression. In addition, ZOL also inhibited malignant
the invasiveness of cancer cells. Notably, these effects could
be enhanced concurrently with IR. The present data indicated
that combined treatment with ZOL plus IR may be a novel
technique to augment the radiosensitivity of cancer cells.

Introduction

Radiotherapy and adjuvant chemotherapy have become the
standard treatments for multiple types of cancer, including
esophageal and nasopharyngeal carcinoma (1,2). Although
radiotherapy is widely used to treat early-stage tumors, patients
with advanced-stage tumors often experience failure of
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treatment mainly due to resistance to radiotherapy, resulting in
recurrence and distant metastases (2-6). Therefore, the develo-
pment of potent and reliable radiosensitizers is necessary for
improving overall treatment outcomes in cancer therapy.

Zoledronic acid (ZOL) is a compound containing nitrogen
and bisphosphonates, which harbors anti-reabsorption
effects (7). ZOL is used as therapy for bone metastasis in
malignancy and a number of metabolic disorders, including
bone pain, bone fractures and hypercalcaemia (8,9). ZOL
inhibits farnesyl pyrophosphate synthase, a key enzyme in
the isoprenoid biosynthetic pathway, and prevents prenylation
of small guanosine triphosphate-binding proteins, including
Rho, p21™, cell division cycle 42, Rac and Rab, which
are essential for different cellular functions such as signal
transduction and cell adhesion (7-9). ZOL is considered to
possess antitumor activity, particularly in combination with
chemotherapeutic anticancer drugs (10-12). This effect of ZOL
could be observed on cancer cells derived from a variety of
tumors, including breast, prostate and pancreatic cancers, by
inducing cell apoptosis and inhibiting cell invasion, adhesion
and angiogenesis (10-13). Currently, numerous patients with
bone metastases secondary to a broad range of solid tumors
are benefiting from the antitumor effects of ZOL (14).

Our previous study demonstrated the synergistic cytotoxic
effects of ZOL and ionizing radiation (IR) on esophageal squa-
mous cell carcinoma and endothelial cells (15). Accordingly,
combined treatment with ZOL plus IR may be an encouraging
method to treat cancer with less side effects and complica-
tions, compared with the use of these agents alone (15-20).
However, the molecular mechanism of the radiosensitizing
ability of ZOL in cancer cells remains mostly unknown. In the
present study, ZOL was revealed to enhance the sensitivity of
cancer cells to IR by inducing S-phase arrest in the cell cycle
and subsequently promoting apoptosis, which may be due to
elevated levels of cyclin A and cyclin B in the S and M phases,
as well as decreased expression of the cyclin-dependent kinase
inhibitor p21°™™!,

Materials and methods

Cell culture and reagents. Cancer cell lines (HNE-1 and
CNE-2) were gifted from Miss Jiongyu Chen (Cancer Hospital



4238

of Shantou University Medical College, Shantou, China) and
cultured as described previously (21). The above two cell lines
are identified as mixed cancer types (22,23). ZOL was kindly
supplied by Novartis Pharma AG (Basel, Switzerland) and
diluted in 0.9% saline at a concentration of 10 mM as stock.
Aliquots were stored at -20°C and added to the Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) immediately prior to use.

Cell viability assay. An MTT colorimetric assay was used
to measure the proliferation rate of tumor cells treated with
ZOL as described previously (13,19). 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 h
of culture at 37°C, cells were incubated with ZOL at various
concentrations (2-32 uM) at 37°C for 48 or 72 h, followed by
MTT assays. The purple formazan in each well was dissolved
in dimethyl sulfoxide and measured at 490 nm.

Colony formation assay. A colony formation assay was
performed as previously described (15). Cells were seeded
on 6-well plates at various cell densities (100, 200, 400, 600,
800 cells/well) and allowed to grow at 37°C for 12 h. Cells
were then pretreated with ZOL (2 uM) for 6 h followed by
transient exposure to increased doses of irradiation (2-6 Gy,
1 Gy/min) generated by the Gammacell 3000 Elan system
(MDS Nordion, Inc., Kanata, ON, Canada). At 24 h after
radiation exposure, the medium was replaced with ZOL-free
DMEM (Gibco; Thermo Fisher Scientific, Inc.) and cells were
cultured at 37°C for 12-14 days. Cellular colonies were formed
and were stained with 0.5% crystal violet (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) at 37°C for 5 min.
Cellular colonies were counted under a phase-contrast micro-
scope (magnification, x100; Carl Zeiss, Thornwood, NY, USA)
if >50 cells were in a single colony. The surviving fraction (SF)
of each plate under different radiation dosages was calculated
by dividing the number of cellular colonies by the number of
cells plated, and was normalized to the SF of cells without
radiation treatment.

Cell cycle analysis. Flow cytometry was used to analyze the
cell cycle distribution when cells were pretreated with ZOL
(2 uM) for 12 h and then exposed to a single IR dose (4 Gy) for
6 h. Media were replaced the next day, and cells were harvested
at 500 x g for 15 min at 4°C and fixed in 70% ethanol overnight
at -20°C. Cells were resuspended and incubated with 500 pl
of a solution containing 10 pg/ml propidium iodide (PI),
100 pg/ml RNase (Sigma-Aldrich; Merck KGaA) and 20 mM
EDTA at 37°C for 1 h, followed by cytometric flow analysis.
DNA content and the percentages of cells in each cell cycle
phase were measured by FACSCalibur (BD Biosciences,
Franklin Lakes, NJ, USA).

Cell invasion assay. This procedure has been described
previously (15,21). Briefly, cells were pretreated with 2 yM
ZOL and then plated in 24-well Matrigel-coated Transwell
inserts (EMD Millipore, Billerica, MA, USA) at 5x10* cells
per 500 pl of serum-free Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.). The bottom chamber
of the Transwell insert was filled with 750 ul of DMEM with
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Figure 1. ZOL affects the cell proliferation of (A) CNE-2 and (B) HNE-1
cells in a dose-dependent manner. PBS (vehicle control) or ZOL (2-32 yM)
was added to the cell culture medium for 48 or 72 h. MTT assay was used
to evaluate the cell viability. The experiments were repeated three times.
“P<0.05, “P<0.01 compared with the vehicle control group. ZOL, zoledronic
acid.

10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.). Irradiation (4 Gy) was immediately applied to cells.
Crystal violet (4%) was used to stain the migrated cells for
15 min at room temperature, which were then counted using an
inverted microscope at x100 magnification. Invasion activity
was assessed by the mean number of migrated cells in three
microscopic fields, selected randomly.

Western blot analysis. Western blot analysis was performed
as described previously (15,21,24). The cells were lysed using
radioimmunoprecipitation assay lysis buffer (Tiangen Biotech
Co., Ltd., Beijing, China) and ~50 ug of total protein from each
sample was separated by 12% SDS-PAGE, followed by transfer
to a polyvinylidene difluoride membrane (EMD Millipore).
The membrane was blocked overnight at 4°C using 5% bovine
serum albumin (Sigma-Aldrich; Merck Millipore) in PBS.
The membrane was then incubated with the following
primary antibodies overnight at 4°C: Rabbit polyclonal
antibodies against cyclin A (cat. no. sc-751; dilution, 1:400;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), cyclin B
(cat. no. sc-25764; dilution, 1:500; Santa Cruz Biotechnology,
Inc.), cyclin D1 (cat. no. sc-717; dilution, 1:200; Santa Cruz
Biotechnology, Inc.) and cyclin E (cat. no. sc-717; dilution,
1:200; Santa Cruz Biotechnology, Inc.), and mouse monoclonal
antibodies against p21°™! (cat. no. sc-717; dilution, 1:200; Santa
Cruz Biotechnology, Inc.) and p27%™! (cat. no. sc-817; dilution,
1:500; Santa Cruz Biotechnology, Inc.). Subsequent to washing
with 0.1% Tween-20 in PBS, the membranes were then incu-
bated with the following horseradish peroxidase-conjugated
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Figure 2. ZOL inhibits clonogenic survival synergistically with IR in (A) CNE-2 and (B) HNE-1 cells. Cells were pretreated with vehicle control or 2 yM
of ZOL for 6 h prior to exposure to IR at the indicated doses. The medium was changed the next day and the cells were subsequently incubated in normoxic
conditions for 12-14 days prior to staining. Cell colonies were stained and counted, and the relative surviving fraction was calculated. Data are presented as the
mean =+ standard deviation of three independent experiments. P<0.05, “P<0.01 compared with the control group. ZOL, zoledronic acid; IR, ionizing radiation.

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.) and rabbit anti-mouse IgG (cat.
no. sc-358914; dilution, 1:2,000; Santa Cruz Biotechnology,
Inc.). Proteins were detected using an enhanced chemilumi-
nescence 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 assure
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 t-test with Bonferroni
adjustment or one-way analysis of variance (ANOVA),
followed by the Student-Newman-Keuls post-test for multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

ZOL induces anti-proliferative effects on cancer cells. The
MTT cytotoxicity assays demonstrated that ZOL decreased
the viability of the two cancer cell lines in a dose-dependent
manner, either after 48 or 72 h of treatment (Fig. 1). Notably,
the anti-proliferative effects of ZOL on different cell lines
were slightly different, with HNE-1 cells being less sensitive
to the ZOL compared with CNE-2 cells. These data indicated
that different cellular responses to ZOL depend on the intrinsic
sensitivity of each cell line.

ZOL enhances IR-induced clonogenic inhibition. Analyses of
clonogenicity were then performed to evaluate the quantities
of living cellular clones following co-treatment of ZOL plus
IR. For all subsequent studies, a relatively low dose of ZOL at
2 uM was applied to cells as pretreatment prior to IR exposure.
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Figure 3. Effects of ZOL and IR on cell cycle distribution. (A) CNE-2 and
(B) HNE-1 cells were pretreated with 2 uM of ZOL for 6 h, and then irradiated
at 4 Gy. The medium was changed the next day. Cell cycle distribution was
measured by flow cytometry at 24 h post-irradiation. “P<0.01 compared with
the control group. ZOL, zoledronic acid; IR, ionizing radiation.

As shown in Fig. 2, combined treatment of CNE-2 and HNE-1
cells with ZOL plus IR significantly inhibited the growth of
clonogenic cells as compared with that caused by IR treatment
alone.

ZOL triggers cell cycle accumulation in S phase. Flow cytom-
etry was then used to determine whether the anti-proliferative
effects of ZOL plus IR were associated with cell cycle distri-
bution changes. As shown in Fig. 3, no significant alteration of
the cell cycle was observed in CNE-2 or HNE-1 cells treated
with ZOL alone. However, co-treatment with ZOL (2 uM)
plus IR (4 Gy) resulted in significantly increased S-phase cell
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Figure 4. ZOL increases the protein levels of cyclin A and cyclin B, and
decreases p21°"™! expression. CNE-2 and HNE-1 cells were treated with
2 uM of ZOL for 6 h, and then irradiated at 4-Gy single fractions. Western
blot analysis was performed following IR for 24 h using antibodies against
the indicated proteins. ZOL, zoledronic acid; IR, ionizing radiation.

proportions (P<0.01). In addition, subG1-phase cell propor-
tions were slightly higher in the two cell lines following
co-treatment with ZOL plus IR, compared with ZOL or IR
treatment alone.

ZOL plus IR elevates the expression levels of S- and M-phase
cyclins. According to previous studies, it is controversial
whether ZOL affects cyclin and cyclin-dependent kinase inhib-
itor expression levels in cancer cells (14,25-27). To elucidate
the mechanism by which ZOL causes S-phase arrest in CNE-2
and HNE-1 cells, the expression status of cyclins A, B, D1 and
E, as well as p21™" and p27%™!, was examined by western blot
analysis (Fig. 4). Although there was a slight increase in p21¢™"
protein levels, treatment with ZOL (2 uM) or IR (4 Gy) alone
exhibited a limited effect on expression patterns. By compa-
rison, the combined treatment led to an increase in cyclin A
and B, with a concomitant faint decrease in cyclins DI and E.
In addition, a decreased level of p21°™' protein was observed,
while p27%™! expression was generally unaltered.

ZOL plus IR results in significant anti-metastatic effects
on cancer cells. Our previous study reported that ZOL may
impair cancer cell migration and invasion via downregulating
vascular endothelial growth factor and matrix metallopro-
teinase expression (28). Therefore, the aim of the present study
was to examine whether this anti-metastatic effect could be
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Figure 5. ZOL decreases the mobility and invasiveness of cancer cells.
These effects were more significant when combined with IR. (A) CNE-2
and (B) HNE-1 cells were treated with 2 uM of ZOL 24 h after plating and
then irradiated at 4 Gy 6 h later. Cells were subjected to invasion assays.
Representative fields (magnification, x100) of invaded cells are shown.
(C) Quantitative analysis from three independent experiments. Data are
presented as the mean =+ standard deviation. “P<0.001 compared with the
control. ZOL, zoledronic acid; IR, ionizing radiation.

augmented by co-treatment with ZOL plus IR. Invasion assays
were performed on CNE-2 and HNE-1 cells treated with ZOL
plus/or IR. ZOL treatment (2 yM) significantly decreased
the number of invaded cells on the membrane coated with
Matrigel in the chambers, as compared with that of the control
(Fig. 5). As expected, the anti-metastatic effects of ZOL were
enhanced markedly when combined with IR, whereas IR treat-
ment alone had marginal effects. These data suggested that the
anti-metastatic effects caused by ZOL and IR were synergistic,
which indicates that the effects induced by the combination of
ZOL and IR are greater than the sum of the effects caused by
ZOL and IR individually.

Discussion

Resistance to chemotherapeutics and radioactive rays remain
the major factors for clinical cancer therapy (3-5). Therefore,
it is important to identify reliable radiosensitizers that can
increase the sensitivity of cancer cells to IR. Accumulated
evidence has revealed that prolonged cell cycle progression
with increased susceptibility to apoptosis and Ras signaling
inhibition in tumor cells may contribute to the cellular
mechanisms of ZOL as a radiosensitizer (17-20). These results
demonstrate the possibility that the radiosensitizing effects
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of ZOL and its direct antitumor effects are valuable charac-
teristics for therapeutic interventions in cancer. In the present
study, a significant synergistic antitumor effect induced
by combination of ZOL plus IR was documented in cancer
cells, at least in part through upregulating S- and M-phase
cyclins and decreasing p21<™! levels. In addition, these effects
were accompanied by apoptosis of subGl-phase cells. It was
revealed that co-treatment with ZOL plus IR resulted in
augmented inhibition of cell invasion, over the simple additive
effect for each treatment alone.

It has been reported that the peak concentration of ZOL in
serum, which is maintained only for a few h, is 1-3 xM (29).
This observation indicates that the optimal serum concentra-
tions of ZOL may not be readily achieved for its antitumor
activity. It is unlikely that ZOL directly induces apoptotic
effects at primary sites of solid tumors. By contrast, patients
with advanced disease states, including bone metastasis and
bone marrow carcinomatosis, may benefit from ZOL, where
ZOL would be able to (or at least partially) induce apoptosis
in tumor cells (8-10). Thus, ZOL is currently being used to
treat cancer, together with other anticancer drugs, including
chemotherapeutic drugs, molecular targeted drugs and other
biological agents (10-12). The addition of ZOL in cancer
therapy not only results in synergistic anticancer effects with
other drugs, but also lowers the toxicity effects caused by these
drugs (10-12). Similarly, since the present study focused on the
anticancer effects caused by combination with ZOL and IR,
a relatively lower concentration of ZOL (2 uM) was selected,
according to the result from the MTT cytotoxicity assays
(Fig. 1). This combination of ZOL plus IR did not expose cells
to excessive drug toxicity and allowed the radiosensitizing
effect of ZOL to be investigated. This was consistent with other
previous studies (15-20), in which ZOL plus IR decreased the
drug concentration and the amount of irradiation to make the
combination safer than when ZOL or radiotherapy were used
alone, with less side effects. According to the current study,
treatment of cancer cells with a low concentration of ZOL
(2 uM), which can be achievable clinically, could enhance the
radiotherapeutic effects. These results suggest that ZOL in
combination with IR may be utilized in clinical use, particu-
larly in patients with cancer.

Generally, tumor cells during late S and G2/M phases
are the most sensitive to radiotherapy (30,31). In the present
study, flow cytometry indicated that the proportion of cells in
the S and subGl phases was increased following combined
treatment with ZOL plus IR; however, ZOL used alone had
no effect on the cell cycle. These data suggest that co-treat-
ment with ZOL plus IR may lead to prolonged cell cycle
progression and subsequent apoptosis. The present results
are similar to the observations reported previously on other
types of cancer cells (17-20). These findings suggest that the
underlying mechanism of the radiosensitizing effect may
involve not only prolongation of cell cycle progression but
also induction of apoptosis. Notably, p53, a tumor-suppressor
gene involved in numerous intracellular pathways triggered
by IR exposure, is often disrupted in multiple cancers (32).
The p53-independent apoptotic effect suggests that ZOL
may serve as a promising tool to treat cancers, particularly
those with radio or chemoresistance due to loss of p53
function (25,33).
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It has been reported that ZOL may induce cell-cycle prolon-
gation by altering the expression of certain cyclins and their
associated regulatory proteins (13,24-26). The present study
also revealed that co-treatment with ZOL plus IR elevated the
expression levels of S- and M-phase cyclins, cyclin A and B,
while downregulated the cyclin-dependent kinase inhibitor
p21€™! which may lead to cell cycle arrest between intra-S
and M phases. Of note, the expression levels of cyclins D1
and E, as well as p27%™', were not significantly altered upon
combined treatment. These results are in accordance, at least
in part, with other cancers reported previously (13,24-26).

In the present study, it was also revealed that combined
treatment with ZOL plus IR exhibited synergism rather than
their individual use, as demonstrated by the anti-invasive effects
against cancer cells. Thus, co-treatment with ZOL plus IR may
be used to increase the anti-proliferative and anti-metastatic
effects, and to decrease side effects and complications. These
findings suggest that ZOL in combination with IR may be a
promising therapy for cancer patients.
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