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Although ionizing radiation (IR) has provided considerable improvements in nasopharyngeal carcinoma
(NPC), in subsets of patients, radioresistance is still a major problem in the treatment. In this study, we
demonstrated that irradiation induced MET overexpression and activation, and the aberrant MET signal
mediated by hepatocyte growth factor (HGF) induced radioresistance. We also found that MET inhibitor
PHA-665752 effectively suppressed HGF induced cell proliferation and radioresistance in NPC cells.
Further investigation indicated that PHA-665752 suppressed the phosphorylation of the Akt, ERK1/2,
and STAT3 proteins in a dose-dependent manner. Our data indicated that the combination of IR with a
MET inhibitor, such as PHA-665752, might be a promising therapeutic strategy for NPC.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Nasopharyngeal carcinoma (NPC) is the most common cancer
of the head and neck, and it is highly prevalent and endemic in
Southern China and Southeast Asia, with an annual incidence rate
of approximately 20 cases per 100,000 people in endemic areas
[1]. The epidemiological evidence implies that environmental risk
factors, Epstein-Barr virus (EBV) infection and genetic susceptibility
play crucial roles in the carcinogenesis of NPC [2]. Whereas
radiation therapy (RT) has remained the mainstay of treatment
for early stage NPC, after primary treatment with radiotherapy or
chemo-irradiation, more than 30% of patients will relapse with local
or regional recurrence or distant metastasis [3]. Concurrent or pal-
liative chemotherapy is given with radiotherapy for the treatment
of locally advanced disease, such as stage Ill and non-metastatic
stage IV disease [4,5]. The overall survival after recurrence is poor,
with median survival ranging from 7.2 to 22 months [6-8]. Because
of the advent of molecular targeted therapy over the past decade,
some reagents such as the anti-EGFR antibody, cetuximab, and
the anti-VEGF antibody, bevacizumab, have been employed against
NPC [9,10]. Increasing evidence has shown that the combination of

* Corresponding author.
E-mail address: wangwei9500@hotmail.com (W. Wang).
! These authors equally contributed to this work.

http://dx.doi.org/10.1016/j.bbrc.2014.04.147
0006-291X/© 2014 Elsevier Inc. All rights reserved.

molecular target reagents and radiation might provide a more
effective therapeutic strategy for NPC. However, the influence of
molecular targeted therapy to the radiosensitivity of NPC has rarely
been investigated.

MET, a transmembrane receptor tyrosine kinase, consists of a
45-kD a and a 150-kD subunit [11]. HGF, the only known ligand,
binds to the extracellular region, leading to receptor dimerization
and phosphorylation of the intracellular tyrosine kinase domains
[11]. The activation/phosphorylation of the intracellular domain
prompts activation of downstream signaling, predominantly
through the phosphatidylinositide 3-kinase (PI3K)/Akt, mitogen-
activated protein kinase (MAPK), and signal transducers and
activators of the transcription (STAT) pathways [11-14]. MET has
important roles in the malignant transformation of cancer cells
[11]. Targeting MET has shown promise for the treatment of various
types of cancer and is currently being tested in phase III trials for
non-small cell lung cancer (NSCLC). In NPC, high MET expression
was statistically significant for negative prognostic factors of
survival [15].

Many studies have shown that MET is an attractive candidate
for targeted anticancer therapy, frequently in combination with
chemotherapy [16]. MET plays important roles in cancer metasta-
sis and DNA damage and repair pathways [17,18]. Studies have
shown that MET was involved in the radioresistance of tumors
such as prostate cancer and brain metastasis of breast cancer
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[19,20]. Ionizing radiation induces overexpression and activity of
the MET oncogene, which promotes cell invasion and protects cells
from apoptosis, thus supporting radioresistance [21]. Since the
radiotherapy is essential in the treatments of NPC, the role of
MET inhibition to the radiosensitivity of NPC should be evaluated
specifically.

In this study, we investigated the anti-tumor and radiation-sen-
sitizing effects of MET inhibitor PHA-665752 in NPC cells. Our find-
ings suggested that the combination of MET inhibition and
radiation might lead to important clinical benefits in NPC and pro-
vide the basis for further development of a targeted therapeutic
strategy for NPC.

2. Materials and methods
2.1. Cell culture and reagents

The NPC cell line CNE-2 was kindly provided by Prof. Xia Yunfei
(Sun Yat-sen University Cancer Center, Guangzhou, China). The
CNE-1, HONE-1, SUNE-1 and NP69 cell lines were maintained in
our lab. The human immortalized nasopharyngeal epithelial cell
line NP69 was cultured in Keratinocyte/serum-free medium (Invit-
rogen, Carlsbad, CA, USA) containing bovine pituitary extract (BD
biosciences, San Jose, CA, USA). The other human NPC cell lines
were maintained in RPMI-1640 containing 10% fetal bovine serum
(FBS), 100 units/ml penicillin, 50 pg/ml streptomycin and 2 mM of
glutamine. All cell lines were incubated at 37 °C in a humidified
atmosphere of 5% CO, in air.

The PHA-665752 (MET inhibitor) was obtained from Selleck
Chemicals (Houston, TX, USA) and dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, St. Louis, MO, USA) at a concentration of
10 mM.

2.2. Cell proliferation assay

Cell proliferation assay was performed using the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium (MTT) dye reduc-
tion method [22]. Briefly, cells were seeded at a density of
2 x 103 cells/well in 96-well plates and incubated for 24 h. The
cells were then treated with DMSO as a control or different
concentrations of PHA-665752 and/or HGF (20 ng/ml). After 72 h
treatment, 50 pl of MTT (5 mg/ml; Sigma-Aldrich) were added to
the cell culture and incubated for 2 h at 37 °C. The reaction was
stopped by the addition of 100 ul DMSO (Sigma-Aldrich). The
absorbance was measured at 570 nm with a microplate reader.
Results were expressed as a percentage of untreated group. Each
experiment was performed independently at least three times,
each with triplicate samples.

2.3. Antibodies and Western blotting

The primary antibodies used in this study were rabbit anti-MET
(8198), phospho-MET (3135), Akt (9272), phospho-Akt (4060),
STAT3 (4904), phospho-STAT3(4093), Erk1/2 (4695) and
phospho-Erk1/2 (4094) (1:1000 each; Cell Signaling Technology,
Danvers, MA). Western blotting was performed as previously
described [23].

2.4. Clonogenic survival assays

CNE-1 and HONE-1 cells were seeded onto 60-mm dishes at
specific cell densities. After overnight incubation, NPC cells were
pretreated with DMSO as a vehicle control or PHA-665752
(1 M) and/or HGF (20 ng/ml) for 1 h followed by irradiation to a

dose of 0-8 Gy and washed away 24 h after irradiation. After
10-14 days, the cells were fixed in 100% methanol and stained
with 0.5% crystal violet. Then, the colonies of at least 50 normal-
appearing cells were counted and the survival fraction was
calculated as described previously [24]. The data were analyzed
using the single-hit multi-target model [25]. By using GraphPad
Prism 5.0 software (GraphPad, La Jolla, CA), the survival fractions
(SF) to fitted to the following single-hit multi-target formula:
SF=1—(1—e PPN,

2.5. y-H2AX assay

Residual DNA damage in irradiated CNE-1 and HONE-1 cells
was determined by measuring residual y-H2AX foci. The y-H2AX
antibody was used to visualize the dsDNA breaks, as previously
described [26]. Briefly, 2 x 10% cells were plated in chamber slides
and allowed to attach overnight. Then, the cells were pretreated
with PHA-665752 (1 pM) and/or HGF (20 ng/ml) for 1 h before
irradiation (4 Gy), and incubation for another 24 h. After that, the
cells were fixed in 4% paraformaldehyde and incubated with a
primary antibody against y-H2AX (Abcam, San Francisco, CA,
USA) overnight. Next, the primary antibody was washed off, and
a secondary antibody conjugated to fluorescein isothiocyanate
(FITC) was applied to the slides. Slides were examined using a fluo-
rescence microscope (Olympus BX51, Tokyo, Japan). For each treat-
ment condition, the y-H2AX foci were counted in at least 50 cells.

2.6. Statistical analysis

Numerical results are expressed as the mean + standard
deviations (SD). The significant differences between the means
were measured by the two-tailed unpaired student’s t-test or
one-way ANOVA. For all statistical analysis, P<0.05 was
considered statistically significant.

3. Results

3.1. Irradiation induces overexpression and activation of MET in NPC
cells

We first determined the expression levels of the total and phos-
phorylated MET in four NPC cell lines and NP69 cells. As shown in
Fig. 1A, the expression of the total and phosphorylated MET was
upregulated in NPC cell lines compared with NP69 cells, indicating
a high level of activation of the MET pathway in NPC cells. Then, we
assessed the effect of irradiation on the activation and expression
of MET in the NPC cells. We selected CNE-1 and HONE-1 cells for
this study and further investigation according to our preliminary
experiments, as these two cell lines were more sensitive to the
MET inhibitor PHA-665752. As shown in Fig. 1B, IR significantly
increased the expression of MET and phospho-MET with two peaks
after 1h and 24 h in the CNE-1 and HONE-1 cells. These results
demonstrated that irradiation induces overexpression and activa-
tion of MET in NPC cells.

3.2. HGF enhances cell proliferation by activating MET, which can be
reversed by MET inhibitor PHA-665752

We next examined the effect of the MET ligand, HGF, on the
proliferation of NPC cells. As shown in Fig. 2A, HGF strongly stim-
ulated MET and increased the expression levels of phospho-MET as
well as the total MET in NPC cells. Moreover, HGF significantly
increased the proliferation of these cells (Fig. 2B). A MET tyrosine
kinase inhibitor, PHA-665752 completely canceled the effect of
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Fig. 1. Irradiation induces overexpression and activation of MET in NPC cells. (A)
Basal expression of total and phosphorylated MET in nasopharyngeal carcinoma cell
lines compared with an immortalized human nasopharyngeal epithelial cell line,
NP69. (B) CNE-1 and HONE-1 cells were exposed to 4 Gy irradiation. The cell lysates
were harvested at various time points after irradiation, and the indicated proteins
were determined by Western blotting.

HGF (Fig. 2B). Further experiments showed that PHA-665752
inhibited cell proliferation in a dose-dependent manner in the
CNE-1 and HONE-1 cells (Fig. 2C). These data suggested that the
HGF/MET signaling pathway is critical for cell survival in NPC cells
and that the MET tyrosine kinase inhibitor PHA-665752 could
effectively block this pathway.
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3.3. PHA-665752 increases the radiosensitivity and reverses the
radioresistance induced by HGF in NPC cells

To evaluate the effect of MET inhibitor PHA-665752 on the
radioresistance induced by HGF in NPC cells, clonogenic survival
assay was performed. As shown in Fig. 3A, HGF increased the
survival fraction of NPC cells after IR, whereas the PHA-665752
treatment significantly reduced the survival fraction and reversed
the effect of HGF on the radiation response in NPC cells.

To further investigated the molecular mechanism of the radio-
sensitivity effect of MET inhibition, we tested the effects of PHA-
665752 on the DNA damage response by measuring the number
of y-H2AX foci after irradiation, which is considered a sensitive
molecular marker of DNA double strand breakage and repair. As
shown in Fig. 3B, CNE-1 and HONE-1 cells treated with PHA-
665752 in combination with IR led to a dramatic persistence of
the y-H2AX foci at 24 h post-IR administration compared with
exposure to IR alone. Cells treated with HGF and IR led to a less
persistence of y-H2AX foci compared with exposure to IR alone,
whereas the administration of PHA-665752 reversed the effect
induced by HGF. These results clearly demonstrated that MET
inhibitor PHA-665752 increases the radiosensitivity and reverses
the radioresistance induced by HGF in NPC cells in a manner that
might be associated with the persistence of DNA damage.

3.4. PHA-665752 induces suppression of three downstream signaling
pathways in NPC cells

Next, we examined which downstream pathway(s) was respon-
sible for the effect of the MET inhibitor PHA-665752 in the NPC
cells. As shown in Fig. 4, we found that PHA-665752 inhibited
the phosphorylation of MET in the CNE-1 and HONE-1 cells,
thereby slightly inhibiting the phosphorylation of Akt, ERK1/2
and STAT3. Although PHA-665752 strongly inhibited the MET
phosphorylation even at a low concentration (0.1 uM), the phos-
phorylation of the downstream signaling molecules of these three
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Fig. 2. HGF enhances cell proliferation by activating MET, which can be reversed by MET inhibitor PHA-665752. (A) CNE-1 and HONE-1 cells were incubated with 20 ng/ml of
HGF for 1 h. The cell lysates were harvested and the indicated proteins were determined by Western blotting. (B) CNE-1 and HONE-1 cells were incubated with HGF (20 ng/
ml) and/or PHA-665752, and the cell growth was determined after 72 h using an MTT assay. Data are presented as the mean # SD. The bars indicate the SD. PHA1, 1 uM of
PHA-665752; PHA2, 2 uM of PHA-665752. *P < 0.05, compared with control group. (C) CNE-1 and HONE-1 cells were incubated with various concentrations of PHA-665752,
and the cell growth was determined after 72 h using an MTT assay. *P < 0.05, compared with control group.
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Fig. 3. PHA-665752 increases the radiosensitivity and reverses the radioresistance induced by HGF in NPC cells. (A) The clonogenic survival assays of the CNE-1 and HONE-1
cells treated with PHA-665752 (1 uM) and/or HGF (20 ng/ml) followed by irradiation in a range of radiation doses. Each data point represents the mean of three
experiments + SD. The bars indicate the SD. (B) Radiosensitization induced by PHA-665752 is accompanied by the persistence of the y-H2AX foci. (Left) Representative
immunofluorescence micrographs of the y-H2AX foci formation in PHA-665752 (1 pM), HGF (20 ng/ml), IR and their combination groups. The micrographs were taken at
»x400 magnification. (Right) The median number of the y-H2AX foci per cell. The bars indicate the SD. “P < 0.01 compared with the IR alone group.

pathways were suppressed slightly. The phosphor-ERK1/2 was sig-
nificantly inhibited by PHA-665752 in the CNE-1 cells, whereas a
similar level of inhibition was not found in the HONE-1 cells,
although PHA-665752 showed similar effects in both cell lines in
cell growth inhibition and radiosensitization. These data suggested
that the PHA-665752 inhibition of cell proliferation and the
increase in the radiosensitivity of NPC cells might not be through
a single downstream pathway.

4. Discussion

In this study, we demonstrated that IR induced the overexpres-
sion and activation of MET in NPC cells. We also found that HGF
stimulated the proliferation and radioresistance of NPC cells by
activating MET, which could be overcome by MET inhibitor

PHA-665752. Further investigation indicated that PHA-665752
suppressed the phosphorylation of the Akt, ERK1/2, and STAT3
proteins in a dose-dependent manner. Our results suggest that
the MET inhibitor PHA-665752 could effectively sensitizes NPC
cells to radiation.

Over the last decade, combination of chemotherapy and radio-
therapy for recurrent or metastatic NPC has led to the increase in
response rates, which also accompanied by unavoidable increased
toxicity. Various biological agents are directed at different thera-
peutic targets, such as the EGFR, the VEGFR and other potential tar-
gets. Cetuximab is the only biological agent in its class that appears
to be a promising agent to restore chemo-sensitivity in heavily pre-
treated NPC patients, as well as in combination with standard
chemo-irradiation. In a phase II study using a combination of
cetuximab with cisplatin and intensity-modulated radiotherapy
(IMRT) in patients with stage III or stage IV NPC, the two-year pro-
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Fig. 4. PHA-665752 induces suppression of three downstream signaling pathways in NPC cells. CNE-1 and HONE-1 cells were incubated with various concentrations of PHA-

665752 for 1 h. The cell lysates were harvested and the phosphorylation of the indicated proteins was determined by Western blotting.
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gression free survival (PFS) was 86.5%. In this clinical study, the
patients had a high incidence of grade 3-4 mucositis (87%) and
grade 3 radiotherapy-related dermatitis (20%) [9]. This result
indicated that although IMRT decreased the side effects of radio-
therapy for NPC when combined therapies with biological agents
were used, the side effects remained a problem. The prevention
of radiation side effect includes ensuring the radiosensitization of
cancer cells and the radioprotection of normal cells. MET activity
has been associated with increased radiation resistance. MET is
an upstream activator of Akt, which has been linked to radiation
resistance [27]. Because MET was higher expressed and activated
in NPC cells than related normal cells, MET inhibition could be a
good candidate for decreasing the side effects of radiation. In this
study, our data showed that a MET inhibitor PHA-665752 signifi-
cantly inhibited cell proliferation as well as increased radiosensi-
tivity. A combination of PHA-665752 and irradiation might be an
ideal strategy to decrease the dose of radiotherapy and hence min-
imize the side effects of radiotherapy.

Recent studies have demonstrated that increasing DNA damage
has emerged as an attractive path to enhance tumor cell radiosen-
sitivity [28]. Our data indicated that the radiosensitization effect of
PHA-665752 on the NPC cells was associated with an increased
persistence of the y-H2AX foci after IR, suggesting that the cellular
DNA damage increased upon the MET inhibition. Although the
rationale for the MET inhibition to increase the DNA damage ability
has not been well documented, it has been reported that the sig-
naling pathways downstream of RTKs intersect with the DNA dam-
age mechanisms to modulate a cellular response to IR. All of the
MAPK/PI3K/STAT pathways were reported to be involved in DNA
damage and repair [29,30]. Our results showed that the selective
MET inhibitor, PHA-665752, could efficiently inhibit the phosphor-
ylation of AKT, MAPK, and STAT3, which are three key components
of the MET signaling pathways, and regulate the DNA damage and
repair ability in NPC cells.

We have shown that HGF stimulated the proliferation and
radioresistance of NPC cells by activating the MET. High HGF
expression in tumor cells or in stromal cells was significantly asso-
ciated with an advanced clinical stage, lymph node metastasis, and
a worse prognosis of NPC patients [31,32]. Hypoxia is a common
reason for radioresistance. The HGF/MET signal pathway is
reported to be activated by hypoxia and to result in migration
and metastasis [33]. The HGF/MET signal might be involved in
hypoxia-induced radioresistance in NPC. MET inhibition might
radiosensitize NPC by deactivating the downstream signals as well
as reducing the hypoxia-induced radioresistance. This finding
should be evaluated in a further study.

Our results showed that targeting HGF/MET signaling in NPC
has anti-tumor activity and improves the efficacy of radiotherapy.
The radiosensitizing effect of the MET inhibitor, PHA-665752,
might be caused by increasing the residual DNA damage. These
effects were due to the simultaneous inhibition of three down-
stream signaling pathways in NPC cells. These findings suggest that
a combination of IR and PHA-665752 might be a useful therapeutic
strategy against NPC.
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