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Background. Previous study showed that hydroxyapa-
tite nanoparticles (nano-HAPs) inhibited glioma
growth in vitro and in vivo; and in a drug combination,
they could reduce adverse reactions. We investigated the
possible enhancement of radiosensitivity induced by
nano-HAPs.
Methods. In vitro radiosensitization of nano-HAPs was
measured using a clonogenic survival assay in human
glioblastoma U251 and breast tumor brain metastatic
tumor MDA-MB-231BR cells. DNA damage and
repair were measured using gH2AX foci, and mitotic
catastrophe was determined by immunostaining. The
effect of nano-HAPs on in vivo tumor radiosensitivity
was investigated in a subcutaneous and an orthotopic
model.
Results. Nano-HAPs enhanced each cell line’s radiosen-
sitivity when the exposure was 1 h before irradiation,
and they had no significant effect on irradiation-
induced apoptosis or on the activation of the G2 cell
cycle checkpoint. The number of gH2AX foci per cell
was significantly large at 24 h after the combination mo-
dality of nano-HAPs + irradiation compared with single
treatments. Mitotic catastrophe was also significantly in-
creased at an interval of 72 h in tumor cells receiving the
combined modality compared with the individual treat-
ments. In a subcutaneous model, nano-HAPs caused a
larger than additive increase in tumor growth delay. In
an orthotopic model, nano-HAPs significantly reduced
tumor growth and extended the prolongation of survival
induced by irradiation.
Conclusions. These results show that nano-HAPs can
enhance the radiosensitivity of tumor cells in vitro and

in vivo through the inhibition of DNA repair, resulting
in an increase in mitotic catastrophe.
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M
alignant brain tumors found commonly occur-
ring in adults, such as glioblastoma multi-
forme (GBM) and brain metastatic tumors,

are characterized by their dissemination and invasive-
ness, inducing frequent recurrence of those tumors
even after surgery and/or chemotherapy and radiothera-
py.1,2 Temozolomide given concurrently with radiother-
apy significantly increases overall survival of GBM
patients from 12.1 to 14.6 months compared with radio-
therapy alone3; however, the survival rate remains low,
prompting researchers to seek alternate treatments
through better understanding of cell biology and novel
therapeutic strategies that may supplement current
treatments.4

With the development of nanotechnology, a new
inorganic material, hydroxyapatite nanoparticles
(nano-HAPs), was found to be able to inhibit the prolif-
eration of tumor cells.5,6 Our previous study7 showed
that not only could nano-HAPs inhibit the growth of
glioma cells in vitro and in vivo, but they could also
reduce poisonous, adverse reactions to BCNU (bis-
cloroethylnitrosourea, carmustine), strongly cooperate
with and decrease the toxicity of certain other chemo-
therapy drugs, and might also become a new clinical an-
tineoplastic drug class. In the current study, we sought to
investigate the effect of nano-HAPs on the radiosensiti-
zation of human glioblastoma U251 and human breast
tumor brain metastatic tumor MDA-MB-231BR cells
and their mechanism, to provide a theoretical basis for
clinical use. The data presented show that nano-HAPs
enhance the radiosensitivity of tumor cells in vitro and
in vivo. In addition, this sensitization relates to delayed
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dispersion of gH2AX foci, suggesting an inhibition of
DNA repair.

Materials and Methods

Cell Lines and Treatment

Human GBM U251 (Wuhan University) and breast
tumor brain metastatic tumor MDA-MB-231BR cells
(American Type Culture Collection) were cultured in
RPMI-1640 (Roswell Park Memorial Institute medium;
Gibco Life Technologies) supplemented with 10% fetal
bovine serum and penicillin-streptomycin. Nano-HAPs,
provided by the East China University of Science and
Technology Institute of Biomaterials, was dissolved in
dimethyl sulfoxide to a concentration of 10 mg/L and
stored at –808C. For in vivo administration, nano-
HAPs were suspended in saline solution. Cultures were
irradiated using a Pantak X-ray source at a dose rate of
2 Gy/min.

Clonogenic Survival Assay

Clonogenic assay was done as previously described.8,9 A
specified number of cells were seeded into each well of a
6-well tissue culture plate. The cultures got the vehicle
control dimethyl sulfoxide or nano-HAPs for 1 h
before irradiation after allowing cells time to attach for
6 h; medium was removed and then replaced with
medium free of nano-HAPs. Colonies were stained
with crystal violet 12 days after seeding, and thereafter
the number of colonies containing at least 50 cells and
surviving fractions were calculated. Survival curves
were then made after normalizing for the cytotoxicity
induced by nano-HAPs alone. Each assay was performed
in triplicate.

Flow Cytometry Analysis of Cell Cycle

The phase distribution of the cell cycle was evaluated
using flow cytometry. The protocols of treatment were
the same as in the clonogenic assay, except that the
tumor cells were seeded into 10-cm dishes. Cultures
were collected for fixation, then stained with propidium
iodide, and phases were determined using flow cytome-
try. To evaluate the G2 cell cycle checkpoint activation,
mitotic cells were distinguished from G2 cells, and the
mitotic index was evaluated according to gH2AX ex-
pression detected in the tetraploid (4N) DNA content
population as previously described.9 In this assay, de-
creased mitotic index reflected onset of G2 arrest. Each
assay was performed in triplicate.

Apoptosis Assay

Apoptosis was quantitated using the Guava Nexin assay
following the manufacturer’s instructions. Samples with
2000 cells per well were gained on a Guava EasyCyte
flow cytometer.

gH2AX Assay

Cells cultured in chamber slides were washed once with
phosphate buffered saline (PBS) and then fixed in 4%
formaldehyde in PBS for 10 min at room temperature.
Cells were permeabilized and blocked with blocking
buffer (5% normal goat serum, 0.2% Triton X-100 in
PBS) for 1 h and incubated with anti-gH2AX monoclo-
nal antibody (1:100; Upstate Biotechnology) overnight
at 48C. After washing twice with PBS, cells were incubat-
ed with fluorescein isothiocyanate–labeled rabbit anti-
mouse antibody (1:100) for 1 h and washed twice with
PBS. Nuclei were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI; 1 mg/mL) in PBS for 30 min
before cells were covered by anti-fade solution (Fisher)
and mounted. Slides were examined on a Leica Digital
Module R XA fluorescent microscope. Images were cap-
tured by a Photometrics Sensys charge-coupled device
camera (Roper Scientific) and imported into an IP Labs
image analysis software package (Scanalytics). For
each treatment condition, gH2AX foci were determined
in at least 50 cells. Each assay was performed in
triplicate.

Mitotic Catastrophe

The presence of fragmented nuclei was used to define
cells undergoing mitotic catastrophe, as previously de-
scribed.9,10 Cells were fixed with methanol for 15 min
at –208C and stained overnight at 48C with rabbit
anti–a-tubulin antibody (Sigma) followed by staining
with Texas Red–conjugated secondary antibody
(Jackson ImmunoResearch) for 2 h at room tempera-
ture. Nuclei were counterstained with DAPI (Sigma). A
single field containing 300 cells was chosen randomly
for each treatment and photographed with epifluores-
cence. The presence of 2 or more distinct nuclear lobes
within a single cell defined the nuclear fragmentation.
Each assay was performed in triplicate.

Tumor Growth Delay Assay

Four to six-week-old BALB/c athymic nude male mice
were subcutaneously injected with 5 × 106 tumor cells
into the lateral aspect of the right leg. Tumors were irra-
diated locally using a Pantak irradiator with nude mice
restrained in a custom lead jig. When tumors reached
172 mm3 (7 × 7 mm), the nude mice were randomized
into 4 groups: vehicle alone, nano-HAPs alone, irradia-
tion (4 Gy) alone, and nano-HAPs + irradiation. The
nude mice were given a single dose of nano-HAPs
(10 mg/kg) by injection through the tail vein 1 h before
local tumor irradiation (4 Gy). Tumor diameters were
measured every 2 days with digital calipers, and
the tumor volume, in cubic millimeters, was calculated
by the formula: volume ¼ (width)2 × length/2.7,11

Tumors were measured until the mean group tumor
volume was .2000 mm3. Each experimental group con-
tained 10 nude mice. The animal experiments in this
study were performed in compliance with the guidelines
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of the Shanghai Jiao Tong University School of Medicine
and Wuhan University.

Tumor Growth and Animal Survival in the Orthotopic
Nude Mice Model

Eight-week-old BALB/c athymic nude male mice were
anesthetized and stereotactically inoculated with tumor
cells (104 cells in 2 mL PBS) into the left forebrain
(1 mm anterior, 2 mm lateral to bregma, at 3 mm depth
from skull surface). The animal experiments in this
study were performed in compliance with the guidelines
of the Medical School Institutes at Shanghai Jiao Tong
University and Wuhan University. Animals were ran-
domized into 4 treatment groups: control, nano-HAPs,
irradiation, and nano-HAPs + irradiation (n ¼ 10
each). Nano-HAPs treatment (10 mg/kg twice daily)
started on day 1 after tumor inoculation and was admin-
istered 5 days weekly until the end of observation.
Irradiation was delivered on day 4 to the entire head of
each anesthetized nude mouse (6 Gy single dose) using
a 6-megavolt linear accelerator. On day 15, tumor
imaging in animal models was performed with a small
animal coil on a high-field GE Signa 3T clinical MR
scanner, and images were obtained using a standard T1
protocol following intraperitoneal injection of gadolini-
um diethylenetriamine pentaacetic acid (100 mL/20 g;
Magnevist, Berlex Laboratories) 10 min before examina-
tion. The scanning parameters were axial T1 fast spin
echo series-scan plane in enhanced scanning: phase field
of view: 0.60; oblique field of view: 5.0; spacing:
0.0 mm; slice thickness: 1.0 mm; frequency double inver-
sion recovery right/left; minimum repetition time: 60;
and auto–repetition time: 600. Tumor sizes were mea-
sured and tumor volumes, in cubic millimeters, were cal-
culated by the formula: volume ¼ (width)2 × length/2
using Function Analysis software.7,11 For survival
studies, moribund mice or mice with severe neurologic
symptoms were euthanized.

Western Blot Analysis

Western blot analysis was performed as previously de-
scribed.7,12 The samples of tumor tissues of nude mice
in 4 groups were homogenized in a radioimmunoprecipi-
tation assay lysis buffer. Lysates were cleared by centrifu-
gation (14 000 rpm) at 48C for 30 min. Protein samples
(�40 mg) were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (15% gel), trans-
ferred to polyvinylidene difluoride membrane and non-
specific binding sites blocked by incubation in 5%
nonfat milk for 60 min. Membranes were incubated
at 48C overnight with anti-Rad51 antibody (1:400 dilu-
tion; Santa Cruz Biotechnology), anti-c-Met antibody
(1:400 dilution; Santa Cruz), anti-SLC22A18 antibody
(1:1000 dilution; Santa Cruz), or anti-special AT rich
sequence binding protein 1 (SATB1) antibody (1:200
dilution; Sigma). Then the membrane was washed 3
times with Tris-buffered saline and 0.05% Tween 20
for 10 min and probed with the horseradish

peroxidase–conjugated secondary antibody (1:2000
dilution; Dako) at room temperature for 30 min. The
membrane was developed by an enhanced chemilumines-
cence system (Pierce) after being washed 3 times.

Statistical Analysis

Statistical analyses and graphs were performed using the
Statistical Package for the Social Sciences version 12.0
for Windows. Quantitative values were expressed as
mean+ SD. Statistical differences between groups
were examined using a Student’s t-test. P , .05 was
considered statistically significant.

Results

The Effects of Nano-HAPs on Tumor Cell
Radiosensitivity

A decline in clonogenic survival was observed with higher
concentrations of nano-HAPs (from 5 to 20 mg/L) for 1 h
before 2 Gy irradiation, with a half-maximal inhibitory
concentration of 10.7 mg/L in GBM U251 cells and
11.5 mg/L in MDA-MB-231BR cells (Fig. 1A). To evalu-
ate the influences of nano-HAPs on the radiosensitivity of
human GBM cells, clonogenic assay was performed on the
GBM U251 cells. It was observed that 1 h exposure to
10 mg/L nano-HAPs caused a surviving fraction of
�45% (Fig. 1B), which is in the proper range for determin-
ing clonogenic survival in combination with irradiation.
For the combination protocol, 1 h after nano-HAPs
addition, GBM U251 cells received irradiation followed
by a change to nano-HAPs-free medium with colony-
forming efficiency, which was evaluated after 12 days.
Pretreatment with nano-HAPs increased the radiosensitiv-
ity of U251 cells with a dose enhancement factor at a sur-
viving fraction of 0.10 of 1.45, as shown in Fig. 1B. To
evaluate whether this radiosensitization was unique
to the GBM U251 cell line, our studies were extended to
the breast tumor brain metastasis MDA-MB-231BR
cell line. Pretreatment for 30 min with nano-HAPs en-
hanced the radiosensitivity of MDA-MB-231BR cells
with a dose enhancement factor at a surviving fraction
of 0.10 of 1.40 (Fig. 1B), which resulted in a surviving
fraction of 47%.

The Effects of Nano-HAPs on the Apoptotic Phase and
Mitotic Index of Tumor Cell

To determine whether the radiosensitization induced by
nano-HAPs was the result of accumulation of cells in a
more radiosensitive phase of the cell cycle, flow cytome-
try was used to determine the effects of nano-HAPs on the
cell cycle phase distribution of U251 cells. After 1 h of
exposure to 10 mg/L nano-HAPs, there was no signifi-
cant change in the distribution of U251 cells across the
cell cycle. Another potential source of radiosensitization
was the abrogation of the G2 checkpoint, which is
considered to protect against irradiation-induced cell
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death.13,14 The effects of nano-HAPs on the radiation-
induced activation of the G2 checkpoint were defined
according to the method of Xu et al.15 This experiment
investigates the percentage of the mitotic cells in the 4N
population according to the specific gH2AX expression

in the mitotic cells. Done as a function of time after irra-
diation, this analysis provided an evaluation of the pro-
gression of G2 cells into M phase and the G2

checkpoint activation. Irradiation (2 Gy) caused a
decrease in the mitotic index by 1 h (Fig. 2A), reaching

Fig. 2. The effect of nano-HAPs on the mitotic index and apoptotic

phase of tumor cells. (A) the effect of nano-HAPs on the mitotic index

of tumor cells. U251 cells growing in a 100-mm cell culture dish were

stained with propidium iodide at the specified times and analyzed

using flow cytometry. To evaluate the activation of the G2 cell cycle

checkpoint, mitotic cells were distinguished from G2 cells, and the

mitotic index was evaluated according to gH2AX expression as

detected in the 4N DNA content population by the flow cytometric

method. In this assay, a decreased mitotic index reflects the onset

of G2 arrest. Nano-HAPs ¼ cells that had received only nano-HAPs

(10 mg/L; 1 h); irradiation ¼ 2 Gy irradiation alone; nano-HAPs +
irradiation ¼ nano-HAPs (10 mg/L; 1 h before irradiation) +
irradiation. (B) the effect of nano-HAPs on the apoptotic U251

tumor cell phase. Cells grew in a 150-mm cell dish harvested at the

specified times. Before analyzed by flow cytometry, 50 mL (3.0 ×
104) of treated cell samples were added to a 150-mL staining

solution (Guava Nexin assay) containing 135 mL 1 × apoptosis buffer,

10 mL annexin V–phycoerythrin, and 5 mL of 7-aminoactinomycin.

Cells were incubated in the dark at room temperature for 20 min.

Samples (2000 cells per well) were then acquired on the Guava

EasyCyte system. Nano-HAPs ¼ cells that had gained nano-HAPs

(10 mg/L; 1 h).

Fig. 1. The influences of nano-HAPs on the radiosensitivity of

tumor U251 and MDA-MB-231BR cells. (A) Both U251 cells and

MDA-MB-231BR cells were treated with increasing doses of

nano-HAPs 5–20 mg/L for 1 h before 2 Gy irradiation.

Half-maximal inhibitory concentrations with an incubation time of

1 h before 2 Gy irradiation were 10.7 mg/L in U251 cells and

11.5 mg/L in MDA-MB-231BR cells. (B) Tumor cells were

exposed to 10 mg/L nano-HAPs for 1 h before irradiation. Cells

were fed fresh growth medium immediately after irradiation.

Colony-forming efficiency was determined 12 days later, and

survival curves were generated after normalizing for the

cytotoxicity induced by nano-HAPs alone.
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a maximum reduction at 3 h, which indicated that the
G2 checkpoint was activated. Treatment with only
nano-HAPs affected neither the mitotic index nor the
decrease caused by irradiation. These findings show
that radiosensitization induced by nano-HAPs does not
involve G2 checkpoint abrogation. To determine the con-
tribution of apoptosis to the nano-HAPs–mediated
radiosensitization of U251 cells, annexin staining was
evaluated in U251 cells at 24 and 48 h after irradiation
(2 Gy). As expected for solid tumor cells, irradiation re-
sulted in little apoptotic cell death; almost the same
level of apoptosis was detected in U251 cell cultures
treated with 10 mg/L nano-HAPs only. The combination
protocol indicated to enhance irradiation-induced cell
death in Fig. 1 did not significantly affect the frequency
of apoptotic cell death (Fig. 2B). These results show
that nano-HAPs-mediated radiosensitization of U251
cells does not involve enhanced susceptibility to
apoptosis.

The Effect of Nano-HAPs on Irradiation-Induced
gH2AX Foci

Given that the critical radiation-induced DNA lesion
with regard to cell death is the double-strand break
(DSB), the influences of nano-HAP exposure on
radiation-induced gH2AX foci were analyzed. gH2AX

expression has been found to be a sensitive marker of
DSBs caused by the clinically relevant doses of ionizing
radiation.16,17 Therefore, to evaluate the influences of
nano-HAPs on the induction and repair of DSBs,
gH2AX foci were analyzed in U251 cells. U251 cells
were exposed to nano-HAPs for 1 h and, as was done
in the experiments of cell survival, irradiated (2 Gy),
and fed with nano-HAPs-free medium, and gH2AX
foci were determined at times as long as 24 h. Cell expo-
sure to only nano-HAPs for 1 h induced a significant in-
crease in the number of gH2AX foci, a level that steadily
declined over at least 24 h after removal of nano-HAPs
(Fig. 3). Irradiation (2 Gy) resulted in a significant in-
crease in the number of gH2AX foci as detected at 1 h,
which further decreased over 24 h. Although the in-
crease above the single treatments was less than additive,
exposure to nano-HAPs followed by 2 Gy irradiation
induced a larger number of gH2AX foci than either of
the single treatments at 1 and 6 h. However, the
number of gH2AX foci at 24 h was larger than additive
with nano-HAPs + irradiation (24.80+4.16 per cell)
compared with the number of gH2AX foci in U251
cells treated with nano-HAPs or irradiation alone
(7.62+2.14 and 8.40+3.05 per cell, respectively).
The high gH2AX expression in U251 cells 24 h after
gaining combined modality suggests a significant inhibi-
tion of DNA DSB repair.

Fig. 3. The effect of nano-HAPs on the gH2AX foci caused by irradiation. U251 cells growing in chamber slides were exposed to 10 mg/L

nano-HAPs for 1 h, irradiated (2 Gy), fed fresh medium, and fixed at the specified times for immunocytochemical analysis for nuclear gH2AX

foci. Foci were determined in 50 nuclei per treatment per experiment. (A) Representative micrograph images gained from the control cells

and cells that had received 10 mg/L nano-HAPs alone for 1 h, 2 Gy irradiation alone, and nano-HAPs (10 mg/L; 1 hr before irradiation) +
irradiation at 24 h after irradiation (2 Gy). (B) Vehicle-treated cells (empty columns), cells treated with nano-HAPs alone (hatched columns),

and cells treated with the combination of nano-HAPs + irradiation (2 Gy; filled columns). Cells with .5 foci per nucleus were classified as

positive for radiation-induced gH2AX. *P , .01 according to Student’s t-test (irradiation vs nano-HAPs + irradiation).
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The Effect of Nano-HAPs on Irradiation-Induced
Mitotic Catastrophe

The inhibition of DNA DSB repair by nano-HAPs and
their failure to enhance irradiation-induced apoptosis
of U251 cells suggested that radiosensitization induced
by nano-HAPs involves an enhancement in mitotic ca-
tastrophe. To verify this hypothesis, mitotic catastrophe
was measured according to the cell number, with abnor-
mal nuclei as a function of time after irradiation.18,19

U251 cells undergoing mitotic catastrophe could be
clearly distinguished after individual treatment by irradi-
ation (2 Gy) and nano-HAPs (1 h; 10 mg/L) as well as
the combination (Fig. 4A). There was a time-dependent
increase in the number of cells undergoing mitotic
catastrophe after single treatments with irradiation
and nano-HAPs up to at least 72 h after treatment
(Fig. 4B). In U251 cells gaining the combination modal-
ity, a significantly larger number of U251 cells undergo-
ing mitotic catastrophe were detected at 48 and 72 h
posttreatment. These results indicate that nano-HAPs–
induced radiosensitization is mediated by an inhibition
of DNA DSB repair, leading to an increase in the cells
undergoing mitotic catastrophe.

The Effects of Nano-HAPs on Irradiation-Induced
Tumor Growth Delay

To determine whether the radiosensitizing effects of
nano-HAPs could be extended to an in vivo tumor
model, we used tumor cells grown as xenografts in
nude mice. The growth rates for U251 and
MDA-MB-231BR tumors exposed to each treatment
are shown in Fig. 5A. The time to grow from 172 mm3

to 2000 mm3 was calculated using the tumor volumes
from individual nude mice in each group, and these
data were then used to determine the absolute growth
delays (the time, in days, for tumors in treated nude
mice to grow from 172 mm3 to 2000 mm3 minus the
time, in days, for tumors to reach the same size in
vehicle-treated nude mice). The time required for U251
and MDA-MB-231BR tumors to grow from 172 mm3

to 2000 mm3 increased from 18.0+0.5 days and
17.6+0.8 days, respectively, for vehicle-treated nude
mice to 28.5+1.8 days and 26.8+2.1 days for
nano-HAPs–treated nude mice. For U251 and
MDA-MB-231BR tumors, irradiation treatment alone
increased the growth time to reach 2000 mm3 to
30.4+1.5 days and 29.2+1.6 days, respectively.

Fig. 4. The effect of nano-HAPs on irradiation-induced mitotic catastrophe of U251 cells. Cells growing in chamber slides were exposed to

10 mg/L nano-HAPs for 1 h, 2 Gy irradiated, fed fresh medium, and fixed at the specified times for immunocytochemical analysis for

mitotic catastrophe. Nuclear fragmentation was determined in 300 cells per treatment per experiment. (A) Representative micrograph

images gained from control cells and cells that had received 10 mg/L nano-HAPs alone for 1 h, 2 Gy irradiation alone, and nano-HAPs

(10 mg/L; 1 h before irradiation) + irradiation at 24 h after 2 Gy irradiation. (B) Vehicle-treated cells (empty columns), cells treated with

nano-HAPs alone (hatched columns), and cells treated with the combination of nano-HAPs + irradiation (2 Gy; filled columns). Nuclear

fragmentation was defined as the presence of ≥2 distinct lobes within a single cell. *P , .01according to Student’s t-test (irradiation vs

nano-HAPs + irradiation).
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However, in nude mice that received the combined treat-
ment, the time for U251 and MDA-MB-231BR tumors
to reach 2000 mm3 increased to 61.6+1.2 days and

59.8+1.5 days. The absolute growth delays of U251
and MDA-MB-231BR tumors were 12.4+1.0 and
11.6+0.6 for irradiation alone and 10.5+1.3 and

Fig. 5. In vivo antitumor activity of nano-HAPs without or with irradiation in a subcutaneous model and in an independent orthotopic

model. (A) Tumor volume in nude mice after being treated with nano-HAPs + irradiation plotted as the mean volume+SD. When

tumors came to 172 mm3 in size, nude mice were randomized into 4 groups: vehicle, 10 mg/L nano-HAPs, 4 Gy irradiation, and

nano-HAPs + irradiation. A single dose of nano-HAPs was delivered by injection through the tail vein at 1 h before 4 Gy irradiation to

the tumor. To gain a tumor growth curve, tumor diameters were measured every 2 days with digital calipers, and the tumor volume, in

cubic millimeters, was calculated by the formula: volume ¼ (width)2 × length/2. Each group contained 10 mice. The findings shown are

representative of 2 independent experiments. *P , .05 vs control; **P , .05 vs control and each monotherapy. (B) The representative

images of orthotopic xenograft from the sham-treated control animals and animals that had received nano-HAPs or irradiation or their

combination examined by MRI 15 days after tumor injection. (C) Tumor volumes estimated from MRI. *P , .05 vs control; **P , .05 vs

control and each monotherapy. (D) Kaplan–Meier survival analysis of nude mice transplanted intracranially with tumor cells treated with

nano-HAPs or irradiation or their combination. Differences between survival curves were compared using a log-rank test. *P , .05 for

mean survival time.
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9.2+1.1 for nano-HAPs alone, and the tumor growth
delay of U251 and MDA-MB-231BR tumors caused
by the combined treatment was 43.6+0.7 and 42.2+
0.7. Thus, the growth delay after treatment by
nano-HAPs + irradiation was more than the sum of
the growth delays induced by single treatments. The nor-
malized tumor growth delays were calculated to get a
dose enhancement factor comparing the tumor radio-
response in nude mice with and without nano-HAP
treatment, which accounts for the contribution of
nano-HAPs to tumor growth delay caused by the
nano-HAPs + irradiation treatment. Normalized tumor
growth delay was defined as the time, in days, for
tumors to grow from 172 mm3 to 2000 mm3 in nude
mice exposed to the combined modality minus the
time, in days, for tumors to grow from 172 mm3 to
2000 mm3 in nude mice treated with nano-HAPs only.
The dose enhancement factors, obtained by dividing
the normalized tumor growth delay in mice treated
with the nano-HAPs + irradiation combination by the
absolute growth delay in nude mice treated with irradi-
ation only, were 2.5 and 2.6 for U251 and MDA-
MB-231BR tumors, respectively. These results indicate
that nano-HAPs significantly enhance the irradiation-
induced tumor growth delay of xenografts.

Nano-HAPs Increased Survival in an Orthotopic Model
and Enhanced Antitumor Activity of Irradiation

The effect of nano-HAPs without or with irradiation on in-
tracranial (U251 and MDA-MB-231BR) tumor growth
was observed by MRI. By day 15, both nano-HAPs and
irradiation monotherapies significantly inhibited U251
tumor growth by 44.5% and 51.9%, respectively, vs
controls (Fig. 5B and C), which was further reduced by
the nano-HAPs + irradiation combination to 79.3%;
and both nano-HAPs and irradiation monotherapies sig-
nificantly inhibited MDA-MB-231BR tumor growth by
45.2% and 50.3% versus controls (Fig. 5B and C),
which was further reduced by the combination to
80.8%. The survival curves showed that nano-HAPs
alone increased animal survival modestly but statistically
significantly compared with controls, with mean survival
times of 20.5 and 21 vs 17 and 17.5 days for U251 and
MDA-MB-231BR tumors, respectively (P , .05,
log-rank test; Fig. 5D); for U251 and MDA-MB-231BR
tumors, irradiation alone prolonged the mean survival
times to 22.5 and 23 days, respectively. For U251 and
MDA-MB-231BR tumors, the nano-HAPs + irradiation
combination treatment further increased mean survival
time to 28.5 and 29 days (P , .05 vs respective mono-
therapies), indicating a supra-additive effect on tumor
growth and animal survival between nano-HAPs and irra-
diation in the orthotopic model.

Nano-HAPs Altered Gene Expression and Pathway
Analysis in Tumor Cells in an Orthotopic Model

To further investigate the potential molecular basis of the
interaction of nano-HAPs and irradiation, gene

expression analysis was conducted on tumor cells in an
orthotopic model by Western blotting. As shown in
Fig. 6, the Rad51 protein inhibition rate of nano-HAPs
monotherapy groups in tumor U251 cells was 63.5%
compared with the control group, and the Rad51
protein inhibition rate of the combination treatment
group in tumor U251 cells was 66.7% compared with
the control group, whereas the Rad51 protein expression
in the irradiation monotherapy group significantly in-
creased compared with the control group. There were
similar results about c-Met protein expression in tumor
U251 cells. Nano-HAPs monotherapy groups and com-
bination treatment groups revealed that the expression
of SLC22A18 protein increased, whereas the expression
of SATB1 protein decreased in tumor U251 cells. There
were similar results about Rad51, c-Met, SLC22A18,
and SATB1 protein expression in tumor MDA-MB-
231BR cells (Fig. 6).

Discussion

Hydroxyapatite has been widely used as a novel bioma-
terial for oral cavity medicine and bone damage, is used
as a body medicine carrier, and has a good issue compat-
ibility both outside and inside the body.20–22 Moreover,
because nano-HAPs cause very small excitation of blood
vessels, feeding medicine could be made by intravenous
injection.23,24 In this study, nano-HAPs were synthe-
sized by the sol-coagel method, which had a good disper-
sive effect, and the very uniform size of nano-HAPs was
�50 nm, which had the advantage of high surface
energy and so on. Our previous study7 showed that
not only did nano-HAPs have an obvious antineoplastic
function in glioma cells in vitro and in vivo, but they also
reduced the poisonous, adverse reactions to BCNU,
strongly cooperated with and decreased the toxicity of
certain other chemotherapy drugs, and had a potential
for becoming a new clinical antineoplastic drug.

In this study, the results showed that nano-HAPs
induced a significant radiosensitization of GBM U251
cells and of breast tumor brain metastatic MDA-MB-
231BR cells. The exposure of U251 cells to 10 mg/L
nano-HAPs for only 1 h prevented redistribution of
cells through the phases of the cell cycle before irradiation
and causation of excessive cytotoxicity, allowing for an
accurate assessment of the influences of nano-HAPs on
radiosensitivity. As the first investigation into the mecha-
nism mediating nano-HAPs–induced radiosensitization
of U251 cells, we studied cellular processes known to
be determinants of radiosensitivity. These data showed
that nano-HAPs exposure did not induce cell redistribu-
tion into a radiosensitive phase of the cell cycle, nor did
it have an effect on the activation of the G2 cell cycle
checkpoint. Furthermore, the increased susceptibility to
apoptotic cell death did not account for the radiosensiti-
zation induced by nano-HAPs. As an alternative to
apoptosis, irradiation can cause cell death by mitotic ca-
tastrophe. In this study, nano-HAPs exposure of U251
cells induced a significant increase in the mitotic catastro-
phe caused by irradiation, which is consistent with the
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putative inhibition of DNA DSB repair, to be described.
A very important event in determining radiosensitivity
is DNA DSB repair. Recently gH2AX expression has
been established as a sensitive marker of DSBs caused
by clinically relevant doses of ionizing radiation; and at

sites of radiation-induced DNA DSBs, the histone
H2AX becomes rapidly phosphorylated (gH2AX),
forming readily visible nuclear foci.16,17 Recent reports
show that the dephosphorylation of gH2AX and disper-
sal of gH2AX foci in irradiated tumor cells correlates

Fig. 6. Western blot analysis for Rad51, c-Met, SLC22A18, and SATB1 expression of orthotopic xenograft from the sham-treated control

animals and animals that had received nano-HAPs or irradiation or their combination. (A) Representative images of Western blot

analysis. b-actin was used as loading control. (B) Level of Rad51, c-Met, SLC22A18, and SATB1 expression. *P , .05 vs control.
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with DNA DSB repair,25,26 although the specific role of
gH2AX in the repair of DNA DSBs has not been
defined.27 Our data showed that gH2AX expression in
U251 cells treated with the nano-HAPs + irradiation
combination was significantly higher at 24 h after irradi-
ation than that of the monotherapies, which was sugges-
tive of an inhibition of DNA DSB repair. Nevertheless, it
is not possible to conclude whether nano-HAPs inhibited
the repair of irradiation-induced DSBs or irradiation in-
hibited the repair of nano-HAPs-induced DNA damage,
because nano-HAPs also caused a significant increase in
gH2AX that also decreased over the 24-h postirradiation
period.

Rad51 is a key player in homologous recombination
repair.28 Rad51 inhibition is an effective means of target-
ing DNA repair in glioma models, and downregulation of
Rad51 can radiosensitize cancer cells.29 The hepatocyte
growth factor/c-Met signaling pathway is upregulated
in glioma,30 with downstream mediators playing a role
in DNA DSB repair.31 Previous studies have shown in-
creased radiosensitization of tumors through modulation
of c-Met signaling by genetic methods.32,33 We have
found that SLC22A18 downregulation via promoter
methylation and upregulation of SATB1 were associated
with the development and progression of glioma,4,11,34

and elevated expression of SLC22A18 increased the sen-
sitivity of U251 glioma cells to BCNU.35 Our results
showed that nano-HAPs could efficiently downregulate
Rad51, c-Met, and SATB1 expression and upregulate
SLC22A18 in tumor cells in conferring radiosensitivity.
It could also overcome the upregulation of Rad51 and
c-Met induced by irradiation.29,32

Collectively, our findings show for the first time that
nano-HAPs enhanced the radiosensitivity of tumor

cells in vitro and furthermore clearly indicate that
nano-HAPs could enhance the in vivo radiosensitivity
of a GBM xenograft in a subcutaneous model. In an
orthotopic model, nano-HAPs increased animal survival
alone and increased the irradiation-induced prolonga-
tion of the animal life span. Moreover, the radiosensitiv-
ity of a cell line corresponding to a breast tumor brain
metastasis was also enhanced by nano-HAPs, which sug-
gests that combining nano-HAPs with whole-brain irra-
diation might be beneficial in brain metastasis therapy.
These results show that nano-HAPs could enhance
tumor cell radiosensitivity in vitro and in vivo and
suggest that this effect involvs an inhibition of DNA
repair.
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