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Abstract. Non-small cell lung cancer (NSCLC) metastasis 
commonly occurs in bone, which often results in pathological 
fractures. Sustained phosphoinositide-3-kinase (PI3K) signalling 
promotes the growth of PI3K-dependent NSCLC and elevates 
osteoclastogenic potential. The present study investigated the 
effects of a PI3K inhibitor on NSCLC growth in bone and osteo-
clast formation, and aimed to determine whether it could control 
symptoms associated with bone metastasis. A bone metastasis 
xenograft model was established by implanting NCI-H460-luc2 
lung cancer cells, which contain a phosphatidylinositol- 
4,5-bisphosphate 3-kinase catalytic subunit α mutation, into the 
right tibiae of mice. After 1 week, the tumours were challenged 
with a PI3K inhibitor (buparlisib) or blank control for 3 weeks. 

Tumour growth and burden were longitudinally assessed in vivo 
via reporter gene bioluminescence imaging (BLI), small animal 
positron emission tomography/computed tomography (CT) 
[18F‑fluorodeoxyglucose (18F-FDG)] and single-photon emission 
computed tomography/CT [99mTc-methylene diphosphonate 
(99mTc-MDP)] imaging. Tibia sections of intraosseous NCI-H460 
tumours were analysed by immunohistochemistry (IHC), 
western blotting and flow cytometry. Dynamic weight bearing 
(DWB) tests were further performed to examine the improve-
ment of symptoms associated with bone metastasis during the 
entire study. Administration of buparlisib significantly inhibited 
the progression of bone metastasis of NSCLC, as evidenced by 
significantly reduced uptake of 18F-FDG, 99mTc-MDP and BLI 
signals in the treated lesions. In addition, buparlisib appeared to 
inhibit the expression of tartrate-resistant acid phosphatase and 
receptor activator of nuclear factor-κB ligand, as determined 
by IHC. Buparlisib also resulted in increased cell apoptosis, 
as determined by a higher percentage of Annexin V staining 
and increased caspase 3 expression. Furthermore, buparlisib 
significantly increased weight‑bearing capacity, as revealed by 
DWB tests. The PI3K inhibitor, buparlisib, suppressed osteoclast 
formation in vivo, and exhibited antitumour activity, thus leading 
to increased weight-bearing ability in mice with bone metastasis 
of lung cancer. Therefore, targeting the PI3K pathway may be a 
potential therapeutic strategy that prevents the structural skeletal 
damage associated with bone metastasis of lung cancer.

Introduction

Lung cancer remains one of the most common causes of 
cancer-associated mortality worldwide (1). Non-small cell 
lung cancer (NSCLC) represents ~85% of total lung cancer 
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cases, and has an overall 5-year survival rate of 17.1% (2,3). 
NSCLC frequently metastasizes to the bone, brain, other lung 
regions and the liver; bone metastases account for ~39% of 
total incidence (4). At present, bone is the third most common 
site of metastatic disease after the lung and liver, and the most 
common types of primary cancer are lung, breast, prostate, 
thyroid and renal cancer (5). Pathological fractures caused by 
skeletal metastases in patients with lung cancer are additional 
obstacles, since impending or actual pathological fractures in 
patients with metastatic bone tumours are a difficult and chal-
lenging complication that affect management and prognosis, 
decrease quality of life and jeopardize survival (6,7).

Stabilization of an impending or actual pathological frac-
ture involves techniques and concepts that differ from those 
used to treat patients with non-pathological fractures (8). 
Bisphosphonates are a class of drugs that prevent the loss 
of bone mass, which are used to treat and reduce the risk of 
fracture and bone pain (9) in patients with lung cancer (10) 
and other metastatic cancers, including breast cancer, prostate 
cancer and multiple myeloma (MM) (11,12). Previous studies 
have demonstrated that differential expression of receptor 
activator of nuclear factor (NF)-κB (RANK), RANK ligand 
(RANKL) and the protein osteoprotegrin (OPG) are associ-
ated with the metastatic potential of human NSCLC to the 
bone, raising the possibility that the RANK/RANKL/OPG 
pathway may be a therapeutic target for the treatment of 
NSCLC patients with bone metastases (13,14). Research has 
recently focused on the treatment of bone metastasis of lung 
cancer, in order to explore novel treatment strategies to reduce 
the incidence of pathological fractures.

The phosphoinositide-3-kinase (PI3K)/mammalian target 
of rapamycin (mTOR)/protein kinase B (AKT) pathway is 
frequently dysregulated in cancer (15-17), and mTOR is acti-
vated in >50% of lung cancer cases (18). Preclinical studies 
have suggested that inhibition of the PI3K pathway and 
its components may inhibit the growth of PI3K-dependent 
NSCLC cell lines, and reduce tumour growth in mouse xeno-
graft models of PI3K-driven lung cancer (19-22). However, 
it remains to be elucidated as to whether PI3K inhibitors 
target bone metastasis of lung cancer, and reduce osteoclast 
generation and bone destruction. The present study aimed to 
investigate the in vivo potential of a PI3K inhibitor to inhibit 
growth and metastasis of highly metastatic NCI-H460-luc2 
lung cancer cells, which were implanted into the right tibiae 
of mice. The effects of the PI3K inhibitor were monitored by 
in vivo multimodality molecular imaging via small animal 
positron emission tomography (PET)/computed tomography 
(CT) [18F‑fluorodeoxyglucose (18F-FDG)], single-photon emis-
sion computed tomography (SPECT)/CT [99mTc-methylene 
diphosphonate (99mTc-MDP)] and reporter gene biolumines-
cence imaging (BLI). Furthermore, dynamic weight bearing 
(DWB) tests were used to examine the improvement of 
symptoms associated with bone metastasis.

Materials and methods

PI3K inhibitor (buparlisib) and human lung cancer cell 
line (NCI‑H460‑luc2). Buparlisib (NVP-BKM120; Novartis 
International AG, Basel, Switzerland) is an oral pyrimi-
dine-derived PI3K inhibitor that targets all isoforms of Class I 

PI3K (α, β, γ and δ) with high selectivity (23). Buparlisib was 
dissolved in N-methyl-2-pyrrolidone (NMP), then diluted with 
nine volumes of polyethylene glycol (PEG) 300 to obtain a 
1:9 NMP/PEG300 solution. The buparlisib-sensitive cell line 
NCI-H460-luc2 (Bioware® Ultra-Light Producing Cell Line; 
Cold Spring Biotech Corp., Shanghai, China) was used in this 
study. This cell line is a highly metastatic lung cancer cell line 
stably transfected with the firefly luciferase gene (luc2), which 
was established by transducing a lentivirus containing the luc2 
gene under the control of the human ubiquitin C promoter; 
this cell line carries a phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit (PIK3CA; c.1633G>A; p.E545K) 
missense mutation (24).

Animal model establishment. A total of 20 nude mice 
(50% male and 50% female; BALB/c nu/nu; age, 6 weeks; 
weight, 18-25 g; Shanghai Laboratory Animal Center of the 
Chinese Academy of Science, Shanghai, China) were divided 
into two groups: The NMP/PEG300 control group (n=10) 
and the buparlisib treatment group (n=10). Animals were 
acclimated to the animal facility for 1 week prior to surgery 
under a 12-h light/dark cycle, with ad libitum access to food 
and water in a specific pathogen‑free environment (10‑25˚C; 
20-25 Pa; 40-70% humidity). For each mouse, 1.0x108/ml 
NCI-H460 cells were inoculated into the right tibia using an 
optimized procedure based on a general method (25). Briefly, 
under appropriate anaesthetic depth, the mice were fixed in a 
position where the right tibia was fully exposed, and flexion 
with tibia to femur was in the 90-degree position. Along the 
direction of the lateral border of the tibia, the needle was 
injected through the tibial cancellous bone into the marrow 
cavity from the centre of the tibial plateau using an empty BD 
insulin syringe (U40; 1 ml; 29 g x 12.7 mm; diameter, 0.30 mm; 
BD Biosciences, Franklin Lakes, NJ, USA). The needle was 
gently pulled out to release the pressure of the marrow cavity. 
A gaseous microsyringe (25 µl; diameter, 0.50 mm) was used 
to inject the NCI-H460 cell suspension (10 µl; 1x108 cells/ml), 
air (1 µl) and gel foam (2 µl) along the original injection 
site. The injection site was then compressed for seconds for 
haemostasis. The present study was approved by the ethics 
committee of Fudan University Institutional Animal Care 
(Shanghai, China) and Longhua Hospital, Shanghai University 
of Traditional Chinese Medicine (Shanghai, China). The use 
of animals and the experimental protocol were approved 
by the Institutional Animal Care and Use Committee of 
Longhua Hospital, Shanghai University of Traditional Chinese 
Medicine. All experiments were performed in accordance 
with relevant guidelines and regulations for the welfare and 
use of animals in cancer research.

Treatment protocol. A total of 1 week after tumour cell 
inoculation in mice, and confirmation of tumour growth in 
the bone by optical imaging, within 30-60 min of buparlisib 
NMP/PEG300 preparation, the mice were treated with bupar-
lisib NMP/PEG300 or control NMP/PEG300 solutions. At 
0, 1 and 3 weeks, mice were treated via gavage, as follows: 
i) Buparlisib group: 200 µl buparlisib NMP/PEG300 solution 
(30 mg/kg/day); ii) Control group: 200 µl control NMP/PEG300 
solution; mice in the control group were treated with the same 
volume as the treatment group. All treatments adhered to a 
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5-days-on and 2-days-off cycle, with body weight and tumour 
growth in the right tibia monitored weekly. At the end of the 
study, mice were sacrificed and the right tibiae were removed.

MicroPET/CT imaging. MicroPET/CT scans were performed 
using Inveon MicroPET/CT (Siemens AG, Munich, Germany) 
on weeks 0, 1 and 3 after therapy initiation (Fig. 1A). All mice 
were fasted overnight prior to probe injection, and were main-
tained under isoflurane anaesthesia and kept warm during the 
injection, accumulation and scanning periods. Each mouse 
was injected with 11.1 MBq (300 µCi) 18F-FDG via the tail 
vein. Subsequently, 10-min static images were acquired 1 h 
post-injection. PET/CT images were visualized and analysed 
using Inveon Research Workplace software (Siemens AG). 
To determine the level of variation in radiotracer uptake, the 
maximal standardized uptake value (SUVmax) was calculated 
according to the following formulas: SUV was calculated 
within the boundaries of a region of interest (ROI), which was 
delineated on the CT images of the cancer cell-implanted tibia. 
In addition, the ratio of right tibia to left tibia SUVmax (R/L 
ratio) was calculated, since no NCI-H460 tumour cells were 
inoculated into the left tibiae; this value was used as a stan-
dard reference value. Tibiae were removed once the mice had 
been sacrificed. Subsequently, ex vivo MicroCT analysis was 
conducted from the tibial plateau to the tibial internal condyle, 
and 3D structures were reconstructed using the Inveon analysis 
workstation (V2; Siemens AG). The cancellous bone region of 
the femoral head was used as a region of interest for quan-
titative calculations. Bone volume/total volume, trabecular 
thickness, trabecular number and trabecular separation were 
calculated using the Inveon analysis workstation.

MicroSPECT/CT imaging. To better observe the bone, 
99mTc-MDP SPECT/CT scanning was performed on weeks 0, 
1 and 3 following treatment (Fig. 1A) using a small animal 
SPECT/CT device (Bioscan, Inc, Poway, CA, USA). Briefly, 
111 MBq (3 mCi) 99mTc-MDP was intravenously injected into 
the caudal region. 99mTc‑MDP first binds to the unmineralized 
extracellular matrix of newly formed bone and is subsequently 
irreversibly incorporated into the mineralized extracel-
lular matrix. A total of 4 h post-injection, MicroSPECT/CT 
images were acquired using tomographic data acquisition in 
10-20 sec/projections for 30 projections. CT was acquired 
in 512 projections to allow anatomic coregistration. Data 
reconstruction and analysis were performed using the 
ordered-subsets expectation maximization algorithm and 
InVivoScope1.42 software (Bioscan, Inc).

BLI. Bioluminescent images were acquired using an IVIS 
Lumina II Spectrum (PerkinElmer, Inc., Waltham, MA, USA) 
on weeks 0, 1 and 3 after therapy initiation (Fig. 1A). In prepa-
ration for in vivo imaging, anaesthesia was induced in mice by 
exposing them to 2‑3% isoflurane in an oxygen‑filled induc-
tion chamber. Once anesthetized, the mice were transferred 
to an isolation chamber, then placed in the imaging chamber 
and connected to the in-chamber anaesthesia delivery system, 
which was maintained at 1-2% isoflurane. Bioluminescent 
signals were represented in the images with a pseudo-colour 
scale ranging from red (most intense) to violet (least intense) 
indicating the intensity of the signal. Scales were manually 

adjusted to the same values for each comparable image (in vivo) 
to normalize the intensity of bioluminescence across time 
points.

Immunohistochemical staining and histological procedures. 
Immunohistochemical staining and histological procedures 
were carried out 3 weeks after therapy initiation (Fig. 1A). 
Animals were deeply anesthetized with 5% isoflurane and 
were sacrificed, after which right tibia specimens were 
removed and maintained at 4˚C in 4% paraformaldehyde in 
phosphate buffer (0.1 M, pH 7.4) for 3 days. Subsequently, 
the specimens were transferred to EDTA decalcifying solu-
tion (0.5 M, pH 8.0, cat. no. G1105; Wuhan Servicebio Co., 
Ltd., Wuhan, China) for 1 month, processed and embedded 
in paraffin. Longitudinal midsagittal sections (size, 4 µm) 
of all tissues were prepared for staining. Images of haema-
toxylin and eosin (H&E) staining were captured using a 
Leica DMI3000B microscope (Leica Microsystems GmbH, 
Wetzlar, Germany), whereas images of tartrate-resistant 
acid phosphatase (TRAP) and RANKL staining were 
captured using a Nikon ECLIPSE TI-SR microscope (Nikon 
Corporation, Tokyo, Japan).

For H&E staining (cat. no. G1005; Wuhan Servicebio 
Co., Ltd.), paraffin‑embedded slides were dewaxed in xylene, 
rehydrated with decreasing concentrations of ethanol, washed 
in PBS and stained with Harris's hematoxylin (10%) for 
3-8 min and eosin (70%) for 1-3 min at room temperature. 
Subsequently, sections were dehydrated through an increasing 
concentration of ethanol and xylene.

TRAP staining was carried out using the kit (cat. no. GP1046; 
Wuhan Servicebio Co., Ltd.) according to the manufacturer's 
protocol. Briefly, prior to staining, paraffin‑embedded slides 
were dewaxed and hydrated, followed by incubation with a 
mix prepared according to the manufacturer's protocol for 1 h 
at 37˚C. Finally, tibia slides were stained with hematoxylin for 
3 min and washed twice in slowly running tap water. In cells 
positively stained for TRAP, the cytoplasm of osteoclasts was 
stained a red-violet colour.

For RANKL staining, paraffin-embedded right tibia 
slides were deparaffinized and rehydrated. The samples 
were immersed in citrate antigen retrieval solution (pH 6.0) 
and maintained at sub‑boiling temperature (95‑100˚C) for 
15 min to unmask antigenicity. Subsequently, slides were 
rinsed with PBS containing 3% H2O2 and incubated at room 
temperature for 15 min in the dark to inhibit endogenous 
peroxidase activity. Subsequently, the slides were blocked with 
3% bovine serum albumin (cat. no. G5001; Wuhan Servicebio 
Co., Ltd.) at room temperature for 30 min and were incubated 
with a rabbit anti-RANKL primary antibody (1:100 dilution, 
cat. no. GB11235; Wuhan Servicebio Co., Ltd.) overnight 
at 4˚C. The samples were subsequently washed with PBS, 
incubated at room temperature for 50 min with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (1:200 
dilution, cat. no. GB23303; Wuhan Servicebio Co., Ltd.), and 
treated with DAB chromogenic reagent to visualize tissues. 
Once the nuclei exhibited brown-yellow staining, samples 
were counterstained with hematoxylin staining solution for 
3 min and washed in tap water. Finally, samples were dehy-
drated in ascending alcohol concentrations and cleared with 
xylene. All regions shown on the histological slices were in the 
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metaphysis, anterior to the growth plate in bone regions where 
resorption was important.

Apoptosis assay. An apoptosis assay was carried out 3 weeks 
after therapy initiation (Fig. 1A). Apoptosis was measured 
by flow cytometry using the Annexin V fluorescein isothio-
cyanate (FITC) Apoptosis Detection kit I (cat. no. 556547; BD 
Pharmingen; BD Biosciences). Each group was analysed five 
times. Briefly, each excised xenograft was cut into multiple 
1x1x1 mm3 pieces within 30 min of surgical removal at 4˚C, 
washed with aseptic salt water and filtered through a 200‑µm 
mesh sieve to prepare a single cell suspension. Annexin V 
FITC staining was conducted as follows: Cells were washed 
twice with cold PBS and resuspended in 1X binding buffer at 
a concentration of 1x106 cells/ml. Cells (100 µl, 1x105) were 
then transferred to a 5 ml culture tube, 5 µl FITC Annexin V 
and 5 µl propidium iodide were added, and cells were gently 
vortexed and incubated for 15 min at room temperature (25˚C) 
in the dark. Finally, 400 µl 1X binding buffer was added 
to each tube and analysed immediately by flow cytometry 
(BD FACSuite™; BD Biosciences) within 1 h.

For terminal deoxynucleotidyl transferase (TdT)-mediated 
deoxyuridine triphosphate nick end labelling (TUNEL) 
staining, tibia samples were cut into longitudinal sections 
and were analysed using the In-Situ Cell Death Detection kit 
(cat. no. Roche-11684817910; Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany), according to the manufacturer's 
protocol. Briefly, prior to staining, paraffin‑embedded slides 
were dewaxed and hydrated, underwent antigen retrieval in 
proteinase K solution (1:10 dilution, cat. no. G1205; Wuhan 
Servicebio Co., Ltd.) at 37˚C for 15 min, and were permea-
bilized for 25 min at room temperature using Triton X-100 
(cat. no. G1204; Wuhan Servicebio Co., Ltd.). The tibia slides 
were then incubated with TdT and fluorescein‑labelled deoxy-
uridine triphosphate for 3‑4 h at 37˚C, followed by incubation 
with DAPI in the dark for 10 min at room temperature to iden-
tify the nuclei. TUNEL and DAPI staining was observed under 
a fluorescence microscope (Olympus Corporation, Tokyo, 
Japan). To quantitatively analyse the number of apoptotic cells, 
TUNEL-positive cells were counted by three independent 
researchers. Means of the intensity of green fluorescence was 
calculated using Image-Pro Plus (version 6.0.0.260; Media 
Cybernetics, Inc., Rockville, MD, USA). The proportion of 
TUNEL-positive cells compared with the number of total cells 
was calculated as the percentage of apoptotic cells.

Western blotting. Protein samples were extracted from xeno-
grafts arising in the metaphysis of the upper tibia, which broke 
through the bone cortex and extended into soft tissue. Total 
protein was extracted using radioimmunoprecipitation assay 
lysis buffer (cat. no. G2002; Wuhan Servicebio Co., Ltd.) and 
protein concentration was determined via bicinchoninic acid 
protein assay using a quantification kit (cat. no. G2026; Wuhan 
Servicebio Co., Ltd). Proteins (40 µg) were separated by 10% 
SDS-PAGE and were electrophoretically transferred to polyvi-
nylidene fluoride membranes (EMD Millipore, Billerica, MA, 
USA). After blocking with 5% fat-free milk at room temperature 
for 2 h, the membranes were probed with the following primary 
antibodies (1:1,000 dilutions): Caspase 3 (cat. no. BS1518; 
Bioworld Technology, Inc., St. Louis Park, MN, USA), B-cell 

lymphoma 2 (Bcl-2; cat. no. 2870; Cell Signaling Technology, 
Inc., Danvers, MA, USA) and Bcl-2-associated X protein 
(Bax; cat. no. GB11690; Wuhan Servicebio Co., Ltd.) over-
night at 4˚C. Subsequently, membranes were incubated with 
a HRP-conjugated immunoglobulin G secondary antibody 
(1:3,000 dilution, cat. no. GB23303; Wuhan Servicebio Co., 
Ltd.) at room temperature for 2 h. Blots were developed using 
an enhanced chemiluminescence kit (cat. no. G2019; Wuhan 
Servicebio Co., Ltd.) and band intensity was semi‑quantified 
with AlphaEaseFC (ProteinSimple, San Jose, CA, USA). 
β-actin (cat. no. GB11001, Wuhan Servicebio Co., Ltd.) served 
as a loading control.

DWB test. The DWB apparatus consisted of a small Plexiglas 
chamber (11x11 cm) with a floor sensor containing 1,936 
pressure transducers. A camera was pointed at the side 
of the enclosure to assist with data analysis. The system 
used software (Dynamic Weight Bearing 1.4.1.23; Bioseb, 
Pinellas Park, FL, USA), which recorded, in grams, the 
average weight that each limb exerted on the floor, without 
any interference of the analyser. To test the weight-bearing 
capacity, the mouse was placed in the chamber and allowed 
to move freely within the apparatus for a 2-min test period. 
The amount of weight that passed through each paw was 
assessed automatically using the pressure transducers. All 
movements were manually validated by the experimental 
operators, in accordance with the position of the mouse on 
the device using the synchronized video as a reference, to 
ensure that the correct paw corresponded to the set of pixels 
recognized by the sensors. The DWB software provided data 
regarding the weight (in grams) and the averaged values of 
right/left (R/L) raw pressure (26).

Statistical analysis. Data are presented as the means ± standard 
deviation. The effects of treatment at each time-point were 
evaluated using a two-sided Student's t-test. P<0.05 was 
considered to indicate a statistically significant difference. 
SPSS version 18 (SPSS, Inc., Chicago, IL, USA) was used 
for data management and analysis, and GraphPad Prism 7.0 
(GraphPad Software, Inc., La Jolla, CA, USA) was used for 
Figure generation.

Results

Buparlisib significantly reduces tumour burden in vivo. 
A total of 1 week after tumour cell inoculation in mice, tumour 
growth in bones was confirmed by optical imaging (Fig. 1B‑1) 
with an average tumour size of 0.04 cm3 (0.01-0.09 cm3) at 
week 0 for both groups. The tumour size continued to grow 
as expected in the control group and peaked at 3 weeks with 
an average size of 0.63 cm3 (0.56-0.78 cm3); however, in the 
buparlisib group, the rate of tumour growth was significantly 
inhibited at 1 week compared with the control group. Average 
tumour volume in the buparlisib group at 3 weeks was 
0.10 cm3 (0.03-0.20 cm3), which was significantly lower than 
in the control group (P=0.002, Fig. 1B-2). Since the implanted 
NCI-H460 cell line expresses a firefly luciferase reporter, 
tumour growth in the right tibia was detected and monitored 
by reporter gene BLI. As shown in Fig. 1B-1, buparlisib treat-
ment reduced bioluminescence signals in the tumour lesions, 
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indicating reduced tumour growth and activity, compared with 
in the control group at 3 weeks (9.94x108±4.70x107 photon/sec 
in the buparlisib group vs. 1.93x109±4.50x108 photon/sec in the 
control group; P=0.012, Fig. 1B-3). These results indicated that 
the PI3K inhibitor buparlisib may exert antitumour activity on 
NCI-H460 cell growth in murine bone.

Buparlisib induces NCI‑H460 cell apoptosis and reduces 
tumour activity in vivo. To assess the tumour metabolic 
activity in the right tibiae of mice in the buparlisib and control 
groups, the 18F-FDG MicroPET/CT in vivo molecular imaging 
technique was conducted. The 18F-FDG PET/CT images 
exhibited reduced 18F-FDG metabolic activities in the tumours 
of the buparlisib group compared with those of the control 
group at 1 and 3 weeks (Fig. 2A-1). Quantitative data in the 
ROI were analysed in terms of SUVmax and the R/L SUVmax 
ratio. As presented in Fig. 2A-2, reduced uptake of 18F-FDG 
was detected in the metaphysis region of the right tibiae in 
the buparlisib group compared with in the control group at 
1 week (2.34±0.91 in the buparlisib group vs. 4.57±0.87 in 
the control group; P=0.008) and at 3 weeks (2.43±0.58 in the 
buparlisib group vs. 6.97±1.36 in the control group; P=0.008), 
respectively. In order to determine whether buparlisib-induced 

tumour regression in the right tibiae was attributed to induction 
of cell death and apoptosis, cell death was examined in a single 
cell suspension prepared from excised tumour tissues from 
both groups after 3 weeks by flow cytometry using Annexin V 
FITC staining. As shown in Fig. 2B1 and B2, significant 
apoptotic cell induction was detected in the buparlisib group 
compared with in the untreated control group (40.76±1.26% 
in the buparlisib group vs. 26.54±1.90% in the control group; 
P=0.008). Induction of apoptotic cell death was also confirmed 
by the upregulation of active caspase 3 in the buparlisib group 
compared with in the control group (Fig. 2C), as determined 
by western blot analysis. Notably, there were no alterations in 
the expression levels of other pro-apoptotic or anti-apoptotic 
proteins, including Bcl-2 and Bax. As shown in Fig. 2D, the 
TUNEL assay revealed that the number of TUNEL-positive 
cells was markedly increased in cells from mice treated with 
buparlisib (76.8±16.4% in the buparlisib group vs. 17.5±12.9% 
in the control group; P=0.0079), confirming the apoptotic 
effect of buparlisib on tumour cells.

Buparlisib inhibits osteoclast formation and reduces osteo‑
lytic destruction. Since buparlisib treatment resulted in tumour 
growth retardation and apoptotic induction in implanted 

Figure 1. Treatment protocol, optical images and quantitative analysis of bone tumour-bearing mice. (A) Treatment protocol. Schematic representation of 
buparlisib treatment and in vivo imaging of the tumour model. (B-1) BLI of both groups of bone tumour-bearing mice at different time points, and photographs 
captured at the end of the experiment. The strength of the bioluminescence signal is correlated with tumour burden, with a pseudo-colour scale ranging 
from red (most intense) to violet (least intense). (B-2) Tumour volume of bone tumour-bearing mice at different time points. Buparlisib treatment markedly 
decreased tumour size at 1 and 3 weeks. (B-3) Bioluminescence signal of both groups of bone tumour-bearing mice at different time points. Tumour growth 
and activity were reduced in the buparlisib group at 3 weeks. Results are presented as the means ± standard deviation. *P<0.05. BLI, bioluminescence imaging.
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NCI-H460 tumours, this study aimed to examine osteoclast 
formation and osteolytic destruction in the right tibiae of mice 
using the in vivo molecular imaging technique, 99mTc-MDP 

MicroSPECT/CT. As shown in Fig. 3A, markedly reduced 
99mTc-MDP uptake was detected in the metaphysis region of the 
right tibiae at 1 and 3 weeks in the buparlisib group; however, 

Figure 2. Buparlisib induces NCI-H460 cell apoptosis and reduces tumour activity in vivo. (A-1) 18F-FDG PET/CT of bone tumour-bearing mice was assessed 
at different time points in buparlisib-treated and control mice; red arrows represent the boundaries of the ROI. Tumour burden was reduced in the ROI of 
the buparlisib group compared with the control group at 1 and 3 weeks. High 18F-FDG uptake is considered normal in organs including the H, BR, BL and I. 
(A-2) Quantitative R/L ratio of SUV of bone tumour-bearing mice was assessed at the indicated time points. (B-1) Apoptotic cell death was assessed in single 
cell suspensions from excised tumour lesions of bone tumour-bearing mice at the end of study. NCI-H460-luc2 tumour cells were randomly isolated from three 
mice obtained from each group at 3 weeks after treatment, and were stained with Annexin V and analysed by fluorescence‑activated cell sorting. The red frame 
in the right lower corner in each group indicated early apoptosis. (B‑2) Quantification of data from the apoptosis assay. (C) Western blotting of tumour lesions 
obtained from both groups of bone tumour-bearing mice at the end of study. Caspase 3 expression, but not Bcl-2 and Bax expression, was increased in the bupar-
lisib group at 3 weeks. β-actin was used as a loading control to ensure equal loading between samples. (D-1) Tibia sections of intraosseous NCI-H460 tumours 
obtained from buparlisib and control group mice at 3 weeks were stained with TUNEL and DAPI. Blue fluorescence indicated nuclei stained with DAPI. 
Green fluorescence indicated TUNEL‑positive NCI‑H460 cells in the bone marrow cavity. Black arrows indicated the cortical wall of tibiae. Magnification, 
x400. (D‑2) Quantification of TUNEL‑positive NCI‑H460 cells from both groups of bone tumour‑bearing mice at the end of study. The percentage of 
TUNEL-positive cells was higher in the buparlisib group compared with in the control group at 3 weeks. Data are presented as the means ± standard deviation. 
*P<0.05. 18F‑FDG, 18F‑fluorodeoxyglucose; A, artery; Bax, Bcl‑2‑associated X protein; Bcl‑2, B‑cell lymphoma 2; BR, brain; BL, bladder; FITC, fluores-
cein isothiocyanate; H, heart; H&E, haematoxylin and eosin; I, intestines; J, joint; L, liver; PET/CT, positron emission tomography/computed tomography; 
R/L, right/left; ROI, region of interest; SUV, standardized uptake value; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate 
nick end labelling.
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this reduction was not detected in the control group. To assess 
histological alterations within the tibiae, sections of intraos-
seous NCI-H460 tumour from buparlisib-treated and untreated 
mice were stained with H&E after 3 weeks. As shown in the 
metaphysis of the upper tibia, results obtained from H&E 
staining suggested that fewer tumour cells were present in 
the bone marrow cavity, and bone destruction was reduced 
in the buparlisib group compared with in the control group 
after 3 weeks of treatment (Fig. 3B). The osteoclast markers, 
TRAP and RANKL, were also examined by immunohis-
tochemistry (IHC); the results indicated that the expression 
of both osteoclast markers was decreased in the buparlisib 
group compared with in the untreated control group (Fig. 3B). 
Furthermore, ex vivo MicroCT analysis of the proximal tibia 
of tumour-bearing mice revealed a marked reduction in the 
number of osteolytic bone lesions in the buparlisib group after 
3 weeks (Fig. 3C‑1), alongside significantly higher quantita-
tive bone parameters, including trabecular number (6.98±0.42 
in the buparlisib group vs. 2.47±0.70 in the control group; 
P=3.74x10-5), cortical wall thickness (0.46±0.05 in the bupar-
lisib group vs. 0.19±0.01 in the control group; P=2.12x10-5), 

and trabecular volume (0.50±0.05 in the buparlisib group V.S. 
0.09±0.04 in the control group; P=1.62x10-5) (Fig. 3C-2), thus 
suggesting that the PI3K inhibitor exerted anti-osteoclastogenic 
effects in vivo.

Buparlisib enhances DWB capacity and maintains body 
weight. To assess how quality of life is affected by the PI3K 
inhibitor buparlisib, body weight and DWB ability were 
measured at 0, 1 and 3 weeks in both groups. Notably, a slight 
increase in body weight was detected 1 week after buparlisib 
treatment compared with in the control group (23.36±3.31 g 
in the buparlisib group vs. 21.95±2.70 g in the control group; 
P=0.283; Fig. 4A); however, body weight between the two 
groups was comparable after 3 weeks (20.06±1.92 g in the 
buparlisib group vs. 21.10±1.21 g in the control group; P=0.460; 
Fig. 4A). Therefore, DWB tests were further performed to 
examine whether the control of symptoms associated with 
bone metastasis differed between the two groups; for DWB 
tests, the amount of weight passing through each paw was 
assessed automatically via pressure transducers. DWB ability 
was enhanced in the buparlisib group after 1 week compared 

Figure 3. 99mTc-MDP SPECT/CT imaging of bone tumour-bearing mice during the whole study, and H&E staining, IHC and ex vivo MicroCT of tumour 
lesions at the end of the study. All regions shown on the histological slices were in the metaphysis. (A) 99mTc-MDP SPECT/CT imaging of both groups of bone 
tumour-bearing mice at different time points. SPECT/CT imaging of the mice highlighted increased radioactive uptake in the control group compared with the 
buparlisib group, particularly at 3 weeks, as indicated at boundaries of a region of interest, which was marked with a red cross in the centre. Organs including 
the H, brain, BL, liver and intestines exhibited a high uptake of 99mTc-MDP, which is considered normal. (B) H&E and IHC staining of tumour lesions at the end 
of the study. H&E staining revealed that more tumour cells were detected in the control group and the adjacent bone marrow cavity exhibited a loss of trabecular 
bone (x100 magnification; red arrows indicate tumour cells and the red dotted circle indicates the location of the marrow cavity). The protein expression levels 
of TRAP and RANKL were examined by IHC (red arrows indicate positive staining). The osteoclast marker TRAP was expressed in the activated osteoclast 
cells at the tumour bone interface, as indicated by dark purple staining. The other osteoclast marker, RANKL, exhibited dark brown staining. The levels of 
osteoclast markers were decreased in the buparlisib group. (C-1) Ex vivo MicroCT of tumour lesions at the end of study. MicroCT analysis of the proximal tibia 
of tumour-bearing mice revealed a marked reduction in the number of osteolytic bone lesions in the buparlisib group. Red dotted arrow in the red border indi-
cates osteolytic bone lesions in the control group. (C-2) Quantitative analysis of ex vivo MicroCT of tumour lesions at the end of the study. Trabecular number, 
cortical wall thickness and BV/TV were measured in the proximal tibia of tumour-bearing mice. The number of osteolytic bone lesions was decreased in bupar-
lisib-treated mice compared with in control mice. Data are presented as the means ± standard deviation. *P<0.05. 99mTc-MDP, 99mTc-methylene diphosphonate; 
A, artery; BL, bladder; BV/TV, bone volume/total volume; CT, computed tomography; H, heart; H&E, haematoxylin and eosin; IHC, immunohistochemistry; 
RANKL, receptor activator of nuclear factor-κB ligand; SPECT, single-photon emission computed tomography; TRAP, tartrate-resistant acid phosphatase.
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with the control group (0.98±0.25 in the buparlisib group 
vs. 0.63±0.34 in the control group; P=0.073; Fig. 4B), and 
was significantly improved after 3 weeks (0.85±0.12 in the 
buparlisib group vs. 0.27±0.06 in the control group; P=0.019; 
Fig. 4B). These results indicated that treatment with a PI3K 
inhibitor could significantly increase the weight-bearing 
capacity of tumour-bearing limbs.

Discussion

Studies of buparlisib in patients with advanced or recurrent 
endometrial carcinoma and human epidermal growth factor 
receptor 2-positive advanced breast cancer have failed to 
improve the progression-free survival of patients (27,28). 
However, there is still scope for the use of buparlisib. Notably, 
PI3K pathway mutations in circulating tumour DNA are more 
commonly detected in metastatic tissues compared with in 
primary biopsies from patients with lung cancer (29). Buparlisib 
has good blood-brain-barrier penetrance, and PI3K inhibition 
may hold considerable promise in the treatment of brain metas-
tasis and the respective microenvironment (30). Furthermore, 
the results from the BELLE-2 study demonstrated that buparl-
isib has the greatest clinical benefit and tolerable safety profile 
for patients with hormone receptor-positive, epidermal growth 
factor receptor 2-negative advanced breast cancer (31). The 
results of the present study indicated that targeting the PI3K 

pathway may prevent structural skeletal damage associated 
with bone metastasis of lung cancer.

Bone metastasis represents a difficult-to-treat clinical 
scenario, due to pain, increased skeletal-related events (SREs), 
decreased quality of life and diminished overall survival 
outcomes (32). Approved therapeutic agents in the 2017 
National Comprehensive Cancer Network cancer treatment 
guidelines (33) for treating bone metastasis focus on treatment 
of significant pain and SREs. These drugs include bisphospho-
nates, which inhibit bone resorption through apoptotic effects 
on osteoclasts (34); denosumab, which is a RANKL inhibitor 
that prevents the development of osteoclasts that break down 
bone (35); radioisotopes, which are used to treat patients 
with osteoblastic or mixed metastatic bony lesions; hormonal 
therapy and chemotherapy. Although bisphosphonates are 
widely used in clinical practice, identification of novel 
compounds with combined antitumour and bone-protective 
effects would be highly advantageous (36).

The present study used various techniques to monitor tumour 
growth over the treatment course. The results demonstrated 
that buparlisib exerted inhibitory effects on tumour growth 
during the treatment course in vivo. The PI3K/mTOR/AKT 
pathway promotes osteoclastogenesis in vitro, suggesting 
that PI3K and mTOR inhibitors may be useful in the treat-
ment of cancer-associated bone loss (37). Therefore, this 
study aimed to examine the effects of buparlisib on implanted 

Figure 4. Body weight and DWB capacity of bone tumour-bearing mice during the whole study. (A) Body weight of bone tumour-bearing mice at different 
time points. Body weight was measured by week following the first buparlisib injection. Buparlisib treatment induced a slight increase in body weight 1 week 
after treatment, whereas a comparative body weight was detected between the two groups after 3 weeks. (B) DWB capacity of bone tumour-bearing mice at 
different time points. The average values of R/L raw pressure were calculated and analysed. DWB ability was enhanced in the buparlisib group after 1 week 
compared with the control group, and was significantly improved after 3 weeks. Data are presented as the means ± standard deviation. *P<0.05. DWB, dynamic 
weight bearing; R/L, right/left.
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NCI-H460 (PIK3CA-mutant) tumours in the right tibiae of 
mice following confirmation of tumour growth. After admin-
istration of buparlisib at weeks 0, 1 and 3, bone destruction 
was reduced compared with in the control group, as evidenced 
by TRAP and RANKL staining by IHC. In addition, animals 
in the buparlisib-treated group maintained their DWB capa-
bility. Utilizing small animal MicroPET/CT (18F-FDG) and 
SPECT/CT (99mTc-MDP) imaging techniques, 18F-FDG and 
99mTc-MDP uptake was reduced in the metaphysis region of 
right tibiae at 1 and 3 weeks in the buparlisib group.

Osteoclast activation is regulated by complex signalling 
pathways, including systemic factors and locally secreted 
cytokines. RANKL is naturally expressed on the membrane 
surface of stromal cells and osteoblasts, in addition to 
active T cells (38). Activation of RANK by RANKL results 
in osteoclast activation through signalling cascades that 
involve activation of the NF-κB and c-Jun N-terminal kinase 
pathways. The PI3K pathway regulates RANKL-induced 
osteoclast migration and invasion (39); sustained PI3K signal-
ling in MM impacts osteoclastogenic potential, and enhances 
inflammation and local bone destruction (40). The PI3K/Akt 
pathway stimulates the expression of RANKL, parathyroid 
hormone-related protein and bone morphogenetic protein-2, 
partly through NF-κB, highlighting the potential therapeutic 
effect of the PI3K/Akt pathway in bone metastasis of prostate 
cancer (41). TRAP is associated with osteoclast migration 
to bone resorption sites, and is believed to initiate osteoclast 
differentiation, activation and proliferation. Therefore, osteo-
clasts can be identified by TRAP staining (42). In agreement 
with the aforementioned effects of the PI3K pathway, in 
the present study, buparlisib treatment reduced levels of the 
osteoclast markers, TRAP and RANKL, compared with the 
control group.

In the present study, tumour growth and burden were 
longitudinally assessed in vivo via multimodality molecular 
imaging techniques, including reporter gene BLI, small 
animal PET/CT (18F-FDG) and SPECT/CT (99mTc-MDP). 
Multimodality molecular imaging can be defined as the 
visualization, characterization and quantification of biological 
processes at the cellular and molecular levels in living 
organisms; in vivo, this can be used to continuously monitor 
the metabolic and physiological progress of bone metas-
tasis. Therefore, the mechanisms underlying disease can 
be studied in a physiologically intact environment (43,44). 
PET/CT (18F-FDG) and SPECT/CT (99mTc-MDP) imaging 
techniques are widely used in clinical and basic research 
settings. In addition, luciferases are among the most sensi-
tive probes and are considered powerful tools for visualizing 
live tissues and whole animals, for example through BLI. 
Luciferases catalyse light emission via the oxidation of small 
molecule substrates, known as luciferins. Since no external 
light is required, the background emission is virtually zero, 
enabling sensitive imaging in vivo (45). Notably, all of these 
imaging techniques are non-invasive.

Combining PET/CT and SPECT techniques may help to 
overcome the difficulties associated with quantitative analysis 
of metastatic lesions obtained from optical imaging (46), 
thereby improving understanding of bone destruction, 
and tracking the molecular and functional alterations of 
bone metastases of lung cancer using multiparametric 

quantification (47,48). In this study, reduced 18F-FDG and 
99mTc-MDP uptake was detected in the metaphysis region of 
the buparlisib group by PET/CT and SPECT/CT imaging, 
thus highlighting the antitumour activity of buparlisib and its 
ability to inhibit osteoclast-associated bone destruction. Taken 
together, these data indicated that buparlisib may possess 
antitumour activity, reduce bone destruction and exert protec-
tive effects against progressive bone destruction, which may 
guide the development of clinical trials using a combination of 
buparlisib and antitumour drugs.

The present study had its limitation. At present, several 
techniques, including direct injection into the left ventricle 
and orthotopic implantation are currently used to induce 
bone metastasis of lung cancer. Although it cannot be used to 
monitor the whole process of metastasis from lung to skeleton, 
local injection remains one of the most commonly used tech-
niques to induce bone metastasis, due to ease of operation and 
consistency of growth states between animal models (49). In 
the present study, the bone metastatic model was established 
via direct implantation of NCI-H460-luc2 lung cancer cells 
into the right tibiae of mice. NCI-H460-luc2 cells appeared to 
exhibit higher tumour formation rate and adequate reproduc-
ibility compared with other NSCLC cell lines, including A549 
and PC-9 (data not shown), allowing direct comparison with 
the normal control group. Therefore, this model may be used 
to determine therapeutic effects against metastatic lesions. 
Furthermore, the present study primarily focused on the 
pre-clinical activity of buparlisib on bone metastases caused 
by lung cancer cells; therefore, the present findings could act 
as a basis for clinical trials of buparlisib as a novel therapy for 
the treatment of patients with lung cancer and bone metastases.

In conclusion, this study indicated that the PI3K inhibitor 
buparlisib exerted significant inhibitory effects on the progres-
sion of osteolytic invasion by suppressing osteoclast formation 
and RANKL expression, as determined by analysing murine 
xenograft models using multimodality molecular imaging. 
Furthermore, the antitumour properties and favourable safety 
profile of this drug make it particularly attractive as a potential 
treatment for patients with lung cancer and bone metastases.
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