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Abstract. Osteopontin (OPN) is an acidic, glycosylated and 
phosphorylated protein that plays an essential role in deter-
mining the aggressiveness and oncogenic potential of several 
types of cancer, including lung cancer. The OPN function is 
highly dependent on post‑translational modification (PTM) and 
regulation of the processes that involve OPN can be mediated 
through glycosylation. However, the connection between OPN 
function and its O‑glycosylation in lung cancer cells has yet to 
be investigated. In the present study, this issue was addressed by 
studying the effects of wild‑type (WT) OPN and a triple mutant 
(TM) of OPN, which was mutated at three O‑glycosylation sites 
in lung cancer cells. It was shown that OPN WT rather than 
OPN TM induced the OPN‑mediated signaling pathway. The 
OPN WT expression enhanced cap‑dependent protein transla-
tion, NF‑κB activity and glucose uptake, whereas a reduction 
was observed in cells treated with OPN TM. The results clearly 
demonstrated that unlike OPN WT, OPN TM did not increase 
lung cancer cell growth and migration both in vitro and in 
a xenograft mouse model. Thus, results of the present study 
suggested that targeting OPN by introducing OPN TM may be 
a good strategy for treating lung cancer.

Introduction

Lung cancer has emerged as the leading cause of cancer‑related 
mortalities, with an increasing incidence worldwide. The 
long‑term survival of lung cancer patients treated with 
conventional therapies, including surgery, radiation therapy 
and chemotherapy, remains poor and has changed little in 

decades. Therefore, a more rational approach to lung cancer 
therapy is required.

Osteopontin (OPN) is an acidic, glycosylated, phosphory-
lated and secreted protein that is crucial in determining the 
aggressiveness and oncogenic potential of several types of 
cancer, including lung cancer (1,2). It interacts with specific 
receptors that affect different cascades of the signaling pathway 
and modulate the expression of several downstream molecules 
associated with cancer development. Thus, investigators 
have attempted to inhibit cancer progression by targeting the 
OPN function (3,4). The OPN function mainly depends on 
post‑translational modification (PTM) and regulation of the 
processes that involve OPN may be mediated through glycosyl-
ation and phosphorylation (5,6). O‑glycosylation is considered 
a highly complex process in which carbohydrate chains are 
created and extended through the sequential addition of sugars 
in a Golgi apparatus wherein transferases are located (7,8).

Five O‑glycosylation sites have been identified in humans, 
three of which are also conserved in a mouse OPN (9‑11). 
However, no reports have indicated the importance of the 
O‑glycosylation sites in OPN, the function of OPN and in 
regulating its downstream signaling pathway.

OPN induces NF‑κB‑mediated signaling pathways by 
binding to its receptor. NF‑κB is constitutively active in most 
tumor cells and its suppression inhibits the growth and migra-
tion of tumor cells  (12‑14). Translation plays an important 
role in controlling cell growth and it can be regulated via the 
mammalian target of rapamycin (mTOR) signaling pathway 
through p70S6K, of which OPN‑activated Akt is a critical 
intermediate. Translation initiation has been shown to be 
a common downstream target of signal transduction path-
ways deregulated in several types of cancer, including lung 
cancer (15‑17). However, the mechanism by which OPN regu-
lates mTOR/p70S6K and NF‑κB signaling pathways as well as 
how inhibition of these pathways may alter cell migration and 
growth in lung cancer cells remain to be clarified.

In the present study, it was hypothesized that the specific 
inhibition of OPN downstream signaling by introducing 
triple mutant (TM) OPN may alter lung cancer cell growth 
and motility. Therefore, wild‑type (WT) OPN and OPN TM 
were introduced to lung cancer cells and their effects on 
cap‑dependent protein translation, NF‑κB activity and glucose 
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uptake were examined. The effects of OPN WT and TM on 
lung cancer cell growth and migration both in vitro and in a 
xenograft mouse model were also investigated.

The present study demonstrated that unlike OPN WT 
expression, OPN TM expression did not increase cap‑depen-
dent protein translation, NF‑κB activity and glucose uptake. 
The study results also showed that OPN TM decreased lung 
cancer cell growth and migration, suggesting that targeting 
OPN by introducing OPN TM is a promising strategy for lung 
cancer therapy.

Materials and methods

Cell culture and materials. H226 and H322 lung cancer cells 
were purchased from the American Type Culture Collection 
(CCL‑185; Rockville, MD, USA). The cells were grown 
in RPMI‑1640 supplemented with 10% FBS and 1% peni-
cillin/streptomycin from Gibco BRL (Grand Island, NY, USA). 
The mTOR and phospho‑mTOR antibodies were obtained 
from Cell Signaling Technology, Inc. (Beverly, MA, USA). 
The other indicated antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). LY294002 
and monensin were purchased from Calbiochem (San Diego, 
CA, USA); PDTC and rapamycin from Sigma‑ Aldrich 
(St. Louis, MO, USA); and NBD‑C6‑ceramide from Molecular 
Probes (Eugene, OR, USA). The bicistronic construct, 
pcDNA‑fLUC‑polIRES‑rLUC, in which firefly luciferase 
represents cap‑dependent and the renilla luciferase activity 
represents cap‑independent protein translation, was provided by 
Dr Gram (Novartis Pharma AG, Basel, Switzerland). The NF‑κB 
luciferase reporter vector was a gift from Dr Nancy Colburn  
(National Cancer Institute, Frederick, MD, USA). The trans-
fection reagent LT1 was obtained from Mirus Biotechnology 
(Madison, WI, USA). The Luciferase assay kit and the 
pRA‑SV40 control vector were purchased from Promega 
(Madison, WI, USA). The lentivirus that contained shRNA 
targeting p70S6K (shp70S6K), the BLOCK‑iT™ Lentiviral 
RNAi Expression System (Invitrogen, Grand Island, NY, 
USA), was generated according to the manufacturer's instruc-
tions, after which the virus titer was determined using an 
HIV‑1 p24 ELISA kit from PerkinElmer Life Sciences 
(Boston, MA, USA).

Plasmid constructs and generation of a stable cell line. The 
human OPN was generated via reverse transcription‑PCR 
(RT‑PCR) using the total RNA. Primers used for RT‑PCR 
were: a forward primer that contained an XbaI restriction site 
(5'‑GCTCTAGAATGAGAATTGCAGTGATTTG‑3') and a 
reverse primer that contained a KpnI restriction site (5'‑CGG 
GGTACCTTAATTGACCTCAGAAGATGC‑3'). The PCR 
product was inserted into the corresponding sites of 
pcDNA3.1(‑) to generate pcDNA3.1(‑)/OPN WT. Point muta-
tions on threonine in each glycosylation site (T120A, T124A, 
T129A, T133A and T138A) of OPN and three point mutations 
of OPN (T124A, T133A and T138A; OPN TM), as well as five 
point mutations of OPN in which all five OPN glycosylation 
sites were converted to alanine (5 µm), were generated using 
pcDNA3.1(‑)/OPN WT as a template. The final constructs 
were confirmed via restriction enzyme analysis and sequencing. 
To generate a stable cell line, pcDNA3.1(‑)/OPN WT or TM 

was transfected into the H226 cells using the TransIT®‑LT1 
reagent. The transfected cells were selected with a medium 
that contained 100 g/ml of G418 disulfate salt from Sigma‑ 
Aldrich and the selected cells were maintained in 50 g/ml of 
G418 disulfate salt for future experiments.

RT‑PCR. Total RNA was isolated using a TRIzol reagent, after 
which RT‑PCR was performed with the One‑Step RT‑PCR kit 
(Intron, Seongnam, Korea), according to the manufacturer's 
instructions. The primers used were: OPN forward, 5'‑GCAG 
AATCTCCTACCCCAC‑3' and reverse, 5'‑TCGGAATGC 
TCATTGCTCTC‑3'; GALNac‑T1 forward, 5'‑CTGCCATGG 
TAGGTGTCCTG‑3' and reverse, 5'‑TGAGGCTTGGAG 
CACACTTC‑3'; and GAPDH forward, 5'‑GAAGGACTCAGA 
CCACAG‑3' and reverse, 5'‑CTTCACCACCTTCTTGATG‑3'. 
GAPDH was amplified and used as an internal control. The 
products were analyzed via electrophoresis on 1% agarose gels.

Western blot analysis. The total protein concentration in the cell 
lysates, media and homogenized tumor samples was determined 
using the Bio‑Rad Protein Assay reagent (Bio‑Rad, Hercules, 
CA, USA). Equal amounts of protein were separated via 
SDS‑PAGE and transferred to nitrocellulose membranes. The 
membranes were blocked in Tris‑buffered saline with Tween‑20 
(TBST) that contained 5% skim milk. Immunoblotting was 
performed by overnight incubation with the indicated primary 
antibodies at 4˚C and then with HRP‑conjugated secondary 
antibodies for 3 h. The bands were detected using the lumines-
cent image analyzer LAS‑3000 (Fujifilm, Tokyo, Japan). The 
results of the western blot bands analysis were quantified with 
Multi‑gauge v2.02 software (Fujifilm).

Immunohistochemistry (IHC). Fixed tumors were embedded 
in 10% neutral phosphate‑buffered formalin. The paraffin‑ 
embedded tissue sections were cut and transferred to plus 
slides. The sections were deparaffinized in xylene and 
rehydrated through alcohol gradients. To quench the endog-
enous peroxidase activity, the sections were incubated in 
3% hydrogen peroxide for 10 min. After being washed in 
PBS, the sections were incubated in PBS with 3% bovine 
serum albumin (BSA) for 1 h at room temperature to block 
non‑specific binding sites. Corresponding primary antibodies 
were applied and the sections were incubated overnight at 
4˚C. The following day, they were washed and incubated with 
secondary HRP‑conjugated antibodies (1:50; Zymed) for 3 h 
at room temperature. After being washed, the sections were 
incubated with DAB (Vector Laboratories, Burlingame, CA, 
USA) and counterstained with Mayer's hematoxylin (Dako, 
Glostrup, Denmark). The slides were then imaged under a light 
microscope (Carl Zeiss, Gottingen, Germany).

OPN immunoassay. The cells were transfected with OPN WT 
and TM constructs. OPN levels from a cultured medium were 
then determined via Quantikine Human OPN Immunoassay 
from R&D Systems (Minneapolis, MN, USA). The results 
were read on a microplate reader from Bio‑Rad at 450 nm OD.

Immunofluorescence assay. The cells were grown and treated 
on a two‑well chamber slide. The slides were washed with 
PBS and fixed in 4% paraformaldehyde and methanol, and 
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in acetone, respectively. After being blocked with 3% BSA, 
the sections were incubated with specific primary antibodies, 
washed and incubated with fluorescence‑conjugated secondary 
antibodies. Their nuclei were stained with DAPI. The slides 
were visualized using a fluorescent microscope (Carl Zeiss).

In vivo tumor xenograft studies. Six‑week‑old nude mice 
were obtained from Joongang Laboratory Animals, Inc. 
(Seoul, Korea). The mice were maintained in a pathogen‑free 
animal facility at least one week before use. The nude mice 
were inoculated subcutaneously with H226 cells that were 
non‑transfected or stably transfected with OPN WT or TM. 
Seven mice were used in each group. The volume of the tumor 
in each mouse was measured with a caliper at regular intervals 
and calculated as described previously (18,19). At the end of 
the experiment, the mice were sacrificed and their individual 
tumors were weighed and collected for subsequent analysis.

Luciferase assay. The treated cells were lysed in a passive lysis 
buffer from Promega and centrifuged for 10 min at 4˚C. A 
supernatant was used for the luminescence dose. The LucR 
and LucF activities were measured using a Dual Luciferase kit 
from Promega according to the manufacturer's instructions.

Cy3‑labeled glucose uptake. H226 cells that stably expressed 
OPN WT and TM were cultured on glass. Then, 6 µM of 
Cy3‑labeled glucose (53) was added, and the viable cells were 
monitored using confocal laser scanning microscopy (CLSM) 
within 15 min. Fluorescent images of the cells were captured 
every 60 sec.

Wound healing assay. The confluent H226 cell monolayers 
were scratched with a pipette tip, with 30 min pre‑incubation 
in the presence of mitomycin. The wound areas were observed 
using phase contrast microscopy on an inverted microscope. 
Images of the same areas were captured at regular intervals 
over the indicated time.

Invasion assay. Invasion assays were performed using BD 
BioCoat™ Matrigel™ Invasion Chambers with 8 µm poly-
carbonated filters from BD Biosciences (San Jose, CA, USA) 
according to the manufacturer's instructions.

Nuclear extraction. The nucleus and cytosol were separated 
with the Nuclear Extract kit from Active Motif (Carlsbad, CA, 
USA). The cells were grown to confluence in a 100‑mm tissue 
culture plate and washed with 5 µl ice‑cold PBS/phosphatase 
inhibitors. The collected cells were gently resuspended in a 
500 µl hypotonic buffer and incubated on ice for 15 min. After 
their incubation, a 25 µl detergent was added in the tube. The 
cytoplasmic fraction and the nuclear pellet were separated 
through centrifugation. The nuclear pellet was resuspended 
with a 50 µl complete lysis buffer and incubated for 30 min on 
ice on a rocking platform at 150 rpm. Following centrifuga-
tion, the supernatant containing nuclear proteins was collected 
for further analysis.

Statistical analysis. Statistical analyses were performed with 
a Student's t‑test for experiments on two groups using the 
Graphpad Software (San Diego, CA, USA).

Results

Expression of OPN WT and TM in the H226 cells. To charac-
terize the connection between OPN O‑glycosylation sites and 
their function, a series of point mutations in O‑glycosylation 
sites were introduced into the OPN gene and the cells were 
co‑transfected with OPN WT or O‑glycosylation mutant 
forms of OPN and NF‑κB luciferase or bicistronic luciferase 
construct. The results clearly showed that the introduction 
of selective mutation on three O‑glycosylation sites of OPN 
reduced the NF‑κB activity and the cap‑dependent protein 
translation more potently than other O‑glycosylation mutant 
forms of OPN (Fig. 1A and B). Based on the results, OPN TM 
was chosen for subsequent experiments.

The mRNA levels of OPN following the transfection of the 
H226 cells with OPN WT and TM were then examined. The 
results clearly showed that the mRNA level of OPN increased 
in the OPN WT/TM‑transfected cells (Fig. 1C). The immuno-
fluorescence assay also showed the overexpression of OPN in 
Golgi in the cells transfected with OPN WT and TM, unlike 
in the control (Fig. 1D). The mRNA level of GalNAc‑T1 in 
the H226 cells was also determined. Unlike OPN WT, OPN 
TM did not increase the mRNA level of GalNAc‑T1 (Fig. 1E). 
The western blot analysis and ELISA revealed that unlike 
OPN TM, OPN WT increased the expression levels of OPN in 
conditioned media (Fig. 1F and G). It was also demonstrated 
that treatment of OPN WT/TM‑transfected cells with PMSF, a 
broad‑spectrum protease inhibitor, increased the OPN expres-
sion levels (Fig. 1G).

OPN WT, but not OPN TM, induced the OPN‑dependent 
signaling pathway. To evaluate the mechanisms of OPN 
regulation and the role of OPN substrates in OPN‑dependent 
biologic responses in cell migration and growth, western blot-
ting, immunofluorescence and invasion and wound migration 
assays were carried out in cells transfected with OPN WT/TM. 
The results clearly showed that unlike OPN TM, OPN WT 
increased Akt, p‑Akt (Thr308/Ser473), IKK, mTOR, p‑mTOR 
and Glut‑1, as determined by the western blot and densitometric 
analyses (Fig. 2A). Unlike OPN WT, OPN TM did not increase 
the expression level of p70S6K, p‑p70S6K and uPA (Fig. 2B). 
The immunofluorescence assay reconfirmed this pattern 
(Fig. 2C). Furthermore, the wound healing and invasion assays 
demonstrated that OPN WT rather than OPN TM increased 
cell migration and the number of invaded cells (Fig. 3).

OPN TM did not increase the glucose uptake, cap‑dependent 
protein translation and NF‑κB activity. Stable H226 cell lines 
that expressed OPN WT and TM were generated to further 
explain the effects of OPN WT and TM on glucose uptake 
and the OPN‑dependent signaling pathway. The results clearly 
showed that the glucose uptake increased in the cells that 
stably expressed OPN WT, but did not increase in the cells 
that stably expressed OPN TM (Fig. 4). The altered expres-
sion levels of the key proteins involved in the NF‑κB signaling 
pathway when the stable cells were transfected with Akt were 
investigated. The expression of Akt increased the expression 
levels of phosphorylated forms of Akt at Thr308 and NF‑κB 
p65 in cytosol, whereas the NF‑κB p65 expression in the 
nucleus decreased. GAPDH and PARP were used as controls 
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for the cytosol and nucleus (Fig. 5A). Furthermore, the Akt 
transfection enhanced the NF‑κB activity in the stable cells 
that expressed OPN WT and TM (Fig. 5B). The expression 
of mTOR increased the expression levels of p‑eIF4G and 
p‑eIF4E (Fig. 5C) and the cap‑dependent protein translation 
in the cells that stably expressed OPN WT and TM (Fig. 5D). 
The results also showed that silencing p70S6K decreased the 
expression levels of p‑p70S6K and the cap‑dependent protein 
translation in the cells that stably expressed OPN WT and TM 
(Fig. 5E and F).

Involvement of the mTOR and IKK signaling pathways 
in the OPN‑mediated cap‑dependent protein translation 
and NF‑κB activity. The effects of different inhibitors on 
OPN‑mediated protein translation and NF‑κB activity were 
investigated. cis‑Golgi was blocked to the medial‑Golgi 
transport with monensin  (20) and the expression levels of 

p‑Akt (Thr308) and p‑eIF4E were examined by western blot 
analysis. It was found that the monensin treatment decreased 
the protein levels of p‑Akt (Thr308) and p‑eIF4E in the OPN 
WT/TM‑transfected cells (Fig. 6A). Moreover, a significant 
decrease in the cap‑dependent protein translation was observed 
in the OPN TM‑transfected cells compared with the control. 
Monensin also reduced the OPN WT‑mediated cap‑dependent 
protein translation, as determined by the luciferase assay 
(Fig. 6B). To examine the role of mTOR and the involvement 
of the Akt/mTOR signaling pathway in OPN‑regulated protein 
translation, the OPN WT/TM‑transfected cells were treated 
with rapamycin and the expression levels of p‑eIF4G and 
p‑4E‑BP1 were examined. The results showed that rapamycin 
decreased the expression levels of p‑eIF4G and p‑4E‑BP1 in 
the OPN WT/TM‑transfected cells (Fig. 6C). The luciferase 
assay clearly demonstrated that rapamycin attenuated the 
OPN‑induced increase in the cap‑dependent protein transla-

Figure 1. Expression of osteopontin (OPN) wild-type (WT) and triple mutant (TM) in H226 cells. (A) For the dual luciferase assay, the cells were co‑transfected 
with different OPN constructs, as indicated, and with the bicistronic reporter construct pcDNAfLUC‑polIRES‑rLUC, and then lysed and assayed for firefly and 
renilla luciferase activities. Each bar presents the mean ± SEM (n=3). (B) Cells were co‑transfected with OPN constructs, as indicated, and the NF‑κB luciferase 
vector with the pRA‑SV40 control vector, then lysed and assayed for firefly and renilla luciferase activities. (C) RT‑PCR analysis of OPN. H226 cells were 
transfected with OPN WT/TM for 24 h and then the total RNA was isolated and subjected to RT‑PCR. (D) Fluorescence imaging of OPN after the transfection. 
H226 cells were incubated with OPN WT and TM for 24 h, followed by fixing and immunostaining for the OPN (red via TRITC), Golgi marker (green via 
NBD‑C6 Ceramide) and nuclei (blue via DAPI). The scale bar is 20 µm. (E) RT‑PCR analysis of GALNac‑T1. H226 cells were transfected with OPN WT/
TM for 24 h and then the total RNA was isolated and subjected to RT‑PCR. Representative bands are shown. (F) Western blotting of the secreted OPN. H226 
cells were transected with OPN WT/TM and the cultured media were collected and subjected to western blot analysis. (G) ELISA of OPN. H226 cells were 
transfected with OPN WT/TM and then treated with PMSF (0.5 mM), after which cultured media were collected and ELISA was performed. Each bar presents 
the mean ± SEM (n=3). *P<0.05 vs. Con, #P<0.05 vs. WT [PMSF (-)], and +P<0.05 vs. TM [PMSF (-)]. Con, control (H226 cells); Vec, vector control; WT, OPN 
WT‑transfected cells; TM, OPN TM‑transfected cells.
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tion. Moreover, a significant decrease was observed in the 
OPN TM‑transfected cells following rapamycin treatment 
(Fig. 6D). To investigate whether OPN‑mediated NF‑κB activity 
occurs through the Akt/IKK signaling pathway, the PI3K 
inhibitor LY294002 and the IKK inhibitor PDTC were used. 

The results showed that LY294002 and PDTC decreased the 
p‑Akt (Thr308) and uPA expression levels, respectively, in the 
OPN WT/TM‑transfected cells (Fig. 6E and G). The LY294002 
and PDTC treatment decreased the protein level of NF‑κB p65 
in the cytosol and an increase in the NF‑κB p65 expression was 

Figure 2. Western blot analysis of osteopontin (OPN)‑dependent proteins. (A) Western blot analysis of Akt, p‑Akt (Thr308), p‑Akt (Ser473), mammalian target 
of rapamycin (mTOR), p‑mTOR, IKK and Glut‑1. H226 cells were transfected with OPN WT/TM and incubated for 48 h, followed by lysis and collection. 
The lysates were used for the western blotting. The right panel shows the results of the densitometric analysis of the bands of interest. Each bar presents 
the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. TM. (B) Western blot analysis of p70S6K, p‑p70S6K and uPA. H226 cells were transfected with 
osteopontin (OPN) wild-type (WT)/triple mutant (TM), as indicated earlier. The lysates were used for the western blotting.
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observed in the nucleus of the cells that were transfected with 
OPN WT and TM. Furthermore, PDTC or LY294002 inhibited 
the OPN‑induced increase in NF‑κB activity and a significant 
decrease was observed in the OPN  TM‑transfected cells 
following treatment with LY294002 or PDTC (Fig. 6F and H).

Effect of OPN TM on the OPN‑mediated signaling pathway 
in H322 cells. The effect of OPN TM on the NF‑κB activity, 
cap‑dependent protein translation, and OPN‑mediated 
signaling pathway in H322 cells was also determined. The 
results showed that OPN TM decreased the protein levels 
of p‑Akt, p‑mTOR, p‑eIF4G and p‑eIF4E in the H322 cells 
(Fig. 7A). We also showed that OPN TM clearly decreased 
the NF‑κB activity and cap‑dependent protein translation, but 
that the PDTC and rapamycin treatment further decreased the 
cap‑dependent protein translation and NF‑κB activity in the 
OPN TM‑transfected cells (Fig. 7B). These results suggest that 
OPN TM is capable of altering the OPN‑dependent signaling 
pathway in H322 cells that reportedly have high levels of 
endogenous OPN (21).

Effects of OPN WT and TM on tumor growth in a xenograft 
mouse model. Evidence has shown that OPN increases 
tumor growth in several in vivo cancer models (22,23). Due 
to the in vitro data obtained, we investigated the effects of 
OPN WT and TM on tumor growth in a xenograft mouse 
model. Accordingly nude mice were injected subcutaneously 
with H226 cells that were alone or stably transfected with 
OPN WT or TM. The data showed that OPN WT increased 
whereas OPN TM decreased the tumor growth and weight in 
the xenograft mouse model (Fig. 8A‑C). It has been demon-
strated that several OPN‑dependent proteins, such as MMP‑9, 
VEGF, FGF‑2, COX‑2 and uPA, are important in the angio-
genesis, invasion and growth of tumor cells. Therefore, the 
expression levels of these proteins in a tumor xenograft model 
were investigated using western blotting and immunohisto-
chemistry. The results showed that the expression of MMP‑9, 
VEGF and FGF‑2 increased in tumors generated with OPN 
WT‑transfected cells but not with OPN TM‑transfected cells, 
as determined by western blot and densitometric analyses 
(Fig. 8D). Furthermore, the IHC analysis showed a decrease 

Figure 2. Continued. (C) (Upper panel) Fluorescence imaging of p‑70S6K and p‑p70S6K. (Lower panel) Fluorescence imaging of uPA. H226 cells were 
incubated with OPN WT and TM, followed by fixing and immunostaining for the indicated proteins (red via FITC) and nuclei (blue via DAPI). The scale bar 
is 20 µm. Con, control (H226 cells); Vec, vector control; WT, OPN WT‑transfected cells; TM, OPN TM‑transfected cells.
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in the expression levels of uPA and COX‑2 in tumors gener-
ated with OPN TM‑transfected cells and an increase in tumors 
generated with OPN WT‑transfected cells (Fig. 8E).

Discussion

The abundance of clinical and experimental evidence 
regarding the relationship between OPN and lung cancer 
growth makes OPN an attractive potential therapeutic target 
for combating lung cancer development (24,25). A specific 
OPN inhibitor is not yet available, however. Therefore, inhibi-
tion of the OPN‑mediated signaling pathway is a potentially 
attractive strategy for lung cancer therapy.

The importance of the O‑glycosylation sites in OPN and 
the connection between the OPN function and its glycosyl-
ation have yet to be adequately clarified. In the present study, 
the effect of the O‑glycosylation sites in OPN on cancer 
cell growth and migration was functionally defined by 
introducing selective mutation in three O‑glycosylation sites 
of OPN and expressing this mutation in lung cancer cells. 

Overexpression of the OPN that contained WT glycosylation 
sites but not of that with the three mutated O‑glycosylation 
sites increased lung cancer cell growth and migration in vitro 
as well as in a xenograft mouse model. Specifically, the 
specified O‑glysylation sites were important for lung cancer 
progression and growth. Glycosylation is one of the most 
important post‑translational events wherein glycan chains are 
connected to a specific peptide backbone. The uncertainty 
in predicting the correlation of OPN O‑glycosylation with 
its function necessitates the examination of the relevance 
of O‑glycosylation of OPN in its functional environment. 
Therefore, the extent of glycosylation in OPN must be deter-
mined, and the consequence of the blocking or modification 
of the glycosylation of OPN must be investigated (26‑28). In 
the present study, this issue was investigated by studying the 
connection between O‑glycosylation and the cell function of 
OPN by expressing OPN TM and WT in lung cancer cells. 
The results clearly showed that OPN WT and TM increased 
the OPN mRNA levels. The overexpression of OPN in Golgi 
was also demonstrated via CLSM.

Figure 3. Wound healing and invasion assays. (A) Cell migration rate via wound healing in the H226 cells after the transfection. (B) Matrigel invasion assay 
of the H226 cells; representative images of the invading cells treated with osteopontin (OPN) wild-type (WT)/triple mutant (TM). Con, control (H226 cells); 
WT, OPN WT‑transfected cells; TM, OPN TM‑transfected cells.
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The transfer of α‑N‑acetylgalactosamine (GalNAc) from 
UDP‑GalNAc to Ser or Thr is catalyzed by UDP‑GalNAc:poly
peptide N‑acetylgalactosaminyltransferases (GalNAc‑Ts) in 
Golgi (29,30). Miwa et al (11) determined the O‑glycosylation 
sites of OPN as potential acceptor substrates of GalNAc‑T1 
in vitro and demonstrated that two of its glycosylation sites, 
which are also conserved in humans, were glycosylated by 
GalNAc‑T1. The results showed that OPN WT increased 
the expression levels of GalNAc‑T1, whereas OPN TM did 
not, suggesting that the introduction of OPN regulates the 
expression of O‑glycosylation‑related proteins in the Golgi, 
which can affect its O‑glycosylation process and suggests 
that unlike OPN WT, OPN TM cannot be fully glycosylated. 
It has been reported that PTMs that include O‑glycosylation 
can affect protein conformation, stability and other proper-
ties  (31‑34). Glycosylation modification has been reported 
to protect proteins against proteasomal degradation (35‑37). 

Unlike OPN WT, OPN TM did not increase the expression of 
the secreted OPN; however, when the cells were treated with 
PMSF, the expression levels of OPN were recovered. The data 
clearly show that non‑fully‑glycosylated OPN, in contrast to 
fully glycosylated OPN, generates different functional forms 
that may alter their physiological functions. Mutations at 
specific O‑glycosylation sites of OPN may generally result in 
lower protein stability, indicating that there is a correlation 
between alteration in OPN O‑glycosylation and its stability 
against proteasome degradation. The results clearly show that 
unlike OPN WT, OPN TM did not increase Akt and p‑Akt at 
the phosphorylation sites. It has been reported that OPN is able 
to induce Akt and that its related signals contribute to cancer 
progression (1,38).

Translational control, a crucial element in the regula-
tion of gene expression, has been reported to be frequently 
deregulated in cancer cells (39‑41). Translation is regulated 

Figure 4. Cy3‑Glc‑a uptake by the H226 cells. (A) Cy3‑Glc‑a (6 µM) added to the H226 cells that stably expressed osteopontin (OPN) wild-type (WT)/triple 
mutant (TM) and fluorescence images captured via live cell imaging with a confocal laser scanning microscopy (CLSM) are shown. (B) Fluorescence 
intensities determined via their continuous measurement from the regions of interest in three independent cells. Con, control (H226 cells); WT, cells that 
stably expressed OPN WT; TM, Cells that stably expressed OPN TM.
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via the mTOR signaling pathway through p70S6K and 
4E‑BP1/eIF4E, wherein OPN‑activated Akt can be a crucial 
intermediate. A key step in the regulation of protein synthesis 
is the assembly of the initiation complex eIF4F that contains 
the initiation factors eIF4G, eIF4E (the protein that binds to 
the 5' cap structure) and eIF4A. 4E‑BP1 has been reported 
to bind to a site on eIF4E that overlaps with the binding site 
for eIF4G (42‑44). Thus, 4E‑BP1 competes with eIF4G in 
order to bind to eIF4E, and is thus able to inhibit the eIF4F 
complex formation. Phosphorylation of 4E‑BP1 reduces its 
affinity to eIF4E and its dissociation, making eIF4E avail-
able for binding to eIF4G and thereby increasing the mRNA 
translation  (45,46). The results have shown that OPN TM 
decreased the expression levels of mTOR, p‑mTOR, p70S6K, 
p‑p70S6K, p‑4E‑BP1, p‑eIF4E and p‑eIF4G, but increased 
the expression levels in the OPN  WT‑treated cells. The 
results also showed that the expression of mTOR induced the 

cap‑dependent protein translation, whereas rapamycin and 
shp70S6K inhibited the cap‑dependent protein translation in 
the cells treated with OPN WT and TM. These data reveal 
that OPN WT induced cap‑dependent protein translation 
through the Akt‑mTOR pathway, and that OPN TM inhibits 
cap‑dependent protein translation which can affect lung 
cancer cell growth.

Recent studies have indicated that OPN plays a crucial 
role in controlling cell motility. Moreover, NF‑κB activation 
has been reported to be a major effector of OPN‑mediated 
cell migration and motility (47,48). In an inactivated state, 
NF‑κB is usually kept in the cytoplasm by the inhibitor 
protein IκB. Upon the NF‑κB stimulation, the IκB proteins 
are phosphorylated by the multi‑sub‑unit IKK complex, which 
subsequently targets IκB for ubiquitination. Additionally, the 
free NF‑κB translocates to the nucleus and activates the target 
genes (49). The results show that OPN WT increased NF‑κB 

Figure 5. Western blot analysis of the proteins that mediated the Akt/IKK and protein synthesis signaling pathway. (A) Cells that stably expressed the osteo-
pontin (OPN) wild-type (WT)/triple mutant (TM) transfected with the Akt expression vector and then subjected to western blot analysis for p‑Akt (Thr308). 
(Lower panel) Western blot analysis of NF‑κB p65 in the cytosol and nucleus. The cells were collected and then separated into cytosolic and nucleic fractions 
using a Nuclear Extract kit. GAPDH and PARP were used as controls for the cytosol and nucleus, respectively. (B) For the dual luciferase assay, cells that stably 
expressed OPN WT/TM were co‑transfected with Akt and the NF‑κB luciferase vector with the pRA‑SV40 control vector and then assayed for firefly and 
renilla luciferase activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. WT+Akt and WT. Con, control (H226 cells); WT, cells 
that stably expressed OPN WT; TM, cells that stably expressed OPN TM. (C) Cells that stably expressed the OPN WT/TM that was transfected with the mam-
malian target of rapamycin (mTOR) expression vector and then subjected to western blot analysis for p‑eIF4G and p‑4EBP‑1. (D) For the dual luciferase assay, 
the cells that stably expressed the OPN WT/TM were co‑transfected with mTOR and bicistronic reporter constructs, and then assayed for firefly and renilla 
luciferase activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. WT+mTOR and WT. Con, control (H226 cells); WT, cells that 
stably expressed the OPN WT; TM, cells that stably expressed the OPN TM. (E) Cells that stably expressed the OPN WT/TM that was infected with lentivirus 
which contained the shRNA that targeted p70S6K (10 ng/ml) and were then subjected to western blot analysis for p‑p70S6K. (F) For the dual luciferase assay, 
cells that stably expressed the OPN WT/TM were infected and transfected with bicistronic reporter constructs and then assayed for firefly and renilla luciferase 
activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. other treated groups. Con, control (H226 cells); WT, cells that stably 
expressed the OPN WT; TM, cells that stably expressed the OPN TM.
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activity, which enhanced the motility of the lung cancer cells 
by activating Akt, IKK, NF‑κB p‑65 and uPA, unlike OPN 
TM. By contrast, treatment of the cells with LY294002 and 
PDTC reduced the NF‑κB activity induced by OPN WT and 
caused a further decrease in the cells transfected with OPN 
TM, whereas the expression of Akt increased NF‑κB activity, 
suggesting that an OPN WT‑induced increase in cell motility 
through the NF‑κB signaling pathway can be antagonized by 
the introduction of OPN TM.

Glucose is the most important energy source for cell growth. 
Rapidly growing cancer cells need more glucose than normal 
cells. Glucose passage across the cell membrane is regulated 
by a family of glucose transporters (Gluts). In non‑small‑cell 
lung cancer (NSCLC), glucose uptake is mediated by Glut‑1, 
a significant indicator of poor prognosis in NSCLC (50,51). 
It has been reported that the NF‑κB pathway controls 
Glut‑1 trafficking and activation (52). In the present study, 
a novel fluorescence‑labeled glucose analogue, Cy3‑linked 

Figure 6. Effect of monensin, rapamycin, LY294402 and PDTC in cells transfected with osteopontin (OPN) wild-type (WT) and triple mutant (TM). (A) Western 
blot analysis of p‑Akt (Thr308) and p‑eIF4E. H226 cells were transfected with OPN WT/TM and then treated with monensin (0.5 mM). The lysates were used 
for the western blotting. (B) For the dual luciferase assay, cells were co‑transfected with OPN constructs (vector only, OPN WT and OPN TM) and the bicis-
tronic reporter construct pcDNAfLUC‑polIRES‑rLUC and then treated with monensin or left untreated. The cells were lysed and assayed for firefly and renilla 
luciferase activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. other treated groups. Con, control (H226 cells); Vec, vector 
control; WT, OPN WT‑transfected cells; TM, OPN TM‑transfected cells. (C) Western blot analysis of p‑4E‑BP1 and p‑eIF4G. H226 cells were transfected 
with OPN WT/TM and then treated with rapamycin (100 nM). The lysates were used for the western blotting. (D) For the dual luciferase assay, the cells were 
co‑transfected with OPN constructs (vector only, OPN WT and OPN TM) and the bicistronic reporter construct pcDNAfLUC‑polIRES‑rLUC, and then treated 
with rapamycin or left untreated. The cells were then lysed and assayed for firefly and renilla luciferase activities. Each bar presents the mean ± SEM (n=3). 
*P<0.05 vs. Con and #P<0.05 vs. other treated groups. Con, control (H226 cells); Vec, vector control; WT, OPN WT‑transfected cells; TM, OPN TM‑transfected 
cells. (E) Western blot analysis of p‑Akt (Thr308). H226 cells were transfected with OPN WT/TM and then treated with LY294402 (100 nM). The lysates 
were used for the western blotting. (Lower panel) Western blot analysis of NF‑κB p65 in the cytosol and nucleus. The cells were collected and separated 
into cytosolic and nucleic fractions using a Nuclear Extract kit. GAPDH and PARP were used as controls for the cytosol and nucleus, respectively. (F) For 
the dual luciferase assay, the cells were co‑transfected with OPN constructs (vector only, OPN WT and OPN TM) and the NF‑κB luciferase vector with the 
pRA‑SV40 control vector and then treated with LY294002 or left untreated. The cells were then lysed and assayed for firefly and renilla luciferase activities. 
Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. other treated groups. Con, control (H226 cells); Vec, vector control; WT, OPN 
WT‑transfected cells; TM, OPN TM‑transfected cells. (G) Western blot analysis of uPA. H226 cells were transfected with OPN WT/TM and then treated with 
LY294402 (100 nM). The lysates were used for the western blotting. (Lower panel) Western blot analysis of NF‑κB p65 in the cytosol and nucleus. The cells 
were collected and then separated into cytosolic and nucleic fractions using a Nuclear Extract kit. GAPDH and PARP were used as controls for the cytosol and 
nucleus, respectively. (H) For the dual luciferase assay, the cells were co‑transfected with OPN constructs (vector only, OPN WT and OPN TM) and the NF‑κB 
luciferase vector with the pRA‑SV40 control vector and then treated with PDTC or left untreated. The cells were then lysed and assayed for firefly and renilla 
luciferase activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. other treated groups. Con, control (H226 cells); Vec, vector 
control; WT, OPN WT‑transfected cells; TM, OPN TM‑transfected cells.
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Figure 7. Effects of osteopontin (OPN) triple mutant (TM) on H322 cells. (A) Western blot analysis of p‑Akt (Thr308), p‑mTOR, p‑eIF4E and p‑eIF4G. The 
H322 cells were transfected with OPN TM and the lysates were used for the western blotting. Representative bands are shown. (B) (Right panel) For the 
dual luciferase assay, the cells were co‑transfected with OPN TM and the bicistronic reporter construct pcDNAfLUC‑polIRES‑rLUC and then treated with 
rapamycin or left untreated. The cells were then lysed and assayed for firefly and renilla luciferase activities. (Left panel) For the dual luciferase assay, the cells 
were co‑transfected with OPN TM and the NF‑κB luciferase vector with the pRA‑SV40 control vector and then treated with PDTC or left untreated. The cells 
were then lysed and assayed for firefly and renilla luciferase activities. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con. Con, control (H322 cells); 
Vec, vector control; TM, OPN TM‑transfected cells.

Figure 8. Effects of osteopontin (OPN) wild-type (WT) and triple mutant (TM) on tumor growth, angiogenesis, migration and invasion in xenograft model mice. 
Nude mice inoculated subcutaneously with H226 cells that were either non‑transfected or stably transfected with OPN WT or OPN TM. (A) Bar graph of the 
measured tumor weights. Each bar presents the mean ± SEM (n=7). *P<0.05 vs. Con and #P<0.05 vs. WT. (B) The tumor growth was monitored and the volumes 
were calculated, as described in Materials and methods. *P<0.05 compared to Con and #P<0.05 compared to WT. (C) Representative image of the tumors in 
the nude mice. Con, control; WT, OPN WT xenograft tumor; TM, OPN TM xenograft tumor. Tumor homogenates subjected to western blot analysis. The blots 
were probed with antibodies, as indicated. (D) Expression levels of MMP‑9, VEGF and FGF‑2. The right panel shows the results of the densitometric analysis 
of the bands of interest. Each bar presents the mean ± SEM (n=3). *P<0.05 vs. Con and #P<0.05 vs. TM. (E) Immunohistochemical analysis of COX‑2 and uPA 
(magnification, x200; bar =50 µm; Con, control; WT, OPN WT xenograft tumor; TM, OPN TM xenograft tumor).
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O‑1‑glycosylated glucose, was used, which can behave as 
D‑glucose to measure the glucose uptake. Cy3‑labeled glucose 
is tolerant to intense light sources and can be applied in a 
bioassay system without glucose starvation (53). The results 
of the present study show that OPN TM did not increase the 
Glut‑1 expression and the glucose uptake, which may decrease 
the glucose consumption rate, unlike OPN WT.

The decreased expression of several proteins associated 
with angiogenesis, invasion, and migration, such as MMP‑9, 
FGF‑2, VEGF, uPA and COX‑2, in the OPN TM xenograft 
tumor suggests that OPN TM may reduce tumor progression 
and growth, whereas the increased expression levels of the 
indicated proteins increased tumor growth in the OPN WT 
xenograft mouse model.

Taken together, the results have shown that unlike OPN WT, 
OPN TM did not induce Akt‑mediated cap‑dependent protein 
translation and NF‑κB activity. Overexpression of the TM of 
OPN may compete with endogenous OPN for substrates that 
can be limiting, which may prevent endogenous OPN from 
performing its proper function. Therefore, targeting OPN and 
regulating the OPN signaling and function by influencing 
post‑translational glycosylation through the introduction of an 
inactive mutant of OPN can control lung cancer growth and 
migration and may have a useful application in the treatment 
of lung cancer.
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