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Abstract 
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cancer xenograft model mice by a poly 

(sorbitol-co-PEI)-mediated delivery of 

osteopontin siRNA 
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Interdisciplinary Program in Tumor Biology College of 
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Small interfering RNA (siRNA) represents a promising strategy for treating disease 

such as cancer, however, specific gene silencing requires an effective delivery 

system in order to overcome instability and low transfection efficiency of siRNAs. 

To address this issue, a polysorbitol-based transporter (PSOT) was prepared by low 

molecular weight branched polyethylenimine (BPEI) crosslinked with sorbitol 

diacrylate (SDA) and adopted for therapeutic delivery to the osteopontin (OPN) 
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gene which is highly associated with non-small cell lung cancer (NSCLC). 

Characterization study confirmed that PSOT formed compact complexes with 

siOPN and protected siOPN against RNase. PSOT/siOPN complexes demonstrated 

in vitro low cytotoxicity and enhanced transfection efficiency, suggesting that this 

carrier could be suitable for gene silencing. In A549 and H460 lung cancer cell 

lines, PSOT/siOPN complexes demonstrated significant silencing efficiency at 

both RNA and protein levels. To study in vivo tumor growth suppression, two lung 

cancer cell-xenografted mice models were prepared. siOPN- treated groups 

demonstrated significantly reduced OPN expression at both RNA and protein 

levels as well as suppression of tumor volume and weight. Taken together, siOPN 

delivery combined with a new polymeric carrier may present a novel therapeutic 

biomacromolecule for lung cancer therapy. 

 

Keyword: lung cancer gene therapy; siRNA; osteopontin; polysorbitol-based 

transporter. 
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INTRODUCTION 

 

Lung cancer, one of most malignant tumors, is the leading cause-related of cancer 

deaths around the globe. Lung cancer is grouped into two histologic types in terms 

of cellular origin of the tumor, non-small cell lung cancer (NSCLC) and small cell 

lung cancer (SCLC) (Goldstraw et al., 2011). NSCLC makes up about 85% among 

all lung cancers and an overall 5 years survival rate is only 15% (Molina et al., 

2008). Therefore, development of new therapeutic strategies for lung cancer is 

essential. Several studies have shown that osteopontin (OPN) is dominantly 

overexpressed in cancer cells and macrophages in NSCLC tissues compared with 

SCLC tissue (Hu et al., 2005 and Zhang et al., 2001). 

OPN is a secreted multifunctional glycophosphoprotein, which has been correlated 

with the development, progression, and metastasis of various cancers, including 

lung cancer (Chang et al., 2007, Zhao et al., 2011 and Wu et al., 2012). As 

previously mentioned, OPN is predominantly overexpressed in NSCLC; therefore, 

OPN could serve as a strong candidate for targeted lung cancer therapy. In fact, 

Chang et al. (2012) demonstrated that OPN in conjunction with beclin 1 could be a 

promising target for overcoming radioresistance by controlling autophagy. 

Furthermore, aerosol-based delivery of lentivirus-mediated OPN (Minai-Tehrani et 

al., 2013) and siRNA targeting OPN(siOPN) by using biocompatible poly(amino 

ester)-mediated delivery (Minai-Tehrani et al., 2012) effectively suppressed lung 

cancer cell growth. Moreover, such noninvasive targeted aerosol delivery to 
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pulmonary OPN may represent an effective therapy of metastatic epithelial tumors 

(Yu et al., 2010). 

Among these various devices to cure the lung cancer, I used especially siRNA to 

down-regulate of OPN expression. Gene therapy using siRNA was promising 

cancer therapeutics. However, siRNA has low stability and low permeability 

through the cellular transmembrane. Thus, effective delivery system of intact 

siRNA is important for RNA interference. To enhance efficiency of siRNA gene 

silencing, non-viral polymeric gene carrier could be effective siRNA delivery 

system. 

Recent research has shown that polysorbitol-mediated transporter (PSOT) based on 

sorbitol diacrylate (SDA) and branched polyethylenimine (MW1200) (bPEI1200) 

had a beneficial effect on safe siRNA transfection and enhanced transportation of 

DNA and siRNA for effective gene expression and gene silencing, respectively 

(Islam et al., 2014). 

Because of greater positive charge on the surface and its non-degradability, high 

molecular weight PEI such as PEI25K (PEI, MW2500) can cause high cytotoxicity, 

including damage of cell membranes, which reduced the transfection efficiency 

(Luu et al., 2012). Despite of cytotoxicity, PEI25K is known as effective 

transfection carrier, so I used it as a carrier control to compare with PSOT in in 

vitro transfection assay. In the present study, low molecular weight branched 

PEI600 (bPEI600), instead of previously used high molecular weight bPEI1200, 

was cross-linked with sorbitol diacrylate (SDA) to strengthen its safety profile and 

enhance transfection efficiency by reducing cytotoxicity. In addition, commercially 
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manufactured jetPEI known as an effective gene delivery carrier was used to 

compare with a newly synthesized PSOT. 

I hypothesized that using this carrier siOPN would be effective in gene silencing in 

two NSCLC xenograft mice models. Indeed, the results suggest that in vivo 

silencing of OPN gene expression by using PSOT based on SDA and bPEI600 

pave the way for a new rational therapeutic for lung cancer. 
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MATERIALS AND METHODS 

 

Materials  

Branched PEI (600Da), PEI25K (25kDa), sorbitol diacrylate (SDA, 290.27 Da), 

and anhydrous dimethyl sulfoxide (DMSO) were bought from Sigma Aldrich (St. 

Louis, MO, USA). Targeted siRNA OPN (sense: 5′-

GAACGACUCUGAUGAUGUAUU-3′ and antisense: 5′-

UACAUCAUCAGAGUCGUUCUU-3′) was used for gel electrophoresis, 

transmission electron microscope (TEM) study, cytotoxicity, and silencing studies. 

Scrambled siRNAs A (sense 5′- CGUACGCGGAAUACUUCGAUU-3′ and 

antisense: 5′- GAAGUAUUCCUCCGCGUACGUU-3′) and B (sense 5′-

ACUCUAUCUGCACGCUGAC -3′) were used as a non-targeting siRNA in 

silencing studies for the lung cancer cell lines H460 and A549, respectively. The 

siRNAs were purchased from Genolution Pharmaceuticals (Seoul, Korea). OPN 

(sc-73631) antibody was got from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA) and used for immunostaining H460 lung cancer cell lines and OPN (ab8448) 

antibody from Abcam (Cambridge, MA, USA) was used for western blots and 

immunohistochemistry. 
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Scheme 1. The reaction scheme for synthesis of the polysorbitol-based 

transporter (PSOT) from sorbitol diacrylate (SDA) and 

polyethylenimine (PEI).  
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Preparation of PSOT and characterization of PSOT/siOPN 

PSOT was synthesized by Michael addition reaction (Islam MA et al., 2014) 

showed in scheme 1. The synthesized PSOT was confirmed by 
1
H nuclear 

magnetic resonance (NMR; Avance TM600, Bruker, Mannheim, Germany). Gel 

permeation chromatography (GPC) was used to measure the Mw (weight-average 

molar mass), Mn (number-average molar mass), and PDI (Mw/Mn, polydispersity 

index) of the polymer using a column combined with multiangle laser light 

scattering (GPC-MALLS) and a Sodex OHpack SB-803 HQ HPLC-column 

(Phenomenox, Torrance, CA, USA) (Figure 1A). Then, Complexes were 

investigated at various N/P ratios (ratio of amine groups of polymer to phosphate 

groups of siRNA) from 0.5 to 20. Polymer solutions were prepared by addition of 

siRNA diluted in RNase DEPC-treated water to polymer solution, gentle pipetting 

and incubation at room temperature (RT) for 30 min. Subsequently, complexes 

were loaded on 2% agarose gels and gel retardation assays performed at 50V for 40 

min in Tris/borate/EDTA (TBE) buffer. The morphology of PSOT /siOPN 

complexes was observed by TEM (LIBRA 120, Carl Zeiss, Oberkochen, Germany) 

with a 200 nm scale bar. Protection and release of siRNA was performed by gel 

electrophoresis. PSOT/siOPN (N/P ratio = 10) complexes and siOPN were 

incubated at RT for 30 min, following addition of RNase A and further incubation 

at RT for 30 min. EDTA (4 μl, 500 mM, pH 8.0) was added and the mix was 

incubated at RT for 30 min to inactivate RNase A. After heat treatment at 75 °C for 

10 min and addition of 5 μl of 1% SDS, siRNA was released. Following incubation 

at RT for 2 h, siRNAs were loaded onto 1.5% agarose gels and electrophoresed 

with TBE buffer at 50 V for 40 min.   
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Figure 1. Characterization of PSOT/OPN siRNA complex.  

(A) Characterization of synthesized PSOT by representative 
1
H nuclear 

magnetic resonance (NMR) spectrum and Gel permeation 

chromatography(GPC).  
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Cell culture and cell viability 

The human lung adenocarcinoma epithelial cell line A549 (A549) and the large cell 

lung carcinoma cancer cell lines H460 (H460) were cultured in F12 and RPMI 

medium, respectively, in presence of 10 % fetal bovine serum (FBS) and 1 % 

penicillin/streptomycin and incubated at 37 °C in a 5 % CO2 humidified incubator. 

Cell viability was measured by the CCK8 assay (Cell counting kit-8, Dojindo, 

Japan). 3×10
3
 cells per each well were seeded on 96-well cell culture plates. After 

stabilization, PEI25K/siOPN and PSOT/siOPN complexes at an N/P ratio of 5, 10 

and 20 were added to each well at PSOT concentration of 2.5, 5, 10, and 20 μg/ml 

and incubated for 24 - 48 h. Thereafter, 10 μl of CCK8 solution was added and the 

mix was incubated for 1 h at 37 °C. Absorbance value was detected at 450 nm by 

using a microplate reader (US/680, BioRad, USA). It was shown as a percentage of 

the control, which was regarded as 100 %.  

 

 

In vitro transfection assay  

A549 and H460 cell lines were used for transfection analysis. Incubating in serum-

free medium, PSOT/siSCR and PEI25K/siOPN or PSOT/siOPN were treated to 

cells of each well at an N/P ratio of 10 or 5, 10, and 20 after stabilization, 

respectively. Considering previous results obtained for cell viability assays, 2 μg of 

each polymer was added to each well. After 4 h, the medium was replenished after 

supplementation with 10 % FBS and 1 % P/S, the cells were further incubated for 

24 and 48 h. 
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Real-time qPCR  

Cell pellets were gathered from each well and isolated total RNA from pellets by 

using the QuickGene RNA kit (Fujifilm’s Life Science System, Tokyo, Japan). 

After isolated total RNA was reverse-transcripted to cDNA by SuPrimeScript RT 

Premix (GeNet Bio, Cheonan, Korea), real-time quantitative (qPCR) was processed 

by the CFX96T Real-time System (Bio-Rad, Hercules, CA, USA), and amplified 

with a specific OPN gene primer (forward (5′- TTGCAGTGATTTGCTTTTGC-3′) 

and reverse (5′- GTCAATGGAGTCCTGGCTGT-3′)) and Prime Q-Mastermix 

(GeNet Bio) according to following condition: (a) initial denaturation: 94 °C for 10 

min, (b) 40 cycles including denaturation 30 s, annealing: 58 °C for 30 s , extension: 

72 °C for 45 s. Results were detected by using the Bio-Rad CFX Manager Version 

2.1 software. 

 

 

Western blot analysis 

Xenografted-tumors were isolated and homogenized with a WiseStir homogenizer 

(Daihan Scientific, Seoul, Korea) and digested in 2.5× lysis buffer (Promega, 

Madison, USA) and total protein concentration was confirmed with Bio-Rad 

reagent (Bio-Rad, Hercules, USA a). The protein lysates (25 μg) were loaded onto 

12 % SDS-polyacrylamide gels and transferred to nitrocellulose membranes by 

using iBlot 2 gel transfer device (Life technologies, Sanfrancisco, USA). 

Membranes were blocked with 5 % skimmed milk for 1 h at RT in Tris buffered 

saline + Tween 20 and incubated with specific primary antibodies overnight at 4 °C 

or for 2 h at RT. After washing thrice for 10 min each, secondary horseradish 
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peroxidase(HRP)-labeled antibody was added for 2 h and followed by extensive 

washing. Bands were detected with the Westzol chemiluminescence detection kit 

(Intron, Sungnam, Korea) and analyzed by Multi Gauge version 2.02 software 

(Fujifilm).  
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In vivo tumor xenograft mice models and gene silencing  

Four-week-old male nude mice (BALBc-nu) were purchased from Joongang 

Laboratory Animal Inc. (Seoul, Korea) and maintained in an animal facility 

associated with the laboratory at 20 °C ± 3 °C and 50 % ± 10 %, humidity under a 

12 h light/dark cycle. The mice were acclimatized at least for one week before use. 

For xenograft mice models, 48 mice were inoculated with 5× 10
6
 H460 cells in 200 

μl of serum-free RPMI and 60 mice were inoculated with 1× 10
7 
A549 cells in 200 

μl of serum-free F12 medium. When the tumor grew to 50-100 mm
3
, the mice were 

randomly divided into six groups: a control, siRNA scramble (siSCR), siRNA 

OPN-0.1 mg/kg, siRNA OPN-0.5 mg/kg, siRNA OPN-1.0 mg/kg, and cisplatin 

group. Four groups of mice-siSCR, siOPN 0.1, 0.5 and 1.0 mg/kg received 200 μl 

of PSOT /siOPN complex at an N/P ratio of 10 per mouse per tail vein (intravenous) 

injection twice per week for 4 weeks. The cisplatin group received 200 μl of 

cisplatin per subcutaneous injection. Tumor volume was measured by caliper at 

regular intervals (Minai-Tehrani et al., 2012). About 48 h after last inoculation, the 

mice of all groups were sacrificed and individual tumors were weighed and 

collected for imaging and further studies. In vivo gene silencing following the same 

protocol as with PSOT was performed using in vivo- jetPEI (PolyPlus Transfection, 

France), linear PEI, a commercial reagent considered to be a powerful and effective 

carrier (Klein et al., 2005) for local gene and siRNA delivery with low toxicity. 

The purpose of current works was to compare the efficacy of PSOT and 

commercially available siRNA carrier. All animal experiments in this study were 

approved by the Animal Care and Use Committee at Seoul National University 

(SNU-130607-3).  
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Immunohistochemistry 

After tumor sections were prepared at 4 μm on slide glasses, slides were 

deparaffinized in xylene and gradually hydrated with gradient alcohol (100- 50 %). 

After washing thrice with phosphate-buffered saline (PBS) for 3 min, slides were 

warmed for 7 min mildly and for 8 min strongly in microwave oven using citrate 

buffer. After cooling, slides were washed thrice for 7 min, incubated in 3 % 

hydrogen peroxide (AppliChem, Boca Raton, FL, USA) for 10 min for quenching 

endogenous peroxidase activity, and rewashed thrice. Subsequently, incubating 

with 3 % bovine serum albumin (BSA) in PBS for 1 h at RT in a humid chamber 

was performed to block non-specific binding regions. Primary antibodies were 

added to the slides and incubated overnight at 4 °C. After intermediate washing 

steps, the sections were incubated with HRP-conjugated secondary antibodies for 2 

h at RT. After washing, the sections were incubated for 30 s at RT with 3,3′-

diaminobenzidinetetrahydrochloride substrate (DAB) using a liquid DAB substrate 

kit (Invitrogen, Scotland,UK). Finally, counterstaining was performed with 

Mayer’s hematoxylin (DAKO, Carpinteria, CA, USA) and washed with xylene. 

Mounting was performed using Permount (Permount Mounting Medium, Fisher 

Scientific,USA) and the slides were imaged under a microscope (Carl Zeiss, 

Thornwood, NY, USA). 
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RESULTS 

 

Characterization of PSOT /OPN siRNA complexes 

Compact condensation of siRNA by the carrier is important for gene silencing. 

Thus, OPN siRNA condensation by PSOT was evaluated by gel electrophoresis 

assay using various N/P ratios of 0.5 to 20. The results showed complete 

condensation of siOPN by PSOT from an N/P ratio of 5 (Figure 1B). The 

morphology and size of these complexes are also important for gene delivery. 

Therefore, the morphologies of PSOT/siOPN complexes at N/P ratios of 5, 10 and 

20 were observed by EF- TEM imaging. They showed that complexes at NP ratios 

of 10 and 20 were compact, spherical, and uniform of structure with average an 

size of ~100 nm compared to PSOT itself and complexes at NP ratio 5 (Figure 1C). 

In addition, PSOT/siOPN complexes were effectively protected from RNase, 

whereas naked siOPN was completely degraded by RNase (Figure 1D), suggesting 

that the PSOT can protect siOPN from enzymatic degradation. 
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Figure 1. Characterization of PSOT/OPN siRNA complex. (B) Gel 

retardation assay: Agarose gel electrophoresis of the PSOT/siOPN complexes from 

N/P ratios of 0.5 to 20.  1 μg of siOPN was used to make the complex with PSOT. 

(C) Energy-filtering Transmission electron microscope (EF-TEM) images of PSOT 

only and PSOT/siOPN complexes at various ratios of 5, 10, 20. (scale bar : 200 

nm). (D) Protection and release assay: Naked siOPN and PSOT/siOPN complexes 

(N/P ratio =10) were incubated with or without RNaseA for 30 min at 37 ℃ to 

examine complexes protection from RNase degradation. 1 % Sodium dodecyl 

sulfate (SDS) was used to release siOPN from complexes. ① siOPN only, ② 

siOPN+RNaseA, ③ PSOT/siOPN complex, ④ PSOT/siOPN complex + RNase A. 
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Cytotoxicity of the PSOT/ OPN siRNA complexes 

In vitro cytotoxicity of PEI25K/siOPN and PSOT/siOPN complexes was assessed 

using different two cell lines (H460 and A549) by CCK8 assay. Standards of 

concentrations ranging from 2.5 to 20 (μg/ml) PSOT were chosen and cell viability 

was assessed using PSOT /siRNA complexes containing these standard 

concentrations. As a control, the same was done for PEI25K. The results showed 

that compared to PEI25K, PSOT alone and PSOT/siOPN complexes were 

significantly less cytotoxic to either cell line (Figure 2). At the higher concentration 

of PSOT, PSOT /siRNA complexes were less cytotoxic than PSOT itself. Taken 

together, in both lung cancer cell lines, PSOT/siOPN complexes were less 

cytotoxic than PEI25K and PSOT alone.  
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Figure 2. Cytotoxicity of various concentrations of PSOT, and 

PSOT/siOPN complexes at various N/P ratio of 5, 10, 20 in different two 

cell lines. Cells were incubated for 24 h or 48 h after treatment and cell viability 

was measured by CCK8 kit. (A) A549 (B) H460 (n=3, error bar represents the 

mean ± SEM, 
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001, Student’s t-test of origin). 
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In vitro transfection efficiency of the PSOT/OPN siRNA 

complexes 

In order to assess whether siOPN in complex with PSOT can effectively transfect 

cells and silence siRNA at both RNA and protein levels, the transfection efficiency 

was investigated by qPCR and western blot at N/P ratios of 5, 10 and 20 in the two 

cell lines (A549 and H460). In line with cytotoxicity assay, PSOT/siOPN 

complexes prepared at a safe and suitable concentration of 2 μg/ml were used. 

A549 and H460 cell lines were either non-treated (control) or treated with PSOT 

/scramble siRNA (siRNA control), PEI25K/siOPN (carrier control), at N/P ratios 

of 5, 10, and 20. The results showed that levels of OPN expression with 

PEI25K/siOPN is similar to that of the control and scramble siRNA at both RNA 

and protein levels, indicating that the transfection efficiency of PEI25K is very 

poor, reaching only 15.3 % (A549) or 17.5 % (H460) silencing efficiency at RNA 

level. In comparison, PSOT/siOPN complexes significantly decreased OPN 

expression both at the RNA and protein levels at N/P ratios of 5, 10, and 20 in both 

A549 (Figure 3A and 3B) and H460 cell lines (Figure 3C and 3D). 
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20 
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Figure 3. Transfection and silencing efficiency of PSOT/siOPN at 

various NP ratio 5, 10, 20 in different two cell lines ((A) (B) : A549, (C) 

(D) : H460). (A) (C) Quantitative real-time PCR analysis of OPN expression 

level compared to scramble siRNA and PEI25K after 24 h incubation . (B) (D) 

Western blot analysis of OPN expression level compared to scramble siRNA and 

PEI25K after 48 h incubation. Statistical significance was determined using 

student’s t-test of origin. (n=3, 
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001 compared with 

control values, 
#
p < 0.05, 

##
p < 0.01, 

###
p < 0.001 compared with siSCR values, 

error bar represents the mean ± SEM).  
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Tumor growth suppression of two NSCLC cell lines by 

administration of PSOT/OPN siRNA  

To investigate the effect of siOPN on in vivo lung tumor growth, I administered 

PSOT /siOPN complexes at an N/P ratio of 10 to two tumor xenograft mice models 

of lung cancer by intravenous injection (H460: Figure 4 and A549: Figure 6). 

H460-xenografted tumors treated by PSOT/siOPN (siOPN : 0.1, 0.5 and 1.0 mg/kg) 

were smaller in volume than those treated by PSOT/siSCR , control and cisplatin as 

shown in Figure 4A. Overall body weights of mice are indicated in Figure 4B. The 

results showed that volumes of tumor by siOPN-treated group were smaller 

compared with control, siSCR and cisplatin-treated group (Figure 4C). Statistically 

significant differences in tumor volume and tumor weight were observed at the last 

day of sacrifice, showing that tumors of all three siOPN-treated groups were 

smaller than those of the control or siSCR-treated groups in significance (Figure 

4D). In comparison, complexes prepared at an NP ratio of 8 with jetPEI, a 

commercially manufactured gene carrier, demonstrated that although smaller 

amounts of siRNA were used in PSOT/siOPN rather than jetPEI/siOPN complexes, 

tumor volumes obtained using PSOT carrier were significantly lower on the last 

day (Figure 4E). I used 40 and 80 μg of siOPN for complexation with jetPEI, and 2 

μg, 10 μg and 20 μg of siOPN for that with PSOT. In addition, damage to the tails 

occurred during intravenous injection with jetPEI/siOPN, whereas PSOT /siOPN-

treated tails remained intact, suggesting that PSOT is a more effective gene carrier, 

both economically and toxicologically. The same results could be duplicated using 

A549 xenograft tumors (Figure 6). Remarkable tumor growth suppression was 

shown (Figure 6A). The overall body weight of xenografted mice is indicated in 
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Figure 6B. Changes to tumor volumes during the treatment (Figure 6C) resulted in 

a decrease in three dose-dependent siOPN-treated groups. On the Final day of 

necropsy, tumor volume and tumor weights were significantly lower in siOPN-

treated groups and this decrease showed a dose-dependent manner (Figure 6D).   
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siOPN gene silencing studies in vivo  

To determine the extent of down-regulation of OPN expression, western blot, 

qPCR and immunohistochemistry analyses were done using the two xenografted 

tumors (H460 and A549). mRNA expression levels of OPN were significantly 

decreased in the tumors treated by PSOT/siOPN (0.1, 0.5 and 1.0 mg/kg) compared 

to the control, whereas the OPN levels of those treated by PSOT/siSCR and 

cisplatin were similar to control or only marginally affected in both xenograft 

tumors(Figure 5A and Figure 7A). Western blot analysis also showed that groups 

treated with various doses of PSOT /siOPN had lower levels of OPN expression 

compared to those of control, siSCR and cisplatin groups (Figure 5B and Figure 

7B). Furthermore, immunohistochemical analysis showed similar results to qPCR 

and western blot analyses, displaying a decrease in OPN expression in tumors 

injected with PSOT/siOPN (Figure 5C and Figure 7C). Above all, I was able to 

confirm that siOPN has an important role in the suppression of tumor growth. 
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Figure 4. In vivo suppression of H460 tumor growth by three doses of 

PSOT/ siOPN complex in xenograft mice model (n=8). (A) Images of 

H460 tumors at the time of sacrification: 25 days post-inoculation. (B) Body 

weights of mice day by day. (C) Tumor  volumes were measured by caliper twice 

a week for 4 weeks during treatment and resulted decrease in tumor volume with 

three does–dependently siOPN-treated groups. (D) Tumor volume and tumor 

weight (% of control) of the last day showed significantly smaller than control and 

siSCR group. (E) Comparison of with jetPEI, commercial carrier as siRNA 

delivery, demonstrated better delivery and tumor growth suppression efficiency of 

PSOT despite of smaller amount of siRNA used. Tumor volumes were divided by 

those of the first day of inoculation. Statistical significance was determined using 

student’s t-test of origin. (n=3, 
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001 compared with 

control values, 
#
p < 0.05, 

##
p < 0.01, 

###
p < 0.001 compared with siSCR values, 

error bar represents the mean ± SEM) 
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Figure 5. Silencing OPN gene expression of H460 xenografted-tumors 

by PSOT/siOPN complex. (A) qPCR analysis of OPN mRNA was isolated 

from H460 tumors and reverse-transcriptased to cDNA. OPN gene was 

significantly down-regulated in siOPN-treated tumors in mRNA level. (B) Western 

blot analysis of OPN from tumor tissues. In protein level, OPN also suppressed in 

all three groups of siOPN-treated tumors compared with control, siSCR, and 

cisplatin groups. (C) Statistical significance of western blot. (D) 

Immunohistochemistry of the formalin fixed H460 tumor sections demonstrated 

decreased staining of OPN antibody in all different concentrations of siOPN-

treated sections (scale bar : 200nm) (x100 magnification) Statistical significance 

was determined using student’s t-test of origin. (n=3, 
*
p < 0.05, 

**
p < 0.01, 

***
p < 

0.001 compared with control values, 
#
p < 0.05, 

##
p < 0.01, 

###
p < 0.001 compared 

with siSCR values, error bar represents the mean ± SEM)  
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Figure 6. In vivo suppression of A549 tumor growth by three doses of 

PSOT/ siOPN  

complex in xenograft mice model (n=10). (A) Images of A549 tumors at the 

time of sacrification: 25 days post-inoculation. (B) Body weights of mice day by 

day. (C) Tumor  volumes were measured by caliper twice a week for 4 weeks 

during treatment and resulted decrease in tumor volume with three does–

dependently siOPN-treated groups. (D) Tumor volume and tumor weight of the last 

day showed significantly smaller than control and siSCR group. Statistical 

significance was determined using student’s t-test of origin. (
*
p < 0.05, 

**
p < 0.01, 

***
p < 0.001 compared with control values, 

#

p < 0.05, 
##

p < 0.01, 
###

p < 0.001 

compared with siSCR values, error bar represents the mean ± SEM)  
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Figure 7. Silencing OPN gene expression of A549 xenografted-tumors 

by PSOT/siOPN complex. (A) qPCR analysis of OPN. mRNA was isolated 

from A549 tumors and reverse-transcriptased to cDNA. OPN gene was 

significantly downregulated in siOPN-treated tumors in mRNA level. (B) Western 

blot analysis of OPN from tumor tissues. In protein level, OPN also suppressed in 

all three groups of siOPN-treated tumors compared with control, siSCR, and 

cisplatin groups. (C) Statistical significance of western blot (n=3). (D) 

Immunohistochemistry of the formalin fixed A549 tumor sections demonstrated 

decreased staining of OPN antibody in all different concentrations of siOPN-

treated sections. (scale bar : 200nm) (x100 magnification) . Statistical significance 

was determined using student’s t-test of origin. (n=4, 
*
p < 0.05, 

**
p < 0.01, 

***
p < 

0.001 compared with control values, 
#

p < 0.05, 
##

p < 0.01, 
###

p < 0.001 compared 

with siSCR values, 
$

p < 0.05, 
$$

p < 0.01, 
$$$

p < 0.001 compared with cisplatin 

values, error bar represents the mean ± SEM). 
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DISCUSSION 

 

According to previous studies, OPN is overexpressed in various cancers (Ahmed et 

al., 2011) such as colon (Wu et al., 2014), breast (Shevde et al., 2006), gastric, and 

liver cancers (Cao et al., 2012). In particular, OPN was also overexpressed in 

NSCLC (Zhang et al., 2001). Thus, targeting OPN and down-regulation of its 

signaling pathway could represent a novel therapeutic methodology in lung cancer. 

Among gene knockdown system, RNA interference mediated by siRNA is a 

promising strategy for anticancer gene therapy (Klein et al., 2005). However, an 

effective delivery system with appropriate biocompatibility should be used to 

prevent degradation of naked siRNA by serum nucleases in the cytoplasm and to 

enhance cellular uptake of siRNA (Akhtar and Benter, 2007). The use of non-viral 

vector has been reported to efficiently introduce genes into various cancer cells 

(Liu et al., 2010). Among non-viral vectors, PEI 25K has been widely studied for 

siRNA delivery (Yin et al., 2003 and Aigner, 2006) although it is cytotoxic due to 

its non-degradability. In order to lower cytotoxicity and increase transfection 

efficiency, low molecular weight PEI was cross-linked with diacrylates with 

degradable linkages such as ester and disulfide (Fischer et al., 1999, Kichler, 2004 

and Luu et al., 2012).  

In the present study, I prepared PSOT by reaction between the vinyl groups of 

SDA and amine groups of low molecular weight bPEI (600 Da) through a Michael 

addition reaction and confirmed the synthesis with NMR and GPC analyses 

(Fig.1A). Using this carrier, I made complexes with siRNA at various NP ratios 
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from 0.5 to 20 and found that complexes were made from at an NP ratio of 5 

(Fig.1B). Although complexes were made at an NP ratio of 5, EF-TEM images 

showed that complexes at an NP ratio of 10 and 20 were more compact and 

spherically shaped at nanometer scale; therefore, I used an NP ratio of 10 in the in 

vivo study. Protection of siRNA from enzyme degradation is important for in vivo 

application (Jiang et al., 2007 and Akhtar et al., 2007). At an NP ratio of 10, PSOT 

protected siRNA from RNaseA and siRNA released from the complexes induced 

gene silencing (Fig.1D). Because cytotoxicity of the gene carrier is important 

parameter to evaluate safe clinical trials (Luu et al., 2012), cell viability in the 

presence of PSOT and PSOT/siOPN complexes was assessed in two types of 

NSCLC: A549 and H460 cell lines (Fig.2). As expected, PSOT alone and 

PSOT/siOPN complexes at various NP ratios were less cytotoxic compared to 

PEI25K as a control. This high viability may be explained by the fact that PSOT is 

degradable due to the ester linkage (Godbeya et al., 1999 and Kircheis et al., 2001) 

and multiple hydroxyl groups in PSOT blocked the cationic amino groups of the 

PEI component in PSOT (Islam et al., 2011).  

According to cytotoxicity analysis, I determined the optimum concentration of 

PSOT to be 2µg for transfection into cells with viabilities well over 80%. 

Therefore, siRNA was transfected into two NSCLC cell lines (A549 and H460) by 

this gene carrier (Fig.3). The polysorbitol-mediated transporter was already 

reported to have high transfection efficiency due to the polysorbitol backbone and 

PEI component, which have active osmotic ability and proton sponge effect 

respectively (Luu et al., 2012; Akhtar, Benter, 2007). Generally, siRNA double 

strands cooperate with an RNA interference (RNAi) complex, which finds the 
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targeted mRNA sequence using antisense siRNA strands in a multistep RNAi 

process (Sioud, 2005). Silenced mRNA is then translated into protein following the 

central dogma (Zhang et al., 2012). Therefore, I performed qPCR and western blot 

analysis to confirm transfection and silencing efficiency both at mRNA and protein 

levels. I transfected PSOT/siOPN complexes at three NP ratios (5, 10 and 20) 

identify the one with better transfection efficiency. Conplexes at an NP ratio of 10 

were transfected into both cell lines and significantly down-regulated gene 

expression at not only the mRNA but also the protein level. Taken together, PSOT 

could represent an excellent carrier for silencing the OPN gene in NSCLC.  

In many recent studies, intravenous injections have been frequently applied to 

deliver siRNAs to major organs, including the kidney, liver, heart, and lung (Wang 

et al., 2013 and Zhang et al., 2014) with a delivery efficiency of 30- 40% (Li et al., 

2008 and Kathryn et al., 2014). In this study, I used lung cancer xenografted mice 

by using two NSCLC cell lines (A549 and H460) to prove in vivo siRNA silencing. 

Consequently, I injected PSOT/siOPN per tail vein to deliver siOPN to the 

xenografted lung tumors. As a result, visible tumor growth suppression in term of 

volume and weight of siOPN-treated groups were shown for both cell lines 

compared to control and siRNA scramble-treated groups (Fig.4: H460 and Fig.6: 

A549). As time progressed, the gap between PSOT/siOPN-treated and non-treated 

tumor volumes further increased, leading significant differences not only in tumor 

volume but also in tumor weight on the final day of injection. Cisplatin, known as 

an effective chemotherapeutic in NSCLC (Ian et al., 2001), is used to treat cancers 

such as lymphoma, sarcoma, germ cell tumors, small cell lung cancer and ovarian 

cancers (Cortés et al., 2014). Therefore, it was chosen as a positive control in in 
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vivo study. Interestingly, the tumor volumes of PSOT/siOPN-injected groups were 

also lower than those for cisplatin-treated ones, suggesting that gene therapy is 

more efficient in reducing tumor size than chemotherapy. 

In addition, I performed in vivo siOPN silencing study in vivo-jetPEI which is 

currently considered an effective commercial cationic polymeric vector. In a recent 

study, jetPEI effectively delivered siRNA intravenously into the lung cells of mice 

because the lung is the first capillary bed crossed by intravenously injected 

substances and contains the most vascular tissues in the body (Thomas et al., 2007). 

To prove PSOT is more effective than other delivery systems, I compared PSOT 

with jetPEI by using H460 xenografts. The silencing effects of PSOT/siOPN-

treated and jetPEI/siOPN-treated groups were compared and PSOT was found to 

be the more powerful gene carrier both economically and toxicologically. In 

addition, jetPEI was reported to have cytotoxicity leading cell death when treated 

to cells (Drake et al., 2010). 

Previous studies showed that in lung cancer tissue, OPN overexpression was 

detected by immunopositive staining in 21-88% of adenocarcinoma, 31-100% of 

squamous cell carcinoma (Chamber et al., 1996, Shijubo et al., 1999 and Zhang et 

al., 2001), and 100% of lung cancer (Chamber et al., 1996). Consequently, it was 

thought to have a direct role in tumor development. To confirm that the inhibition 

of xenografted lung tumors was correlated with OPN gene silencing at the mRNA 

and protein level in tumors(Fig.5: H460 and Fig7: A549). Indeed, OPN expression 

at the mRNA level was significantly reduced in all three PSOT/siOPN-treated 

groups in comparison to the rest of the groups for both H460 and A549 cell lines. 

However, in the cisplatin group of A549 xenografted mice OPN was found to be 
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further down-regulated (Fig.7A) because cisplatin induced more apoptotic cell 

death in A549 cells than in H460 cells (Cheng et al., 2010). Nontheless, there were 

significant differences in tumor suppression between the cisplatin and siOPN-

treated groups, indicating the better efficiency of siOPN silencing by siOPN 

treatment. Furthermore, specific down-regulation of OPN mRNA was correlated 

with reduction in tumorigenesis and metastasis (Behrend et al., 1994 and Gardner 

et al., 1994). At the protein level, a similar pattern was obtained by 

immunohistochemistry. Overall, the results demonstrated a strong relationship 

between OPN expression level and tumor growth in lung cancer.  

Previous studies had already demonstrated the suppression of OPN via gene 

targeting in breast cancer (Yu et al., 2010 and Tehrani et al., 2012) and lung cancer 

therapy (Chang et al., 2012 and Tehrani et al., 2013). Using two different cell lines, 

I have confirmed the powerful anti-lung cancer effects mediated by siRNA 

delivery using a novel gene carrier (Table1). Because OPN is implicated in various 

cancers, I expect to see similar biomacromolecular anti-cancer therapies by means 

of OPN-targeted siRNA using related methodologies.
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국문 논문 초록 

 

폐암세포 이종이식 마우스 모델에서 

폴리솔비톨계의 유전자 전달시스템을 

이용하여 특정 표적유전자인 

osteopontin의 발현 억제가 종양세포의 

성장 억제에 미치는 영향 

 

조 원 영 

의과대학 종양생물학협동과정 

서울대학교 대학원 

 

암  치료에  많은  획기적인  발전이  이루어졌는데도  불구하고  

폐암의  사망률은  여전히  매우  높은  실정으로  따라서  폐암

치료에  대한  새로운  방법개발의  필요성이  절실히  요구되고  

있다 . 최근  siRNA (작은  간섭  리보  핵산 )는  특정  표적유

전자를  억제할  수  있는  새로운  방법으로  각광받고  있으니  
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이의  효과적인  전달방법의  개발이  여전히  요구되고  있다 . 

이런  배경을  바탕으로  본  연구에서는  비소세포암에  많이  

발현되는  osteopontin을  억제하는  siOPN을  전달할  유전자  

개발 체를  합성 하였다 .  즉  po ly so rb i to l-med i a ted tran

sporter (PSOT)를  기반으로한  SDA 와  branch PEI를  접

목시켜  효과높은  유전자  전달체를  합성하였으며  표적유전

자로  siOPN을  탑재하여  실험동물폐암모델에  전달하였다 . 

실험동물  적용에  앞서  대표적  비소세포암  세포모델은  

A549와  H460세포에서  그  효능을  확인하였다 . 이  두가시  

세포을  이식한  xenograft model mice에  PSOT/siOPN을  

전달한  결과  만족할  만한  폐암  억제효과를  검증하였다 .  

 

주요어: 폐암, 항암 핵산 유전자 치료, 오스테오폰틴, 폴리솔비톨계의 

유전자 전달체 
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