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Abstract

We have developed a novel vector constructed with pDNA, polyethylenimine (PEI), and
mucin 1 (MUC1) aptamer for tumor-targeted gene delivery. The MUC1 aptamer and
non-specific aptamer were employed to coat the pDNA/PEI complexes electrostatically and
stable nanoparticles were formed.

The addition of a non-specific aptamer to the pDNA/PEI

complex decreased gene expression in the human lung cancer cell line, A549 cells expressing
MUC1 regularly.

At the same time, the pDNA/PEI/MUC1 aptamer complex showed higher

gene expression than pDNA/PEI/non-specific aptamer complex.

Furthermore, the

pDNA/PEI/MUC1 aptamer complex showed markedly high gene expression in tumor-bearing
mice; thus, pDNA/PEI/MUC1 aptamer complexes are useful as a tumor-targeted gene
delivery system with high transfection efficiency.
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1. Introduction

In the field of gene delivery, polyethylenimine (PEI) is a common cationic polymer with
high transfection efficiency under in vitro and in vivo conditions among non-viral vectors
(Boussif, et al., 1995; Godbey, et al., 1999; Kircheis, et al., 2001; Kichler, et al., 2001; Itaka,
et al., 2004 ).

The pDNA/PEI complex, however, binds non-specifically to negatively

charged proteoglycans on cell membranes and it is difficult to use the cationic pDNA/PEI
complex as the targeted gene delivery system (Lemkine and Demeneix, 2001; Demeneix and
Behr, 2005).

For cell-specific gene delivery, cell type-specific surface molecules and their

antibodies would be useful, and a number of cell-specific gene delivery vectors have been
developed (Germershaus, et al., 2006; Chiu, et al., 2004; Liu, et al., 2007).

For cancer gene

therapy, tumor suppressor genes such as p53 gene and suicide genes such as herpes simplex
virus thymidine kinase gene were well studied; and those genes reported to suppress tumor
growth by tumor specific gene delivery vector such as transferrin-modified cationic liposome
(Nakase, et al., 2005; Neves, 2006).
Aptamers are a family of RNA- or DNA-based oligonucleotides 20-50 nt in length that
can specifically bind to selected targets (Guo, et al., 2010). They have often been described
as nucleic acid versions of antibodies. However, aptamers unlike antibodies, have yet to
elicit immunogenicity in vivo and these molecules are readily amenable to chemical synthesis
and can be modified easily during the synthesis process, making them more adaptable for
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different applications (Eyetech Study Group, 2003; Chan, et al., 2008; Alexander, et al., 2005;
Gilbert, et al., 2007; Apte, et al., 2007).
In a previous study, we developed some ternary complexes of pDNA/PEI coated with
polynucleotides such as polyadenylic acid (polyA) and polyinosinic-polycytidylic acid
(polyIC) (Kurosaki, et al., 2009).

It was demonstrated that aptamers could coat pDNA/PEI

complexes and the aptamer-coated complex would be taken up by the cells via aptamer-based
molecular recognitions. The mucin 1 (MUC1) is unique to tumor cells and overexpressed in
most of invasive breast carcinomas, indicating that MUC1 aptamer would be suitable for
tumor targeting (Rahn, et al., 2001).
In this experiment, we constructed pDNA/PEI/aptamer complexes with MUC1 aptamer
for tumor-targeted gene delivery systems.

Then, the pDNA/PEI/MUC1 aptamer complex

showed high gene expressions of the plasmid-borne luciferase gene in A549 cells expressing
MUC1 regularly under in vitro and in vivo conditions.
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2. Materials and Methods

2.1. Chemicals
PEI (branched form, average molecular weight of 25,000) was purchased from Aldrich
Chemical Co. (Milwaukee, WI, USA).

Fetal bovine serum (FBS) was obtained from

Biosource International Inc. (Camarillo, CA, USA).

RPMI 1640, Opti-MEM I, antibiotics

(penicillin 100 U/mL and streptomycin 100 g/mL), and other culture reagents were obtained
from GIBCO BRL (Grand Island, NY, USA).

MUC1 aptamer

(5’-GAAGTGAAAATGACAGAACACAACA-3’) and a non-specific 25 base-long DNA
aptamer composed of GATC repeats, according to a previous report (Ferreira, et al., 2009),
were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan).

All other

chemicals were of the highest purity available.

2.2. Preparation of pDNA and Complexes
pCMV-Luc was constructed by subcloning the Hind III/Xba I firefly luciferase cDNA
fragment from the pGL3-control vector (Promega, Madison, WI, USA) into the polylinker of
the pcDNA3 vector (Invitrogen, Carlsbad, CA, USA).

The pDNA was amplified using an

EndoFree® Plasmid Giga Kit (QIAGEN GmbH, Hilden, Germany).

The pDNA was

dissolved in 5% dextrose solution (1 mg/mL) and stored at -80 oC until analysis.
For preparation of the complexes, pDNA solution and PEI solution (pH 7.4 in 5%
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dextrose solution) were thoroughly mixed by rapid sequential pipetting and left for 15 min at
room temperature, and then each aptamer in 5% dextrose solution was mixed with pDNA/PEI
complex by pipetting and left for another 15 min at room temperature.

In this study, we

constructed various complexes at weight ratios: pDNA: PEI : aptamer = 1:1:0, 1:1:0.25,
1:1:0.5, 1:1:1, 1:1:2, 1:1:4, and 1:1:6.

2.3. Physicochemical Property of the Complexes
The particle sizes and ζ-potentials of the pDNA/PEI/aptamer complexes were measured
using a Zetasizer Nano ZS (Malvern Instruments, Ltd., United Kingdom).

The

number-fractioned mean diameter is shown.
To determine complex formations, 10 µL aliquots of complex solution containing 1 µg
pDNA were mixed with 2 µL loading buffer (30% glycerol and 0.2% bromophenol blue) and
loaded onto a 0.8% agarose gel containing 0.03% ethidium bromide.

For the assessment of

complex dissociation, 3 µg of heparin was added to pDNA/PEI complex.

Electrophoresis

(i-Mupid J®; Cosmo Bio, Tokyo, Japan) was carried out at 35 V in running buffer solution (40
mM Tris/HCl, 40 mM acetic acid, and 1 mM EDTA) for 80 min.

The retardation of pDNA

was visualized using a FluorChem Imaging Systems (Alpha Innotech, CA, USA).

2.4. In Vitro Transfection Experiments
The human lung cancer cell line, A549 cells, was obtained from the Cell Resource Center
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for Biomedical Research (Tohoku University, Japan).

A549 cells were maintained in RPMI

1640 supplemented with 10% FBS and antibiotics (culture medium) under a humidified
atmosphere of 5% CO2 in air at 37 oC.

A549 cells were plated on 24-well plates

(Becton-Dickinson, Franklin Lakes, NJ, USA) at a density of 2.0 × 104 cells/well and
cultivated in 0.5 mL culture medium.

In the transfection experiment, after 24 h

pre-incubation, the medium was replaced with 0.5 mL Opti-MEM I medium and each
complex containing 1 µg pDNA was added to the cells and incubated for 2 h. After
transfection, the medium was replaced with culture medium and cells were cultured for a
further 22 h at 37 oC. After 22 h incubation, the cells were washed with PBS and then lysed
in 100 L lysis buffer (pH 7.8 and 0.1 M Tris/HCl buffer containing 0.05% Triton X-100 and
2 mM EDTA).

Ten microliters of lysate samples were mixed with 50 L luciferase assay

buffer (Picagene; Toyo Ink, Tokyo, Japan) and the light produced was immediately measured
using a luminometer (Lumat LB 9507; EG & G Berthold, Bad Wildbad, Germany).

The

protein content of the lysate was determined by a Bradford assay using BSA as the standard.
Absorbance was measured using a microplate reader at 570 nm.

Luciferase activity was

indicated as relative light units (RLU) per mg protein.

2.5. In Vivo Transfection Experiments
Animal care and experimental procedures were performed in accordance with the
Guidelines for Animal Experimentation of Nagasaki University with approval from the
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Institutional Animal Care and Use Committee. Male KSN mice (5 weeks old) were
purchased from Japan SLC (Shizuoka, Japan). After shipping, mice were acclimatized to the
environment for at least one week before the experiments.
cells/mouse of A549 cells intradermally.

The mice received 1.0×106

One month after administration when the average

tumor weight was approximately 500 mm3, the mice were injected intratumorally with
various complexes containing 20 g pDNA at a volume of 100 L per tumor.

At 24 h

following injection, the mice were sacrificed and the tumors were dissected and homogenized
in lysis buffer.

The homogenates were centrifuged at 15000 rpm (Kubota 3700; Kubota,

Tokyo, Japan) for 5 min.

The supernatants were used for luciferase assays, as described

above. Luciferase activity was indicated as RLU per gram of tissue.

2.6. Statistical Analysis
Multiple comparisons among groups were made by Sheffe's test. P < 0.05 indicated
significance.
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3. Results

3.1. Physicochemical Characteristics
The size and ζ-potential of the complexes were determined (Fig. 1).

The ζ-potential

means surface charge of the particles; + means cationic surface charge and – means anionic
surface charge.

The pDNA/PEI complex was about 52.9 nm particle size with +56 mV

ζ-potential. By the addition of aptamers, the ζ-potential was concentration-dependently
decreased and reached a plateau at a weight ratio 1:1:6 of pDNA: PEI: aptamer.
aptamers aggregated the pDNA/PEI complex at weight ratio, 1:1:1.

Addition of

Furthermore, MUC1

aptamer increased size of the complex at weight ratio 1:1:2. Conversely, the complexes with
other weight ratios had almost 48-75 nm particle size.
Complex formations were examined by a gel retardation assay (Fig. 2). In the lane of
naked pDNA, bands of pDNA were detected on agarose gel.

On the other hand, in the lanes

of pDNA/PEI complex and pDNA/PEI/aptamer complexes, no band was detected.
Furthermore, the addition of heparin to pDNA/PEI complex released pDNA from the complex
and bands of pDNA were detected clearly.

3.2. In vitro transfection efficiencies
A human lung adenocarcinoma epithelial cell line, A549 cells, regularly expressing
MUC1, was transfected with various complexes and gene expression of luciferase carried by
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the plasmid vector was evaluated (Fig. 3).
RLU/mg protein in transgene efficiency.

The pDNA/PEI complex showed 6.33×109
In contrast, the high transgene efficiency of

pDNA/PEI complexes was significantly decreased in a concentration-dependent manner by
the addition of non-specific aptamer (P < 0.01).

The pDNA/PEI/MUC1 aptamer complexes

showed significantly higher gene expressions than pDNA/PEI complex at weight ratios
1:1:0.25, 1:1:0.5, and 1:1:1 (P < 0.01) and the gene expressions of pDNA/PEI/MUC1 aptamer
complexes were higher than the pDNA/PEI/non-specific aptamer complexes at all weight
ratios. The highest gene expression was observed at a weight ratio 1:1:0.5.

3.3. In vivo transfection efficiencies
A549 cells were administrated to mice and tumor-bearing model mice were developed.
The pDNA/PEI complex and pDNA/PEI/aptamer complexes at a weight ratio 1:1:0.5 were
injected into the tumor.

Twenty-four hours after injection, the transgene efficiencies in the

tumor were evaluated, as shown in Fig. 4. A high gene expression was observed in mice
treated with pDNA/PEI/MUC1 aptamer complexes and was significantly higher than the
gene expressions of pDNA/PEI complex and pDNA/PEI/non-specific aptamer
complex-treated mice (P < 0.05 and P < 0.01, respectively).
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4. Discussion

MUC1 is a membrane-tethered mucin expressed on the surface of epithelial cells lining
mucosal surfaces (Kim and Lillehoj, 2008).

Overexpression of MUC1 by most carcinomas

and in particular by breast cancers has been reported and correlates with high metastatic
potential and poor survival (Gendler, 2001).

An underglycosylated form of MUC1 that is

unique to tumor cells is overexpressed in virtually all invasive breast carcinomas, making
MUC1 a prime candidate for several promising therapeutic vaccine strategies and a potential
marker for prognosis (Rahn, et al., 2001).
In previous reports, MUC1 antibody was developed and used in tumor-specific drug
delivery systems (Singh and Bandyopadhyay, 2007; Moase, et al., 2011).

Recently, MUC1

aptamers were also developed and reported to show high selectivity (Ferreira, et al., 2009;
Savla, et al., in press); however, there are few reports about gene delivery systems using
MUC1 aptamer.

In the previous study, we developed some ternary complexes of pDNA/PEI

coated by polynucleic acid, such as polyadenylic acid (polyA) and polyinosinic-polycytidylic
acid (polyIC) (Kurosaki, et al., 2009).

We also successfully constructed pDNA/PEI/MUC1

aptamer complexes (Japanese Patent Application No. 2010-043186). In this experiment, we
investigated the utility of the pDNA/PEI/MUC1 aptamer complex for tumor-targeting gene
delivery systems.
The pDNA/PEI/MUC1 aptamer complexes showed high gene expression in MUC1
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regularly expressing A549 cells at weight ratios of 1:1:0.25, 1:1:0.5, 1:1:1, and 1:1:2.

The

high gene expression of the pDNA/PEI/MUC1 aptamer complexes could be explained by the
specific molecular recognition of MUC1 aptamer on the complex surface.

In fact, the

non-specific aptamer inhibited the transgene expressions of pDNA/PEI complex
concentration-dependently.

A large amount of MUC1 aptamer decreased transgene

expression of pDNA/PEI/MUC1 aptamer complex with weight ratios 1:1:4 and 1:1:6.
Strong anionic surface charges may repulse the cellular membrane and the rebound might be
larger than the binding strength of MUC1 aptamer to MUC1.
Aptamers on the complex surface were also anticipated from the physicochemical
properties of the complexes.

The addition of aptamer did not disrupt the structure of

pDNA/PEI complex, as shown in Fig. 2.

However, the aptamer reversed the charge from

positive to negative indicating a concentrated distribution of aptamer outside of the particles.
MUC1 aptamer increased size of the pDNA/PEI complex at weight ratio, 1:1:2, even if
non-specific aptamer did not increase at same weight ratio.

It may be caused by the steric

structure of MUC1 aptamer.
The pDNA/PEI/MUC1 aptamer complex with a weight ratio of 1:1:0.5, which showed
highest gene expressions in vitro, was administered to tumor-bearing mice and gene
expressions in vivo were evaluated.

The pDNA/PEI/MUC1 aptamer complexes showed

significantly higher gene expressions in the tumor than pDNA/PEI complex and
pDNA/PEI/non-specific aptamer complex after intratumoral injection (P < 0.05 and P < 0.01,
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respectively). The results indicate that the pDNA/PEI/MUC1 aptamer complex may be
useful for tumor-targeted gene delivery systems.
For the tumor therapy, most current therapies are non-specific, with surgery, radiation, and
chemical ablation having the potential to cause damage to surrounding tissue. Similarly
non-specific transfection should cause unexpected critical side effects.

In this experiment,

we constructed pDNA/PEI/MUC1 aptamer complex for tumor specific gene delivery.
Furthermore, this pDNA/PEI/aptamer complex could easily change targeting cells by
selection of aptamer and could achieve cell-specific gene transfer.

The coating and targeting

system may be a novel platform technology for targeted gene delivery.
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5. Conclusion

In this experiment, we constructed a novel tumor-targeted gene delivery vector,
pDNA/PEI/MUC1 aptamer complex.
complex, electorostatically.

MUC1 aptamer could coat cationic pDNA/PEI

The pDNA/PEI/MUC1 aptamer complexes showed higher gene

expressions than pDNA/PEI/non-specific aptamer complexes on the A549 cells which are
expressing MUC1 regularly in in vitro and in vivo conditions. The coating system could be
applied to other aptamers and may be a novel platform technology for targeted gene delivery.

14

6. Acknowledgements

This study was supported in part by the Global COE Program, Nagasaki University, Japan and
a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.

15

7. References

Alexander J.H., Hafley G., Harrington R.A., Peterson E.D., Ferguson T.B. Jr., Lorenz T.J.,
Goyal A., Gibson M., Mack M.J., Gennevois D., Califf R.M., Kouchoukos N.T.; PREVENT
IV Investigators, 2005. Efficacy and safety of edifoligide, an E2F transcription factor decoy,
for prevention of vein graft failure following coronary artery bypass graft surgery: PREVENT
IV: a randomized controlled trial. Jama 294, 2446-2454.
Apte R.S., Modi M., Masonson H., Patel M., Whitfield L., Adamis A.P., 2007. Pegaptanib
1-year systemic safety results from a safety-pharmacokinetic trial in patients with neovascular
age-related macular degeneration. Ophthalmology 114, 1702-1712.
Boussif O., Lezoualc'h F., Zanta M.A., Mergny M.D., Scherman D., Demeneix B., Behr J.P.,
1995. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo:
polyethylenimine. Proc. Natl. Acad. Sci. USA 92, 7297-7301.
Chan M.Y., Cohen M.G., Dyke C.K., Myles S.K., Aberle L.G., Lin M., Walder J., Steinhubl
S.R., Gilchrist I.C., Kleiman N.S., Vorchheimer D.A., Chronos N., Melloni C., Alexander J.H.,
Harrington R.A., Tonkens R.M., Becker R.C., Rusconi C.P., 2008. Phase 1b randomized study
of antidote-controlled modulation of factor IXa activity in patients with stable coronary artery
disease. Circulation 117, 2865-2874.
Chiu S.J., Ueno N.T., Lee R.J., 2004. Tumor-targeted gene delivery via anti-HER2 antibody
(trastuzumab, Herceptin) conjugated polyethylenimine. J. Control. Release 97, 357-369.
16

Demeneix B., Behr J.P., 2005. Polyethylenimine (PEI). Adv. Genet. 53, 215-230.
Eyetech Study Group, 2003. Anti-vascular endothelial growth factor therapy for subfoveal
choroidal neovascularization secondary to age-related macular degeneration: phase II study
results. Ophthalmology 110, 979-986.
Ferreira C.S., Cheung M.C., Missailidis S., Bisland S., Gariépy J., 2009. Phototoxic aptamers
selectively enter and kill epithelial cancer cells. Nucleic Acids Res. 37, 866-876.
Germershaus

O.,

Merdan

T.,

Bakowsky

U.,

Behe

M.,

Kissel

T.,

2006.

Trastuzumab-polyethylenimine-polyethylene glycol conjugates for targeting Her2-expressing
tumors. Bioconjug. Chem. 17, 1190-1199.
Gendler S.J., 2001. MUC1, the renaissance molecule. J. Mammary Gland Biol. Neoplasia 6,
339-353.
Gilbert J.C., DeFeo-Fraulini T., Hutabarat R.M., Horvath C.J., Merlino P.G., Marsh H.N.,
Healy J.M., Boufakhreddine S., Holohan T.V., Schaub R.G., 2007. First-in-human evaluation
of anti von Willebrand factor therapeutic aptamer ARC1779 in healthy volunteers. Circulation
116, 2678-2686.
Godbey W.T., Wu K.K., Mikos A.G., 1999. Tracking the intracellular path of
poly(ethylenimine)/DNA complexes for gene delivery. Proc. Natl. Acad. Sci. USA 96,
5177-5181.

17

Guo P., Coban O., Snead N.M., Trebley J., Hoeprich S., Guo S., Shu Y., 2010. Engineering
RNA for targeted siRNA delivery and medical application. Adv. Drug Deliv. Rev. 62,
650-666.
Itaka K., Harada A., Yamasaki Y., Nakamura K., Kawaguchi H., Kataoka K., 2004. In situ
single cell observation by fluorescence resonance energy transfer reveals fast
intra-cytoplasmic delivery and easy release of plasmid DNA complexed with linear
polyethylenimine. J. Gene Med. 6, 76-84.
Kichler A., Leborgne C., Coeytaux E., Danos O., 2001. Polyethylenimine-mediated gene
delivery: a mechanistic study. J. Gene Med. 3, 135-144.
Kim K.C., Lillehoj E.P., 2008. MUC1 mucin: a peacemaker in the lung. Am. J. Respir. Cell.
Mol. Biol. 39, 644-647.
Kircheis R., Wightman L., Schreiber A., Robitza B., Rössler V., Kursa M., Wagner E., 2001.
Polyethylenimine/DNA complexes shielded by transferrin target gene expression to tumors
after systemic application. Gene Ther. 8, 28-40.
Kurosaki T., Kitahara T., Fumoto S., Nishida K., Nakamura J., Niidome T., Kodama Y.,
Nakagawa H., To H., Sasaki H., 2009. Ternary complexes of pDNA, polyethylenimine, and
gamma-polyglutamic acid for gene delivery systems. Biomaterials 30, 2846-2853.
Lemkine G.F., Demeneix B.A., 2001. Polyethylenimines for in vivo gene delivery. Curr. Opin.
Mol. Ther. 3, 178-182.
Liu B., 2007. Exploring cell type-specific internalizing antibodies for targeted delivery of
18

siRNA. Brief. Funct. Genomic. Proteomic. 6, 112-119.
Moase E.H., Qi W., Ishida T., Gabos Z., Longenecker B.M., Zimmermann G.L., Ding L.,
Krantz M., Allen T.M., 2011. Anti-MUC-1 immunoliposomal doxorubicin in the treatment of
murine models of metastatic breast cancer. Biochim. Biophys. Acta 1510, 43-55.
Nakase M., Inui M., Okumura K., Kamei T., Nakamura S., Tagawa T., 2005. p53 gene therapy
of human osteosarcoma using a transferrin-modified cationic liposome. Mol. Cancer Ther. 4,
625-31.
Neves S.S., Sarmento-Ribeiro A.B., Simões S.P., Pedroso de Lima M.C., 2006. Transfection
of oral cancer cells mediated by transferrin-associated lipoplexes: mechanisms of cell death
induced by herpes simplex virus thymidine kinase/ganciclovir therapy. Biochim. Biophys.
Acta 1758, 1703-12.
Rahn J.J., Dabbagh L., Pasdar M., Hugh J.C., 2001. The importance of MUC1 cellular
localization in patients with breast carcinoma: an immunohistologic study of 71 patients and
review of the literature. Cancer 91, 1973-1982.
Savla R., Taratula O., Garbuzenko O., Minko T., Tumor targeted Quantum Dot-Mucin 1
aptamer-Doxorubicin conjugate for imaging and treatment of cancer. J. Control. Release in
press.
Singh R., Bandyopadhyay D., 2007. MUC1: a target molecule for cancer therapy. Cancer Biol.
Ther. 6, 481-486.

19
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Fig. 1. Sizes (A and B) and ζ-potentials (C and D) of the pDNA/PEI/aptamer complexes.
pDNA/PEI/non-specific aptamer (A and C) and pDNA/PEI/MUC1 aptamer (B and D)
complexes were constructed with various weight ratios and their size and ζ-potential were
evaluated. Each data is the mean ± S.E. of three experiments.
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Fig. 2. Effect of non-specific aptamer (A) and MUC1 aptamer (B) on electrophoretic
migration of pDNA through an agarose gel.
Each complex was loaded onto agarose gel for electrophoresis.
visualized using ethidium bromide.
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Retardation of pDNA was
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Fig. 3. In vitro transgene efficiency of pDNA/PEI/aptamer complexes.
A549 cells were transfected by each pDNA/PEI/aptamer complex with various weight ratios,
1:1:0.25 (A), 1:1:0.5 (B), 1:1:1 (C), 1:1:2 (D), 1:1:4 (E), and 1:1:6 (F). Twenty-four hours
after transfection, luciferase activity was evaluated.
three or six experiments.

Each bar represents the mean ± S.E. of

**: P < 0.01 vs pDNA/PEI complex, ##: P < 0.01.
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Fig. 4. In vivo transgene efficiency of pDNA/PEI/aptamer complexes.
pDNA/PEI complex and pDNA/PEI/aptamer complexes with weight ratio 1:1:0.5 were
administrated into the tumors of mice.

Twenty-four hours after administration, the tumors

were dissected and luciferase activities were evaluated.
of three to five experiments.

Each bar represents the mean ± S.E.

*: P < 0.05 vs pDNA/PEI complex, ##: P < 0.01.
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