pharmaceutics articles

Targeted Delivery of Antisense Oligodeoxynucleotide
and Small Interference RNA into Lung Cancer Cells

Shyh-Dar Li and Leaf Huang*

Division of Molecular Pharmaceutics, School of Pharmacy, dérsity of North Carolina at
Chapel Hill, North Carolina 27599

Received March 31, 2006

Abstract: Selective gene inhibition by antisense oligodeoxynucleotide (AS-ODN) or by small
interference RNA (siRNA) therapeutics promises the treatment of diseases that cannot be cured
by conventional drugs. However, antisense therapy is hindered due to poor stability in
physiological fluids and limited intracellular uptake. To address these problems, a ligand targeted
and sterically stabilized nanoparticle formulation has been developed in our lab. Human lung
cancer cells often overexpress the sigma receptor and, thus, can be targeted with a specific
ligand such as anisamide. AS-ODN or siRNA against human survivin was mixed with a carrier
DNA, calf thymus DNA, before complexing with protamine, a highly positively charged peptide.
The resulting particles were coated with cationic liposomes consisting of DOTAP and cholesterol
(2:1, molar ratio) to obtain LPD (liposome—polycation—DNA) nanoparticles. Ligand targeting
and steric stabilization were then introduced by incubating preformed LPD nanoparticles with
DSPE-PEG-anisamide, a PEGylated ligand lipid developed earlier in our lab, by the postinsertion
method. Nontargeted nanoparticles coated with DSPE-PEG were also prepared as a control.
Antisense activities of nanoparticles were determined by survivin mMRNA down-regulation, survivin
protein down-regulation, ability to trigger apoptosis in tumor cells, tumor cell growth inhibition,
and chemosensitization of the treated tumor cells to anticancer drugs. We found that tumor cell
delivery and antisense activity of PEGylated nanoparticles were sequence dependent and rely
on the presence of anisamide ligand. The uptake of oligonucleotide in targeted, PEGylated
nanoparticles could be competed by excess free ligand. Our results suggest that the ligand
targeted and sterically stabilized nanoparticles can provide a selective delivery of AS-ODN and
siRNA into lung cancer cells for therapy.
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Introduction common type of lung cancer, accounting for-&b% of

There are more than 170 000 new cases of lung cancertotal populations. The main reason for the unfavorable
every year in the United Statésyhich is the leading cause ~ prognosis of these tumors is their propensity to metastasize
of cancer death both in the United States and throughoutearly and develop resistance to a wide range of anticancer
the world. Non-small-cell lung cancer (NSCLC) is the most drugs? The 5-year survival rate for all stages of lung cancer
combined is only 159% Therefore, new treatment modalities
*To whom correspondence should be addressed. Mailing ad- for lung cancer are urgently needed.
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In human cancer cells, the expression of four members of  Selective oncogene inhibition mediated by AS-ODN or
the antiapoptotic, inhibitor of apoptosis (IAP) protein family SiRNA shows the potential for cancer treatment. However,
(XIAP, clAP1, clAP2, and survivin) has been investigated oligonucleotide delivery, including AS-ODN and siRNA, is
as a potential factor for chemoresistafid&mong the IAP the rate-limiting step in antisense therdpyVith a highly
family members, survivin, a 16.5 kDa protein with a single charged and hydrophilic nucleotide backbone, AS-ODN and
BIR domain, has drawn much attention. Survivin, an inhibitor SIRNA are extremely vulnerable to enzyme degradation and
of apoptosis and regulator of the cell cycle, is a nuclear- can hardly penetrate through cell membrane when admin-
cytoplasm shuttling protein that is actively exported out of iStered into the human body. There are methods or reagents
the nucleus by the export receptor CRRASurvivin is not available for oligonucleotide delivery in vitro and in vivo,

usually detected in normal adult tissues, but is commonly SUch as viral vectors, hydrodynamic injectiort? Oligo-
expressed at high levels during fetal development, and in féctaminei’and Lipofectamine 2008. However, few have

precancerous and cancerous lesiomscluding NSCLC? ?eminstra:jted chn:cg!llappllgagll?l/ .t()je(friuse fOf the pqttert:?al
Overexpression of survivin indicates either an unfavorable doxllisl 3r/an ptO?; sia Itlltl)ll Irr: c:jyd uII_F;D ﬁrenore’rg slw aWe
course of the diseaderesistance to chemotherapy and clivery system 1S s eeded. 2 hanopartcles was

. 10 L . developed earlier in our lab for plasmid DNA delivefyit
radiotherapy;!® or poor survival in NSCLC patients. ; o R

. R was engineered by combining cationic liposomes and poly-

Moreover, suppression of survivin in lung cancer cells by . . :

i RNA its | ¢ 1 cation condensed plasmid DNA. When they were mixed, the
antisense or sir results in spontaneous apop ' components spontaneously rearranged to form a viruslike
These observations suggest that survivin is a useful prog-

X . structure with the condensed DNA located inside the lipid
nostic marker of lung cancer and a potential molecular target ;o 1\brane In this study, we attempted to formulate AS-

for lung cancer treatment. ODN/siRNA in LPD and further introduced steric stabiliza-
tion and tumor specificity by using a PEGylated lipid tethered
(3) Cancer Facts and Figures 20pAtlanta, GA; American Cancer {0 @ targeting ligand. Tissue specificity, cellular uptake, and
Society, Inc.: 2004; 303294251; pp-60; www.cancer.org. down-regulation of the survivin target have revealed the
(4) Machtay, M.; Jeremic, B. Complex and controversial issues in antitumor activity of the targeted LPD.
locally advanced non-small cell lung carcinong&emin. Surg.

Oncol. 2003 21 (2), 128-37. Experimental Section

(5) Rodriguez, J. A.; Span, S. W.; Ferreira, C. G.; Kruyt, F. A,; . )
Giaccone, G. CRM1-mediated nuclear export determines the Materials. DOTAP, cholesterol, and DSPE-Pfgwere

cytoplasmic localization of the antiapoptotic protein Survi@sp. purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Cell Res.2002 275 (1), 44-53. Protamine sulfate (fraction X from salmon) and calf
(6) Ambrosini, G.; Adida, C.; Altieri, D. C. A novel anti-apoptosis  thymus DNA (for hybridization, pheneichloroform ex-
gene, survivin, expressed in cancer and lymphoNet. Med. tracted and ethanol precipitated) were from Sigma-Aldrich
1997 3 (8), 917-21. (St. Louis, MO). DSPE-PE&gsanisamide (DSPE-PEG-AA)

(7) Tamm, I.; Wang, Y.; Sausville, E.; Scudiero, D. A.; Vigna, N.;
Oltersdorf, T.; Reed, J. C. IAP-family protein survivin inhibits
caspase activity and apoptosis induced by Fas (CD95), Bax,

was synthesized in Dr. C. K. Lai’'s lab by the methods
described previousl§t and the chemical structure is shown

caspases, and anticancer drugancer Res1998 58 (23), 5315~ in Figure 1.
20.
(8) Kappler, M.; Kohler, T.; Kampf, C.; Diestelkotter, P.; Wurl, P.;  (14) Jana, S.; Chakraborty, C.; Nandi, S.; Deb, J. K. RNA interfer-
Schmitz, M.; Bartel, F.; Lautenschlager, C.; Rieber, E. P.; Schmidt, ence: potential therapeutic targefgpl. Microbiol. Biotechnol.
H.; Bache, M.; Taubert, H.; Meye, A. Increased survivin transcript 2004 65 (6), 649-57.
levels: an independent negative predictor of survival in soft tissue (15) Brummelkamp, T. R.; Bernards, R.; Agami, R. Stable suppression
sarcoma patientsnt. J. Cancer2001, 95 (6), 360-3. of tumorigenicity by virus-mediated RNA interferendgancer
(9) Kato, J.; Kuwabara, Y.; Mitani, M.; Shinoda, N.; Sato, A, Cell 2002 2 (3), 243-7.
Toyama, T.; Mitsui, A.; Nishiwaki, T.; Moriyama, S.; Kudo, J.;  (16) Lewis, D. L.; Wolff, J. A. Delivery of siRNA and siRNA
Fujii, Y. Expression of survivin in esophageal cancer: correlation expression constructs to adult mammals by hydrodynamic intra-
with the prognosis and response to chemotherhyyJ. Cancer vascular injectionMethods EnzymoR005 392, 336-50.
2001, 95 (2), 92-5. (17) Weil, D.; Garcon, L.; Harper, M.; Dumenil, D.; Dautry, F.; Kress,
(10) Asanuma, K.; Moriai, R.; Yajima, T.; Yagihashi, A.; Yamada, M. Targeting the kinesin Eg5 to monitor siRNA transfection in
M.; Kobayashi, D.; Watanabe, N. Survivin as a radioresistance mammalian cellsBiotechnique®002 33 (6), 1244-8.
factor in pancreatic cancedpn. J. Cancer Re200Q 91 (11), (18) Xiuzhu, T.; Shore, L.; Stram, Y.; Michaeli, S. C.; Brietbart, H.
1204-9. C.; Shemesh, M. Duplexes of 21 nucleotide RNA specific for
(11) Li, F. Survivin study: what is the next wavd? Cell Physiol. COX Il mediates RNA interference in cultured bovine aortic
2003 197 (1), 8—29. coronary endothelial cells (BAECs}prostaglandins Other Lipid
(12) Altieri, D. C. Survivin, versatile modulation of cell division and Mediators2003 71 (3—4), 119-29.
apoptosis in cance®ncogene2003 22 (53), 8581-9. (19) Li, S.; Rizzo, M. A.; Bhattacharya, S.; Huang, L. Characterization
(13) Tu, S. P,; Jiang, X. H.; Lin, M. C.; Cui, J. T.; Yang, Y.; Lum, C. of cationic lipid-protamine-DNA (LPD) complexes for intravenous
T.; Zou, B.; Zhu, Y. B.; Jiang, S. H.; Wong, W. M.; Chan, A. O, gene deliveryGene Ther1998 5 (7), 930-7.
Yuen, M. F.; Lam, S. K.; Kung, H. F.; Wong, B. C. Suppression (20) Li, S.; Huang, L. In vivo gene transfer via intravenous administra-
of survivin expression inhibits in vivo tumorigenicity and angio- tion of cationic lipid-protamine-DNA (LPD) complexe&ene
genesis in gastric canceCancer Res2003 63 (22), 7724-32. Ther. 1997, 4 (9), 891-900.
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Figure 1.
anisamide (C).

The AS-ODN and siRNA sequences are adopted from the
previous studie$??2 The phosphorothioate oligodeoxynucle-
otides (ODN) with antisense sequenceC&&CAGCCTTC-
CAGTCCCTTG-3 and sense sequenceCAAGGGACTG-
GAAGGCTGGG-3 were synthesized by Integrated DNA
Technologies (Coralville, 1A). 5FAM labeled antisense
sequence was also obtained from Integrated DNA Technolo-
gies. Synthetic 19-nt RNAs with 8TdT overhangs on both

oco

0P3CH2CHZNH —PEG2000—NHCHzCHaNHC O

OCHs

lllustration of preparation of PEGylated LPD (A) and chemical structures of DSPE-PEG;qq0 (B) and DSPE-PEGq00-

H1299 cells, lung carcinoma, were obtained from ATCC
and were maintained in RPMI1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA). H1299 cells
overexpress sigma receptors and suré#itt and were used
as model cells in our study.

Preparation of Liposome, LPD, and PEGylated LPD
Formulations (Figure 1). Liposomes and LPD were pre-

sequences were purchased from Dharmacon (Lafayette, COpared as previously described with slight modificatiéhs.
in deprotected, desalted, and annealed form. The sequenc8riefly, small unilamellar liposomes consisting of DOTAP

of survivin siRNA was 5GGCUGGCUUCAUCCAC-
UGCdTdT-3; 3-dTdTCCGACCGAAGUAGGUGACG-5
Scrambled control siRNA with sequenceGAGUCGCGU-
UUGCGACUGGUUdTT-3 3-dTATGUCAGCGCAAACG-
CUGACCAA-5 was also synthesized in Dharmacon. For
quantitative studies, FAM was conjugated t6 €ense
sequence.

(21) Banerjee, R.; Tyagi, P.; Li, S.; Huang, L. Anisamide-targeted
stealth liposomes: a potent carrier for targeting doxorubicin to
human prostate cancer cellst. J. Cancer2004 112 (4), 693-
700.

(22) Li, F.; Ling, X.; Huang, H.; Brattain, L.; Apontes, P.; Wu, J.;
Binderup, L.; Brattain, M. G. Differential regulation of survivin
expression and apoptosis by vitamin D3 compounds in two
isogenic MCF-7 breast cancer cell sublin@sacogene2005 24
(8), 1385-95.

(23) Chao, J. I.; Kuo, P. C.; Hsu, T. S. Down-regulation of survivin
in nitric oxide-induced cell growth inhibition and apoptosis of
the human lung carcinoma cell®. Biol. Chem2004 279 (19),
20267-76.

(24) Chao, J. |.; Liu, H. F. The blockage of survivin and securin
expression increases the cytochalasin B-induced cell death and
growth inhibition in human cancer cellslol. Pharmacol.2006
69 (1), 154-64.

(25) John, C. S.; Bowen, W. D.; Varma, V. M.; McAfee, J. G.; Moody,
T. W. Sigma receptors are expressed in human nonsmall cell lung
carcinomalife Sci.1995 56 (26), 2385-92.

(26) Kuo, P. C.; Liu, H. F.; Chao, J. I. Survivin and p53 modulate
quercetin-induced cell growth inhibition and apoptosis in human
lung carcinoma cells]. Biol. Chem2004 279 (53), 55875-85.

(27) Cui, Z.; Han, S. J.; Vangasseri, D. P.; Huang, L. Immunostimu-
lation mechanism of LPD nanopatrticle as a vaccine canet.
Pharm.2005 2 (1), 22-8.
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and cholesterol (1:1 molar ratio) were prepared by thin film containing medium at 37C for 4 h. Cells were washed once

hydration followed by membrane extrusion. The total lipid
concentration of the liposome was fixed at 10 mM. LPD

with PBS and maintained in fresh medium for 24 h. Total
RNA were extracted with the RNeasy Mini Kit (Qiagen,

was composed of DOTAP/cholesterol liposome, protamine, Valencia, CA) by following the manufacturer’'s protocol.

and the mixture of oligonucleotide and calf thymus DNA
(1:1 weight ratio). To prepare LPD, bL of protamine
(0.8-4 mg/mL), 47uL of deionized water, and 8L of a
mixture of oligonucleotide and calf thymus DNA (2 mg/

cDNA was then reverse transcribed in the presence of reverse
transcriptase (Promega, Madison, WI). Survivin mRNA
levels were determined by an ABI PRISM 7300 sequence
detection system (Applied Biosystems, Foster City, CA) as

mL) were mixed in a 1.5 mL tube. The complex was allowed described previousl§f. The primer pairs for detecting the
to stand at room temperature for 10 min before the addition expression of survivin gene were survivin forward 5

of 40 uL of DOTAP/cholesterol liposome (total lipid
concentration= 10 mM). LPD nanoparticles were kept at

TCCACTGCCCCACTGAGAAC-3and survivin reverse's
TGGCTCCCAGCCTTCCA-3 PCR primers forg-actin

room temperature for another 10 min before further applica- gene weres-actin forward, 5SAAAGACCTGTACGCCAA-

tion.

CACAGTGCTGTCTGG-3 and p-actin reverse, '5CGT-

PEGylated LPD formulations were prepared by the postin- CATACTCCTGCTTGCTGATCCACATCTGC-3

sertion method®2° Briefly, 100 uL of preformed LPD was
mixed with 0.63-16 4L of DSPE-PEG or DSPE-PEG-AA
(20 mg/mL) and then incubated at-560 °C for 10 min.
The resulting formulations were allowed to cool to room
temperature before use.

The particle size of LPD and PEGylated LPD was

Histochemical Immunostaining.Five sterile round cover
slips (1 cmx 1 cm) were placed into each well in 6-well
plates. H1299 cells (X 10° per well) were then seeded into
each well. Cells were treated with different formulations at
a concentration of 1000 nM for AS-ODN or 400 nM for
siRNA in serum containing medium at 3T for 4 h. Cells

measured by using a Coulter N4 Plus particle sizer (Beckmanwere washed once with PBS and maintained in fresh medium
Coulter, San Francisco, CA). Particle sizes were reported asfor 48 h. Cells were washed twice with PBS and fixed with

the meant standard deviation [polydispersity index (PI)].
Cellular Uptake Study. H1299 cells (1x 10° per well)

1% paraformaldehyde in PBS at room temperature for 15
min. Immunostaining was then performed with rabbit anti-

were seeded in 12-well plates (Corning Inc., Corning, NY) numan survivin antibody (Santa Cruz Biotechnology, Santa
20 h before experiments. Cells were treated with different Cruz, CA) with kits (DakoCytomation Envisioft Dual Link

formulations at a concentration of 200 nM for AS-ODN or
100 nM for siRNA in serum containing medium at 3C

for 4 h. Cells were washed twice with PBS, followed by
incubation with lysis buffer (0.3% Triton X-100 in PBS) at

System-HRP (DAB-), DakoCytomation, Carpinteria, CA)

by following the product protocol. Cells were imaged by a
Nikon phase contrast microscope. Positive cells were counted
in 10 randomly chosen images per group. At least 300 cells

room temperature for 1 h. Fluorescence intensity of cell lysate Were counted for each group.

was determined by a Perkin-Elmer LS 50B luminescence

spectrometer (Norwalk, CTR€X, 494 nm;iem, 519 nm).

Survivin Protein Assay. H1299 cells (1x 10 per well)
were seeded into 6-well plates. Cells were treated with

For free ||gand Competition Study’ cells were coincubated different formulations at a concentration of 1000 nM for AS-

with 50 uM haloperidol with formulations. Cells were fixed

ODN or 500 nM for siRNA in serum containing medium at

with 1% paraformaldehyde in PBS at room temperature for 37 °C for 4 h. Cells were washed once with PBS and
15 min, mounted onto a glass slide, and imaged by a Nikon maintained in fresh medium for 48 h. Cells were rinsed twice

fluorescence phase contrast optical microscope.

Serum Stability Study. Different formulations (1QuL)
were mixed with 19Q:L of FBS in 96-well plates. Aggrega-

with PBS and treated with 200L of lysis buffer (1 mM
EDTA, 0.5% TritonX-100 6 M urea, 10ug/mL leupeptin,
10 ug/mL pepstatin, 10cM PMSF, 3ug/mL aprotinin in

tion in terms of turbidity increase of each sample was PBS, PH 7.2-7.4) for 30 min on ice. Cell lysates were
quantified by absorbance at 630 nm by a Bio-Rad Ultramark collected, vortexed briefly, and incubated on ice for another

Microplate Imaging System (Hercules, CA).

Survivin mRNA Quantification by Real Time PCR.
H1299 cells (2x 10 per well) were seeded in 6-well plates

(Corning Inc., Corning, NY) 20 h before experiments. Cells
were treated with different formulations at a concentration

of 1000 nM for AS-ODN or 500 nM for siRNA in serum

(28) Ishida, T.; Iden, D. L.; Allen, T. M. A combinatorial approach to

producing sterically stabilized (Stealth) immunoliposomal drugs.

FEBS Lett1999 460 (1), 129-33.

(29) Perouzel, E.; Jorgensen, M. R.; Keller, M.; Miller, A. D. Synthesis
and formulation of neoglycolipids for the functionalization of
liposomes and lipoplexeBioconjugate Chen2003 14 (5), 884
98.
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15 min. Cell debris was removed by centrifugation at 2000
for 5 min, and protein concentrations were determined by
Coomassie blue assay (Bradford method) after 6-fold dilution
with 1% BSA in PBS. Samples of total protein of 10 mg
were added into captured antibody precoated 96-well plates,
and human survivin was assayed by ELISA (R&D systems,
Minneapolis, MN).

Annexin V Staining and Quantification. H1299 cells (5
x 10* per well) were seeded into 6-well plates. Cells were

(30) Peng, X. H.; Cao, Z. H.; Xia, J. T.; Carlson, G. W.; Lewis, M.
M.; Wood, W. C.; Yang, L. Real-time detection of gene expression
in cancer cells using molecular beacon imaging: new strategies
for cancer researclCancer Res2005 65 (5), 1909-17.
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treated with different formulations at a concentration of 1000 weight compound that specifically binds to sigma receptor,
nM for AS-ODN or 500 nM for siRNA in serum containing  was tethered to the distal end of PEG for tumor targeting.
medium at 37°C for 72 h. Cells were washed once with This unique lipid, DSPE-PEG-AA, has been used by our
PBS, trypsinized, and resuspended in PBS at a concentratiorgroup for the preparation of tumor targeted stealth liposomes
of 1 x 10° cells/mL. Cells were then stained with Annexin for delivering anticancer drugs and showed great antitumor
V-FITC using a kit (BD Biosciences Pharmingen, San Jose, activity.?* Its potential for providing stability and tumor
CA). Cells stained with Annexin V-FITC were detected and targeting for the LPD formulation was examined in this
quantified by flow cytometry (Becton-Dickinson, Heidelberg, study.
Germany). Results were processed using the Cellquest Sigma receptor is a well-known membrane-bound protein,
software (Becton-Dickinson). which shows high affinity for neuroleptigsand benzamide
Cellular Growth Inhibition Study. H1299 cells (1x 10* derivatives®* such as anisamide. These receptors are over-
per well) were seeded into 12-well plates. Cells were treated expressed in a variety of human tumors including NSCLC,
with different formulations at various concentrations in serum prostate cancer, melanoma, and breast caticErput also
containing medium at 37C for 72 h. Cell viability was then ~ expressed on some normal tissues, such as liver, endocrine
detected by MTT assay. Briefly, 102 of MTT solution glands, kidney, lungs, gonads, central nervous system, and
(15 mg in 50 mL of PBS) was added to each well, and the ovaries!**2 Our group was the first to demonstrate the
cells were incubated fo4 h at 37°C. The media were  success of use of sigma ligand to target anticancer drugs to
removed, and the formazan crystals formed in cells were
dissolved in DMSO. Absorbance at 570 nm was measured(33) Walker, J. M.; Bowen, W. D.; Walker, F. O.; Matsumoto, R. R ;
in an Ultramark Microplate Imaging System. The data are De Costa, B.; Rice, K. C. Sigma receptors: biology and function.

: Pharmacol. Re. 199Q 42 (4), 355-402.
expressed as the percent of viable cells compared to the(34) John, C. S.: Vilner, B. J.; Geyer, B. C.; Moody, T.; Bowen, W.

untreated control cells. D. Targeting sigma receptor-binding benzamides as in vivo
Chemosensitization Study.H1299 cells (1x 10* per diagnostic and therapeutic agents for human prostate tumors.

well) were seeded into 12-well plates. Cells were treated with Cancer Res1999 59 (18), 4578-83.

different formulations at 500 nM for AS-ODN or 250 nM ~ (35) John, C. S.; Bowen, W. D.; Fisher, S. J.; Lim, B. B.; Geyer, B.

for SIRNA in serum containing medium at 3T for 4 h. C.; Vilner, B. J.; Wahl, R. L. Synthesis, in vitro pharmacologic

. s . characterization, and preclinical evaluation of N-[2-4¢iperidi-
Cells were washed once with PBS and maintained in fresh nylethyl]-3-[125Jiodo-4-methoxybenzamide (P[125[MBA) for

medium for another 24 h. Cells were then incubated with imaging breast canceNucl. Med. Biol.1999 26 (4), 377-82.

cisplatin (Sigma-Aldrich, St. Louis, MO) containing medium (36) John, C. S.; Bowen, W. D.; Saga, T.; Kinuya, S.; Vilner, B. J.;
at different concentrations. Cell viability was detected by Baumgold, J.; Paik, C. H.; Reba, R. C.; Neumann, R. D.; Varma,
the MTT assay 48 h later. V. M.; et al. A malignant melanoma imaging agent: synthesis,

characterization, in vitro binding and biodistribution of iodine-
. . 125-(2-piperidinylaminoethyl)4-iodobenzamidé. Nucl. Med.
Results and Discussion 1993 34 (12), 2169-75.
Targeted delivery is one of the focused areas in cancer(37) John, C.S.; Gulden, M. E.; Vilner, B. J.; Bowen, W. D. Synthesis,
gene therapy. Investigators have discovered that in vivo in vitro validation and in vivo pharmacokinetics of [1251]N-[2-

. . . . (4-iodophenyl)ethyl]-N-methyl-2-(1-piperidinyl) ethylamine: a
tumor targeting can be achieved by encapsulating genes into high-affinity ligand for imaging sigma receptor positive tumors.

nanoparticles. Once injected into the blood stream, nano- Nucl. Med. Biol.1996 23 (6), 761—6.

particles accumulate in the tumors due to its enhanced(3s) John, C. S.; Vilner, B. J.; Bowen, W. D. Synthesis and
permeability and retention effect (EPR effe€tMoreover, characterization of !4]-N-(N-benzylpiperidin-4-yl)-4-iodoben-
further modification of ligands on the surface of nanoparticles zamide, a newo receptor radiopharmaceutical: high-affinity

has been shown to increase the delivery efficiency and tissue ~ Pinding to MCF-7 breast tumor cells. Med. Chem1994 37
specificity3? In this study, we employed LPD, a nonviral (12), 17379,

tor d | di |a13.20 ier for AS (39) John, C. S.; Vilner, B. J.; Gulden, M. E.; Efange, S. M.; Langason,
veclor aeveloped in our i~ as a nanocarrier for B R. B.; Moody, T. W.; Bowen, W. D. Synthesis and pharmacologi-

ODN and siRNA. However, “ naked” LPD tends to aggregate  ca| characterization of 4-[1251]-N-(N-benzylpiperidin--yl)-4-
in the presence of serum proteins due to its highly positive iodobenzamide: a high affinity sigma receptor ligand for potential
charge content. To increase the serum stability of LPD, we imaging of breast canceCancer Res1995 55 (14), 3022-7.

introduced a steric barrier onto the LPD formulation by (40) Vilner, B. J.; John, C. S.; Bowen, W. D. Sigma-1 and sigma-2

postinserting PEGylated lipids. Anisamide, a small molecular receptors are expressed in a wide variety of human and rodent
tumor cell lines.Cancer Re€995 55 (2), 408-13.

(41) Hellewell, S. B.; Bruce, A.; Feinstein, G.; Orringer, J.; Williams,
(31) Brannon-Peppas, L.; Blanchette, J. O. Nanoparticle and targeted W.; Bowen, W. D. Rat liver and kidney contain high densities of

systems for cancer therapfdv. Drug Delivery Re. 2004 56 sigma 1 and sigma 2 receptors: characterization by ligand binding
(11), 1649-59. and photoaffinity labelingEur. J. Pharmacol.1994 268 (1),

(32) Schiffelers, R. M.; Ansari, A.; Xu, J.; Zhou, Q.; Tang, Q.; Storm, 9-18.
G.; Molema, G.; Lu, P. Y.; Scaria, P. V.; Woodle, M. C. Cancer (42) Wolfe, S. A, Jr.; Culp, S. G.; De Souza, E. B. Sigma-receptors
siRNA therapy by tumor selective delivery with ligand-targeted in endocrine organs: identification, characterization, and autora-
sterically stabilized nanoparticlducleic Acids Re004 32 (19), diographic localization in rat pituitary, adrenal, testis, and ovary.
e149. Endocrinology1989 124 (3), 1160-72.
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Figure 2. Effect of protamine/oligonucleotide ratio on the 0.01

delivery efficiency of LPD. 5' FAM labeled ODN or siRNA was
formulated into LPD of different protamine/oligonucleotide
ratios. H1299 cells were incubated with LPD formulations at
37 °C for 4 h. Delivery efficiencies of different LPD formula- Time (hr)
tions were determined on the basis of the fluorescence
intensities of cell lysates. Data = mean + SD (n = 3).
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Figure 3. Effect of DSPE-PEG;000 On preventing aggregation
of LPD induced by FBS. LPD and PEGylated LPD were
tumors?! Although sigma receptors were found in some incubated with FBS (1:19 v/v) at 37 °C and turbidity (OD630)
normal tissues, our previous results showed that anticancerof the mixture was measured by a microplate reader. Data =
drugs predominantly distributed to tumors due to the EPR mean (n = 3).

effect of stealth liposomes (unpublished data). This suggests LPD-PEG LPD-PEG-AA

that anisamide can be applied as a safe ligand for tumor
targeting once conjugated with nanoparticles. We hypothesize

that the anisamide conjugated LPD can accumulate in tumors

after iv injection, and then the anisamide ligand will facilitate AS-ODN
the internalization of the nanoparticles and deliver oligo-
nucleotide into tumor cells with high selectivity. In this study,

we focused on the LPD formulation development and
examined the potential of LPD for oligonucleotide delivery.

Calf thymus DNA serves as a carrier DNA in our LPD
formulations and was shown to reduce the particle size by sirnA
10—30% and increase delivery efficiency by-280% (data
not shown). This may be due to improved core compaction
provided by high molecular weight DNA compared to

oligonucleotide. Calf thymus DNA also contains limited Fjgure 4. Fluorescence photographs of H1299 cells after

amounts of immunostimulating CpG motif and provides treatment with 5' FAM labeled AS-ODN or siRNA in LPD-
greater advantage than the plasmid DNA. Figure 2 showsSpPEG or LPD-PEG-AA. Cells were treated with different

the protamine/nucleotide ratio optimization results. The formulations at 37 °C for 4 h. Cells were rinsed, fixed, and
optimized ratios for AS-ODN and siRNA are 0.6 and 0.8, imaged by a fluorescence microscope. Magnification = 400x.
respectively. Protamine is a highly positive charged peptide

that acts as a DNA condensation reagent. By increasing theformulation gradually reduced (data not shown). DSPE-PEG
protamine concentration, the resulting formulation has can impart a steric hindrance for lipid-based formulations
increased delivery efficiency. However, too much protamine and prevent particle aggregatithit is reasonable to see a
changed the net charge of protamiri@NA complex to particle size reduction after PEGylation. We also demon-
slightly positive and interfered with the interaction of cationic strated that PEGylation of the “naked” LPD can stabilize
lipids and, thus, reduced the delivery efficiency of the the formulation in the presence of FBS (see Figure 3).
resulting formulation. Interestingly, different conformations “Naked” LPD started to aggregate once mixed with serum.
of oligonucleotide require different amounts of protamine As time increased, large aggregates began to precipitate,
in the fixed+/— ratio for core condensation, since double

stranded siRNA needed more protamine compared to Sin(9]|e(43) Yoshioka, H. Surface modification of haemoglobin-containing
stranded AS-ODN. After postinsertion of DSPE-PEG onto liposomes with polyethylene glycol prevents liposome aggregation
the surface of the “naked” LPD, the patrticle size of the in blood plasmaBiomaterials1991, 12 (9), 861—4.
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Table 1. Summary of Optimized Formulations for AS-ODN and siRNA?

ODN or
siRNA/calf 10 mM liposome DSPE-PEG2000 Or
protamine thymus DNA (DOTAP/cholesterol DSPE-PEG2000-AA
formulation (2 mg/mL) water (2 mg/mL) =11) (20 mg/mL)
AS-ODN 5 a7 8 40 12.6
SsiRNA 6.4 40.6 8 40 12.6—16
a Units: ul.
A * B
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Figure 5. Fluorescence intensities of cells treated with 5' FAM labeled AS-ODN (A) or siRNA (B) containing formulations.
H1299 cells were incubated with different formulations at 37 °C for 4 h in the presence (white bars) or absence (black bars) of
50 uM haloperidol. Cells were washed and lysed. Cells lysates were analyzed for fluorescence intensities by a fluorescence
spectrometer (lex, 494 nm; lem, 519 nm). * indicates a significant difference between two groups (p < 0.05).

resulting in turbidity decrease. By postinserting0 mol % To demonstrate the biological activity of the nanopatrticle
(of the total lipid) of DSPE-PEG, particle aggregation formulation, we first analyzed the survivin mRNA levels in
induced by FBS was completely prevented. Overall, the cells after treatment with AS-ODN or siRNA by real time
characteristics of the optimized formulation for AS-ODN and PCR (Figure 6A). Free AS-ODN and siRNA had little
SsiRNA are summarized in Table 1. The particle sizes of AS- effect due to the poor cellular bioavailability of these
ODN formulation and siRNA formulation after PEGylation negatively charged oligonucleotide. In the case of AS-ODN,
were 63.4+ 14.0 nm (PI= 0.151) and 12X 22.9 nm (PI AS-ODN containing LPD-PEG and LPD-PEG-AA down-
= 0.120), respectively. regulated 10% and 60% survivin mRNA, respectively, while
The following experiments were performed with the the sense ODN containing LPD-PEG-AA showed only a
optimized formulations as indicated in Table 1. As shown marginal effect (10%, not significant). The results suggest
in Figure 4, the fluorescence signal in the cells treated with that the antisense effect of ODN formulation is sequence
LPD-PEG-AA was much stronger than that of cells treated and formulation dependent. The antisense effect only shows
with LPD-PEG, a sterically stabilized formulation without When a sufficient amount of AS-ODN is delivered into the
any targeting |igand_ It indicates that anisamide |igand cells. Similar results were found with sSiRNA. siRNA
increased the delivery efficiency of the nanoparticles for formulated in LPD-PEG and LPD-PEG-AA down-regulated
sigma receptor expressing cells, H1299. Interestingly, AS- 30% and 70% survivin mRNA, respectively, while LPD-
ODN showed strong nucleus localization, while siRNA PEG-AA containing a scrambled siRNA showed relatively
distributed homogeneously in the entire cells or predomi- low effect (20%, not significant). Thus, the gene silencing
nantly in the cytoplasm. In quantitative results (see Figure effect mediated by siRNA was sequence specific and
5), PEGylation introduced steric hindrance to LPD nano- dependent on the efficient delivery by the targeted nanopar-
particles and reduced its delivery efficiency by 80%. ticle vector.
However, the delivery efficiency of PEGylated LPD could We employed two different methods to detect the survivin
be restored with the presence of the anisamide ligand. Ligandprotein levels in the cells, i.e., immunohistochemistry (Figure
conjugation increased the delivery efficiency of PEGylated 7) and ELISA (Figure 6B). As shown in Figure 7, only LPD-
LPD by 4—7-fold. Besides, free haloperidol, a known high PEG-AA complexed with antisense sequence, for both AS-
affinity ligand for the sigma receptor, competed with ODN and siRNA, significantly down-regulated survivin in
anisamide and partially inhibited the targeting effect of ligand H1299 cells. The survivin positive cells treated with medium
modified LPD, suggesting that LPD-PEG-AA target to only, free AS-ODN, AS-ODN in LPD-PEG, AS-ODN in
H1299 cells via a sigma receptor dependent pathway, i.e.,LPD-PEG-AA, and sense ODN in LPD-PEG-AA were 87%,
receptor-mediated endocytosis. 90%, 80%, 36%, and 87%, respectively. Survivin positive

VOL. 3, NO. 5 MOLECULAR PHARMACEUTICS 585



articles Li and Huang

A

e

5 _ 120 3

= O

g & 100 ¢ & . s 25 ¢

s SRR 2N ISR

;E 60 P 15 2 O SurvivinmRNA
& g 40 ? 1 %  Survivin protein
ES 20 05 <

s 0~ = : : : o

2

Untreated Free ODN LPD-PEG LPD-PEG- Sense ODN

B AA in LPD-PEG-

AA
2
3 120 35 _
g2 g § . . 5
£5 80 * @ 57 8 N
88 60 . 15 o ©SunvivinmRNA
z § 40 § 1 £ &Sunivin protein
¥x2 20 05 2
ES o+ : : : : o
a?g Untreated Free siRNA LPD-PEG LPD-PEG- Scrambled

AA siRNA in
LPD-PEG-
AA

Figure 6. Survivin mRNA and protein levels in H1299 cells after AS-ODN (A) or siRNA (B) treatment. H1299 cells were treated
with AS-ODN or siRNA in different formulations at 37 °C for 4 h. Survivin mRNA was quantified 24 h after treatment by real time
PCR, and data are expressed as % of the untreated control. Survivin protein was quantified 48 h after treatment by the ELISA
method. Data = mean + SD (n = 3). * indicates p < 0.05, and ** indicates p < 0.01.

Figure 7. Microscopy photographs of fixed H1299 cells after immunostaining of survivin. Cells were treated with medium only
(A), free AS-ODN (B), AS-ODN in LPD-PEG (C), AS-ODN in LPD-PEG-AA (D), Sense ODN in LPD-PEG-AA (E), free siRNA
(F), siRNA in LPD-PEG (G), siRNA in LPD-PEG-AA (H), or scrambled siRNA in LPD-PEG-AA (1) at 37 °C for 4 h. Cells were
fixed and immunostained for survivin expression. Magnification = 400x.

cells treated with medium only, free siRNA, siRNA in LPD- LPD-PEG, AS-ODN in LPD-PEG-AA, and sense ODN in
PEG, siRNA in LPD-PEG-AA, and scrambled siRNA in LPD-PEG-AA was 5%, 10%, 40%, and 10%, respectively.
LPD-PEG-AA were 87%, 86%, 80%, 22%, and 87%, In the case of siRNA, survivin down-regulation of free
respectively. The results of the ELISA assays (Figure 6B) siRNA, siRNA in LPD-PEG, siRNA in LPD-PEG-AA, and

were consistent with those of the immunohistochemistry. scrambled siRNA in LPD-PEG-AA was 5%, 20%, 60%, and
Survivin down-regulation of free AS-ODN, AS-ODN in  20%, respectively. Despite a low level of nonspecific down-
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Figure 8. Flow cytometry analysis of Annexin V-FITC stained H1299 cells after treatment with AS-ODN (A) or siRNA (B). Cells
were treated with medium only (red) or AS-ODN/siRNA in PBS (green), LPD-PEG (blue), LPD-PEG-AA (yellow), or sense ODN/
scrambled siRNA in LPD-PEG-AA (light blue) at 37 °C for 72 h. Cells were trypsinized, resuspended, and stained with Annexin
V-FITC. The FITC signal of cells was analyzed by a flow cytometer.

regulation in the control sense sequence and scrambled’@0/€ 2. Flow Cytometry Analysis of FITC-Annexin V
sequence (statistically insignificant), the antisense effect of Stained H1299 Cells after Treatment with AS-ODN or

the tested formulations were largely sequence and formula-

tion dependent.
Phosphatidylserine (PS) is located in the inner leaflet of
the cell membrane when cells are healthy. However, when

cells are in the early stage of apoptosis, PS inverts to outers.opn in LPD-PEG

leaflet of the membrane and can be recognized by Annexin
V.4 We used flow cytometry to analyze the binding of FITC-
labeled Annexin V with the apoptotic cells. As shown in
Figure 8, the FITC-Annexin V signal shift was clearly seen
when the cells were treated with AS-ODN or siRNA in LPD-
PEG-AA, suggesting that cells were triggered to undergo

apoptosis. However, we also detected some nonspecifiCscrambled siRNA in LPD-PEG-AA

toxicity of LPD-PEG-AA, since control sequence encapsu-
lated in LPD-PEG-AA also induced a small degree of PS
inversion. In the case of AS-ODN, as indicated in Table 2,
Annexin V positive cells treated with medium only, AS-
ODN in PBS, AS-ODN in LPD-PEG, AS-ODN in LPD-
PEG-AA, and sense ODN in LPD-PEG-AA were 20%, 18%,
25%, 63%, and 28%, respectively. Annexin V positive cells
treated with medium only, siRNA in PBS, siRNA in LPD-
PEG, siRNA in LPD-PEG-AA, and scrambled siRNA in
LPD-PEG-AA were 10%, 15%, 21%, 87%, and 38%,
respectively.

The cellular growth inhibition effects of AS-ODN and
siRNA delivered by different formulations followed a dose

(44) van Engeland, M.; Ramaekers, F. C.; Schutte, B.; Reuteling-

SiRNA

% annexin V

treatment diagram  signal positive?d

medium A red 20.32
AS-ODN in PBS green 18.23

blue 25.03
AS-ODN in LPD-PEG-AA yellow 63.03
sense ODN in LPD-PEG-AA light blue 27.59
medium B red 10.64
SiRNA in PBS green 14.71
siRNA in LPD-PEG blue 20.72
siRNA in LPD-PEG-AA yellow 87.43

light blue 37.53

2 Annexin V positive cells were analyzed on the basis of 10 000
cells.

dependent manner as shown in Figure 9. At a concentration
of 2000 nM, the growth inhibition effects of AS-ODN in
PBS, AS-ODN in LPD-PEG, AS-ODN in LPD-PEG-AA,
and sense ODN in LPD-PEG-AA were 5%, 15%, 60%, and
30%, respectively. For siRNA, at a concentration of 1000
nM, the growth inhibition effects of SIRNA in PBS, siRNA

in LPD-PEG, siRNA in LPD-PEG-AA, and scrambled
siRNA in LPD-PEG-AA were 5%, 20%, 70%, and 30%,
respectively. Although the cellular growth inhibition effect
also showed sequence and formulation dependence, LPD-
PEG-AA containing control sequences had nonspecific
cytotoxicity when incubated with cells for 72 h. This finding

sperger, C. P. A novel assay to measure loss of plasma membrandS consistent with Annexin V staining assay, indicating that

asymmetry during apoptosis of adherent cells in cultGggometry
1996 24 (2), 131-9.

long time incubation with a LPD formulation is a stress for
cells after large amounts have entered into the cells.
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Figure 9. Cytotoxicity of AS-ODN (A) or siRNA (B) in different formulations. H1299 cells were incubated with various
concentrations of AS-ODN/siRNA in PBS or AS-ODN/siRNA in LPD-PEG or LPD-PEG-AA. The viability of cells was measured
72 h later by MTT assay. Data = mean + SD (n = 3).
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Figure 10. Chemosensitization of H1299 cells mediated by pretreatment of AS-ODN (A) or siRNA (B) in different formulations.
Cells were incubated with AS-ODN/siRNA in different formulations at 37 °C for 4 h. Twenty four hours later, cells were challenged
with various concentrations of cisplatin. The viability of cells was measured 48 h later by MTT assay. Data = mean + SD
(n=3).

As shown in Figure 10, only AS-ODN or siRNA in LPD-  PEGylated, anisamide targeted LPD shows a strong potential
PEG-AA could sensitize H1299 cells to cisplatin treatment. to deliver oligonucleotide for cancer therapy.
The IC50 was reduced from 46M to 20 uM and 10uM Abbreviati
: : . reviations Used
after treatment with AS-ODN and siRNA in LPD-PEG-AA, LPD, liposome-polycation-DNA nanoparticles; DOTAP,

respectively. This chemosensitization effect was highly 2-dioleoyl-3-(trimethyl)-ammonium propane; DSPE-R&RE
sequence and formulation dependent, since LPD-PEG an ,2-distearoybngchero-3—phosphoethanolémi|N9[meth—
control sequences had no effect. The results indicate thatoxy(polyethylene glycol)-2000]; AA, anisamide; antisense
LPD-PEG-AA efficiently delivered AS-ODN or siRNA — ig54eoxynucleotide, AS-ODN; small interference RNA,
into H1299 cells, down-regulated survivin, an anti- gpNA: FAM, carboxyfluorescein; FITC, fluorescein 5(6)-
apoptotic protein, and sensitized the cells to anticancer dr”gisothiocyanate; LPD-PEG, PEGylated LPD; LPD-PEG-AA,

treatment. _ ~anisamide conjugated PEGylated LPD.
In conclusion, we have demonstrated that the postinsertion

method can be used to introduce PEGylated lipid to LPD _ ACknowledgment. = The authors would like to thank Dr.
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