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Abstract

We have developed lipid—polycation-DNA (LPD) nanoparticles containing DOTAP and targeted
with polyethylene glycol (PEG) tethered with anisamide (AA) to specifically deliver siRNA to H460
human lung carcinoma cells which express the sigma receptor. A novel non-glycerol based cationic
lipid which contains both a guanidinium and a lysine residue as the cationic headgroup, i.e. DSGLA,
downregulated pERK more efficiently in H460 cells than DOTAP. As demonstrated by using
fluorescently labeled siRNA, LPD-PEG-AA prepared with DSGLA efficiently delivered siRNA to
the cytoplasm of the H460 cells. Although the siRNA delivered by LPD-PEG-AA containing either
DOTAP or DSGLA could effectively silence EGFR expression, a synergistic cell killing effect in
promoting cellular apoptosis was only observed with DSGLA. The fluorescently labeled siRNA was
efficiently delivered into the cytoplasm of H460 xenograft tumor by the LPD-PEG-AA containing
either DOTAP or DSGLA 4 hafter intravenous injection. Three daily injections (0.6 mg/kg) of sSiRNA
formulated in the LPD-PEG-AA containing either DOTAP or DSGLA could effectively silence the
epidermal growth factor receptor (EGFR) in the tumor, but the formulation containing DSGLA could
induce more cellular apoptosis. A significant improvement in tumor growth inhibition was observed
after dosing with LPD-PEG-AA containing DSGLA. Thus, DSGLA served as both a formulation
component as well as a therapeutic agent which synergistically enhanced the activity of sSiRNA.
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Introduction

Non-small cell lung cancer (NSCLC) is the most common lung cancer which is the most
common cancer and the major killer throughout the world according to the World Health
Organization (WHO) cancer report.1 Because of their propensity to metastasize early and
develop resistance to a wide range of anticancer drugs, the prognosis of lung cancer patients
has had limited improvement and innovative strategies that effectively treat lung cancer are
urgently needed.
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Recently, new approaches such as immunotherapy, targeted agents and gene therapy are
developed for cancer therapy. The success of gene therapy critically depends on the safety and
efficacy of the transfection vector used in delivering the therapeutic gene.2:3 Small interfering
RNA (siRNA) that can induce sequence-specific gene silencing has been developed as a
potential cancer therapy agent.4-6 Cancer growth inhibition was observed after SIRNA
mediated knockdown of the overexpressed oncogenes such as EGFR that are essential to
NSCLC proliferation.” Cationic liposomes as well as viral vectors have been shown to be
powerful tools to deliver siRNA.8

To enhance gene transfection effect, various cationic liposomes have been synthesized to
deliver plasmid DNA, antisense or siRNA to the cytoplasm or nucleus.®-13 A cationic lipid
generally contains two parts: a cationic headgroup and a hydrophobic moiety such as
hydrocarbon chains.14-16 One of the critical factors that influences nucleic acid delivery is the
composition of the cationic headgroup.1’ For example, a spacer between the headgroup of
cholesterol-based gemini lipids increases the serum compatibility of the lipoplex.18:19
Spermine or spermidine containing headgroup has the ability to condense nucleic acid. Kim
et al. demonstrated that a lysine headgroup can enhance gene expression efficiency and
decrease cytotoxicity.29 Obata et al. reported that cationic lipids bearing lysine or arginine as
a cationic headgroup showed higher gene transfection activity, more serum compatibility, and
lower cytotoxicity compared with Lipofectamine2000.17 Furthermore, cationic transfection
amphiphiles containing guanidinium functionality, which mimics the arginyl residues in DNA
binding protein such as histones and protamine, were first reported by Vigneron et al.! The
guanidinium group remains protonated over a much wider range of pH than other basic groups
due to its remarkably high pKj, value. It also forms characteristic parallel zwitterionic hydrogen
bonds N—H*---O~ with phosphate ions. The guanidinium groups are also capable of forming
hydrogen bonds with nucleic acid bases, thus further enhancing the capacity to deliver plasmid
DNA or siRNA.

Our laboratory has developed LPD nanoparticles which are composed of cationic liposomes
and polycation-condensed DNA to deliver plasmid DNA or siRNA.7:22:23 \We have
demonstrated that siRNA can be formulated in LPD and causes gene silencing activity in the
treated cells. The LPD formulation contained a commercially available cationic lipid DOTAP.
However, DOTAP activates ERK in the dendritic cells.24 ERK is a member of the mitogen
activated protein kinase (MAPK) family, activation of which could lead to an antiapoptosis
effect.

In order to combat this potential problem in cancer therapy and improve siRNA delivery
efficacy, we developed a novel non-glycerol based cationic lipid DSGLA which contains both
guanidinium and lysine residues as a cationic headgroup. We substituted the DOTAP with
DSGLA to form LPD nanoparticles for sSiRNA delivery in vitro and in vivo. Here we report
the studies of formulating EGFR siRNA in LPD prepared with DSGLA. We have shown
enhanced cellular uptake of siRNA, pronounced downregulation of the target gene, increased
apoptosis of the tumor cells and improved antitumor activity of the novel formulation as
compared with the formulation containing DOTAP.

Experimental Section

Materials

DOTAP and cholesterol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).

Protamine sulfate (fraction X from salmon) and calf thymus DNA (for hybridization, phenol-
chloroform extracted and ethanol precipitated) were from Sigma-Aldrich (St. Louis, MO). The
EGFR and control siRNA sequences are adopted from the previous studies.” Synthetic 19-nt
RNAs with 3' dTdT overhangs on both sequences were purchased from Dharmacon (Lafayette,
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CO). The sequence of EGFR siRNA was 5-AACACAGTGGAGCGAATTCCT-3', and high-
purity control siRNA with sequence 5-AATTCTCCGAACGTGTCACGT-3' was also
synthesized in Dharmacon. For quantitative studies, cy3 was conjugated to 5’ sense sequence.
5’ cy3 labeled siRNA sequence was also obtained from Dharmacon. NCI-H460 human lung
cancer cells were obtained from American Type Culture Collection. Cells were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA),
100 U/mL penicillin, and 100 xg/mL streptomycin (Invitrogen, Carlsbad, CA).

Experimental Animals

Female athymic nude mice of age 6-8 weeks were purchased from Charles River Laboratories
(Wilmington, MA). All work performed on animals was in accordance with and permitted by
the University of North Carolina Institutional Animal Care and Use committee.

Synthesis of DSGLA

Synthesis of DSGLA (N,N-distearyl-N-methyl-N-2[N’-(N2-guanidino-.-lysinyl)] aminoethyl
ammonium chloride) achieved in 5 steps reacting the precursor mixed primary-tertiary amine
(N-aminoethyl-N,N-di-n-octadecylamine) with N®-tert-butyloxycarbonyl-N?-
benzyloxycarbonyl-.-lysine by conventional dicyclohexylcarbodiimide (DCC) coupling.
Deportation of CBZ group using Pd/H2 followed by guanidinylation using bis-BOC thiourea
generated the intermediate N-2-[N'-(Né-BOC, N*-(dibenzyloxycarbonyl guanidino-.-lysinyl)]
aminoethyl-N,N-di-n-octadecylamine. Quaternizing the guanidinylated intermediate with
excess methyl iodide followed by acid deprotection generated quaternized intermediate. The
resulting quaternized intermediate was passed through chloride ion-exchange chromatography
and yielded the final product DSGLA. We characterized the compound with 1H NMR spectra
and LSIMS. Detailed synthetic procedures, spectral and purity data are delineated in another
manuscript (Bathula et al., unpublished).

Preparation of Liposomes

A cationic lipid and cholesterol in 1:1 mol ratio were dissolved in a mixture of chloroform in
a glass vial. The solvent was removed with a thin flow of moisture-free nitrogen gas, and the
dried lipid film was then kept under high vacuum for 8 h. An amount of 5 mL of sterile deionized
water was added to the vacuum-dried lipid film, and the mixture was allowed to swell overnight.
The vial was then vortexed for 2—-3 min at room temperature and sonicated in a bath type
sonicator for 5 min followed by extrusion (Hamilton Co., Reno, NV) through 400, 200, and
100 nm membrane filters, followed by storage at 4 °C before use. The resulting clear aqueous
liposomes were used in forming LPD.

Preparation of PEGylated LPD Formulations

LPD were prepared as previously described with slight modifications.25 Briefly, small
unilamellar liposomes consisting of DOTAP (or DSGLA) and cholesterol (1:1 molar ratio)
were prepared by thin film hydration followed by membrane extrusion. The total lipid
concentration of the liposome was fixed at 10 mM. LPD was composed of DOTAP (or
DSGLA)/cholesterol liposome, protamine, and the mixture of siRNA and calf thymus DNA
(1:1 weight ratio). To prepare LPD, 6 uL of protamine (2 mg/mL), 47 uL of deionized water,
and 8 uL of a mixture of SiRNA and calf thymus DNA (2 mg/mL) were mixed ina 1.5 mL
tube. The complex was allowed to stand at room temperature for 10 min before the addition
of 40 uL of DOTAP (or DSGLA)/ cholesterol liposome (total lipid concentration = 10 mM).
LPD nanoparticles were kept at room temperature for another 10 min before further application.
PEGylated LPD formulations were prepared by the postinsertion method.26:27 Briefly, 100
uL of preformed LPD was mixed with 0.63-16 uL of DSPE-PEG or DSPE-PEG-AA (20 mg/
mL) and then incubated at 50-60 °C for 10 min. The resulting formulations were allowed to

Mol Pharm. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al. Page 4

cool to room temperature before use. The particle size of LPD and PEGylated LPD was
measured by using a Coulter N4 Plus particle sizer (Beckman Coulter, San Francisco, CA).
Particle sizes were reported as the mean + standard deviation.

Cellular Uptake and Quantification Study

H460 cells (1 x 10° per well) were seeded in 12-well plates (Corning Inc., Corning, NY) 12 h
before experiments. Cells were treated with different formulations at a concentration of 100
nM for cy3 labeled siRNA in serum containing medium at 37 °C for 4 h. Cells were washed
twice with PBS. Cells were fixed with 3.8% paraformaldehyde in PBS at room temperature
for 10 min, mounted onto a glass slide, and imaged by a Leica SP2 confocal microscope. Cy3
positive cells were detected and quantified by flow cytometry (Becton-Dickinson, Heidelberg,
Germany). Results were processed using the Cellquest software (Becton-Dickinson).

Assessment of Apoptosis by TUNEL Staining

TUNEL assay was conducted using a TACS TdT Kit (R&D Systems, Minneapolis, MN). H460
cells (5 x 10% per well) were seeded into 24-well plates. Cells were treated with different
formulations at a concentration of 500 nM for siRNA in serum containing medium at 37 °C
for 72 h. Cells were washed once with PBS, and then fixed in 4% buffered paraformaldehyde-
PBS (pH 7.4) for 30 min at room temperature. Endogenous peroxidase was inactivated with
0.3% H,0, methanol for 15 min at room temperature. The plates were then rinsed with PBS,
and after processing with permeabilization buffer, labeling buffer containing terminal
deoxynucleotidyl transferase and fluorescein isothiocyanate-deoxyuridine 5-triphosphate was
added to the plate. The plate was incubated in a humid atmosphere at 37 °C for 60 min. The
reaction was terminated by stop solution and developed with DAB according to manufacturer’s
instructions. Samples were imaged using a Nikon Microphot SA microscope. The number of
apoptosis cells within the rectangular area of 300 cells was counted on three or four areas for
each treatment.

Western Blot Analysis

Cells were lysed in lysis buffer for 20 min on ice, and the soluble extract was recovered by
centrifugation. Extracts were separated on a 10% acrylamide gel and transferred to a PVDF
membrane. Membranes were blocked for 1 h in 5% skim milk and then incubated for 1 h with
monoclonal antibodies directed against pERK (Santa Cruz Biotechnology, Inc.) or polyclonal
antibodies against EGFR (BD Transduction Laboratories), ERK 2 and Actin (Santa Cruz
Biotechnology, Inc.) for standardization. Membranes were washed in PBST (PBS, 0.1%
Tween-20) and then incubated for 1 h with appropriate secondary antibodies. Membranes were
again washed and then developed by an enhanced chemiluminescence system according to the
manufacturer’s instructions (PerkinElmer).

For in vitro p-ERK inhibition study, H460 cells were seeded in 12-well plates (1 x 10° per
well) for 24 h. Cells were treated with different lipids at the concentration of 10 xM and were
collected after 1 h, 24 h and 48 h for measuring p-ERK expression. For in vitro EGFR gene
silencing study, H460 cells were seeded in 6-well plates (2 x 10° per well) for 24 h. Cells were
treated with siRNA-containing different formulations (250 nM siRNA) and were collected
after 72 h for measuring EGFR protein expression. For in vivo EGFR gene silencing and pERK
inhibition study, tumor-bearing mice were given iv injections of sSiRNA with different
formulations at the dose of 0.6 mg siRNA/kg. One day after the third injection, the mice were
killed and the tumors were collected for Western blot analysis.
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Immunofluorescence Microscopy

H460 cells were washed, fixed with methanol/acetone (1:1), and permeabilized with triton
X100 (1%). Cells were incubated with rabbit polyclonal anti-apoptosis-inducing-factor (AlF)
(Santa Cruz Biotechnology, Inc.) (1:100) for 1 h. After washed with PBS, the fluorescently
labeled secondary antibody was added and incubated for 1 h. Nuclei were counterstained with
Vectashield mounting solution (Vector Laboratories, Inc., Burlingame, CA) containing DAPI.

Tissue Distribution and siRNA Uptake

Mice with tumor size of ~1 cm? were intravenously injected with cy3 labeled SIRNA in different
formulations (1.2 mg/kg or 1.8 nmol of siRNA per injection). Four hours later, mice were killed
and tissues were collected, fixed in 10% formalin and embedded in paraffin. Tissues were
sectioned (7 um thick) and imaged using a Leica SP2 confocal microscope.

Tumor Growth Inhibition Study

H460 xenograft tumor-bearing mice (size 9-16 mm2) were intravenously injected with sSiRNA-
containing formulations at the dose of 0.6 mg/ kg (one injection per day for 3 days). Tumor
growth in the treated mice was monitored after treatment.

Statistical Analysis

All statistical analyses were performed by Student’s t test. Data were considered statistically
significant when the p value was less than 0.05.

Results

Preparation and Characterization of the Nanoparticle Containing the Novel Cationic Lipid

We have developed a LPD nanoparticle formulation which is targeted with AA and contains
the cationic lipid DOTAP to specifically deliver siRNA to H460 human lung carcinoma cells
which express the sigma receptor. Our novel non-glycerol based cationic lipid (DSGLA)
(Figure 1A) could be readily used to formulate siRNA in LPD-PEG or LPD-PEG-AA
nanoparticles, similar to the original DOTAP lipid. The particle size of the nanoparticles is
around 100 nm, and the zeta potential is 25 mV. To further characterize the new formulation,
we used 10 mol % NBD-cholesterol labeled liposomes or 10 mol % DSPE-PEG,qgo-
carboxyfluorescein (DSPE-PEGgq-CF) labeled DSPE-PEG g to make PEGylated LPD and
the final formulation was separated by using a Sepharose CL 2B column. As shown in Figure
S1in the Supporting Information, two major particle populations were observed in the DSPE-
PEG5gpo-CF or NBD-cholesterol labeled LPD. Figure S1 in the Supporting Information
indicates that the nanoparticles containing DOTAP eluted in the first peak were composed of
47.3% of total lipids and 23.4% of the input DSPE-PEGqqg. The nanoparticles containing
DSGLA eluted in the first peak were composed of 40.6% of total lipids and 21.2% of the input
DSPE-PEG;qqo- Based on our calculation, 11.4 mol % of the outer leaflet of the lipid bilayer
containing DSGLA was modified with DSPE-PEGygqp and 10.8 mol % of the one containing
DSGLA was modified with DSPE-PEG,qqo. The ratio of PEGylation to LPD containing
DOTAP was similar to those containing DSGLA. The particle size and zeta potential of the
PEGylated LPD containing either DSGLA or DOTAP collected from the first peak was around
160 nm and 3 mV.

Inhibition of ERK1/2 Activation by Novel Lipid Treatment

We first studied the activation of ERK in the H460 cells. The phosphorylation of ERK is often
associated with the antiapoptosis phenotype.28:2% H460 cells were treated with DOTAP or
DSGLA liposomes for different time periods, and ERK1/2 phosphorylation which leads to the
activation of the MAP kinase activity was measured by Western blot analysis. As shown in
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Figure 1B, 10 uM DSGLA could decrease ERK1/2 activation. Total ERK1/2 expression
remained unperturbed under all conditions. The lipids without guanidine group did not cause
the inhibition of ERK1/2 activation (Figure S2 in the Supporting Information). However,
DOTAP increased ERK1/2 activation, an effect which is consistent with our previous findings.
24 Besides, we also found that DSGLA could more efficiently induce reactive oxygen species
(ROS) in H460 cells than DOTAP (Figure S3 in the Supporting Information). Interestingly,
there was no statistically significant difference between the cytotoxicities of DSGLA and
DOTAP based on MTT assays and flow cytometry with propidium iodide (PI) staining (Bathula
et al., unpublished). DSGLA alone is as safe as DOTAP. These observations suggest that
inhibition of the ERK pathway by DSGLA may not induce cell death but can present a
synergistic pro-apoptosis effect when combined with other treatment.

Uptake of siRNA in Vitro

To achieve targeted delivery of sSiRNA in cancer gene therapy, we postinserted PEGylated
lipids onto our LPD formulation to increase the serum stability.23 In addition, we also tethered
anisamide, a compound specifically binding to the sigma receptor, to the distal end of PEG as
a targeting ligand.3% As shown in Figure 2A, confocal microscopy showed that the uptake to
the cellular cytoplasm of H460 cells, which express sigma receptor,’ of the fluorescently
labeled siRNA formulated with LPD prepared with DSGLA was much greater than that
prepared with DOTAP. Furthermore, for both lipids, the fluorescence signal in the cells treated
with LPD-PEG-AA was much stronger than that of cells treated with LPD-PEG. Quantitatively
(Figure 2B), the fluorescently labeled siRNA uptake by LPD-PEG-AA containing DSGLA
was about 2-fold higher than that of LPD-PEG-AA containing DOTAP as measured by flow
cytometry. Figure 2B also showed that ligand conjugation increased the delivery efficiency of
PEGylated LPD prepared with DSGLA by 3-fold. Thus, the results indicate that the LPD-PEG-
AA prepared with DSGLA could efficiently deliver siRNA to the tumor cells and the delivery
was highly ligand dependent. The targeted LPD (AA+) did not show different sSiRNA uptake
compared to nontargeted LPD (AA-) in the sigma receptor negative cell line CT26 (Figure S4
in the Supporting Information), suggesting that the cellular uptake of sSiRNA is related to sigma
receptor expression.

Inhibition of EGFR Expression in H460 Cells

To further demonstrate the biological activity of the nanoparticle formulation, sSiRNA against
EGFR was delivered by LPD formulations containing either DSGLA or DOTAP. The siRNA
silencing effect on EGFR levels was determined by Western blot analysis. We compared
different formulations in the presence or the absence of AA targeting ligand. Free anti-EGFR
siRNA had little effect due to the poor cellular uptake of this negatively charged oligonucleotide
(data not shown). Cultured H460 cells were treated with anti-EGFR siRNA-containing LPD-
PEG-AA prepared with DSGLA or DOTAP, and EGFR protein expression was measured after
72 h (Figure 2C). LPD-PEG-AA formulations with either DSGLA or DOTAP knocked down
EGFR expression with H460 cells in approximately equal efficiency. However, anti-EGFR
SiRNA in LPD-PEG (AA-) prepared with either DSGLA or DOTAP could only slightly
downregulate EGFR (Figure 2C). Control siRNA did not show any silencing activity with any
formulations. The data indicates that the siRNA could effectively suppress EGFR expression
and the silencing activity was formulation dependent.

Synergistic Apoptosis Induction in Vitro

The effect of the combination of anti-EGFR siRNA and DSGLA on cancer cell killing effect
was further studied. To determine whether depletion of EGFR could promote tumor cell death,
TUNEL assays were performed at 72 h after treatment with either anti-EGFR or control siRNA
formulations. Figure 3A indicates that about 15 + 3% of H460 cells treated with EGFR siRNA-
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containing LPD-PEG-AA prepared with DS-GLA underwent apoptosis. This value was higher
than the ones treated with EGFR siRNA-containing LPD-PEG prepared with DSGLA, EGFR
siRNA-containing LPD-PEG-AA prepared with DOTAP, or control siRNA-containing LPD-
PEG-AA prepared with DSGLA (Figure 3A). It was also observed that about 4 + 1% of H460
cells treated with EGFR siRNA-containing LPD-PEG-AA prepared with DOTAP underwent
apoptosis, compared to less than 1% in the control siRNA and EGFR siRNA-containing LPD-
PEG (Figure 3A). In addition, about 2.5% of H460 cells treated with control sSiRNA-containing
LPD-PEG-AA prepared with DSGLA underwent apoptosis as opposed to less than 1% in the
control siRNA-containing LPD-PEG (Figure 3A). Thus, the data indicate that killing effect
mediated by LPD nanoparticles was siRNA sequence specific, targeting ligands specific and
formulation lipid dependent. Thus, a synergistic effect between siRNA against EGFR and
DSGLA, but not DOTAP, in promoting cellular apoptosis was observed and the synergy was
well controlled by AA.

Redistribution of cytochrome ¢ and AIF is an early event in the cellular apoptotic process.31:
32 To further evaluate the enhancement of H460 lung cancer cell death by the combination of
EGFR siRNA and DSGLA, we examined the involvement of AIF by immunofluorescence
microscopy (Figure 3B). Immunofluorescence detection of AIF in untreated control cells
normally yields a punctate cytoplasmic staining pattern with some preference for the
perinuclear area as a typical pattern for mitochondrial localization.33-3 Cells treated with
EGFR siRNA-containing LPD-PEG-AA prepared with DSGLA showed an increased
translocation of AIF from the cytoplasm into the nucleus (Figure 3B). No significant
translocation was observed in other treatment groups. The results indicate that combined
treatment with EGFR siRNA formulated with DSGLA interacted synergistically to promote
cell death in H460, and that the synergistic effect was controlled by the targeting ligands.

To confirm that the selective synergistic cellular killing effect of the targeted nanoparticles,
H460 cells were stained with annexin V-FITC and Pl and analyzed by flow cytometry for
apoptosis. As shown in Figure S4 in the Supporting Information, a ligand and lipid-dependent
induction of apoptosis was observed. It indicates that about 25% of H460 cells treated with
EGFR siRNA-containing LPD-PEG-AA prepared with DSGLA underwent apoptosis. The
sigma receptor negative CT26 cells were also assessed by an annexin V-FITC and PI binding
assay. As shown in Figure S4 in the Supporting Information, the treatment of EGFR siRNA-
containing LPD-PEG-AA prepared with DSGLA induces a low level of apoptosis (6.3%) in
CT26 cells compared with the similar rate of apoptosis induced by other formulations. It
indicates that the synergistic cellular killing effect of DSGLA AA+ containing EGFR siRNA
is sigma receptor specific.

Tissue Distribution and Intracellular Uptake of siRNA

We further studied the cy3-siRNA distribution and bioavailability in major tissues in the H460
xenograft model 4 h after intravenous (iv) injections using confocal microscopy. As shown in
Figure 4, the intracellular fluorescence signals were hardly detected in the tumor tissues
collected from the mice treated with LPD-PEG prepared with DSGLA and DOTAP. The LPD-
PEG-AA prepared with DSGLA or DOTAP showed strong cytosolic delivery of cy3 siRNA
in the tumor tissue, while other tissues showed lower uptake of sSiRNA. The distribution of cy3
siRNA in the tumor was heterogeneous. These results indicate that the LPD-PEG-AA prepared
with the novel DSGLA can efficiently deliver siRNA to the tumor tissue and that the
intracellular delivery is highly ligand dependent.

EGFR Gene Silencing, Inhibition of ERK1/2 Activation and Apoptosis Induction

To examine the biological activities of sSiRNA in vivo, EGFR levels in the xenograft tumor
were detected by Western blotting (Figure 5A). EGFR in H460 tumor was silenced by EGFR
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SiRNA in LPD-PEG-AA prepared with DSGLA and DOTAP. The EGFR siRNA-containing
LPD-PEG prepared with DSGLA and DOTAP showed only a partial effect, whereas the control
siRNA showed no effect. The inhibition of ERK1/2 activation was only observed with LPD-
PEG-AA prepared using DSGLA (Figure 5B). We also stained for apoptotic markers in the
H460 tumor (Figure 6). Figure 6C indicates that about 8% of H460 cells treated with EGFR
siRNA-containing LPD-PEG-AA prepared with DSGLA underwent apoptosis detected by
TUNEL staining. This value was higher than that of tumors treated with EGFR siRNA-
containing LPD-PEG prepared with DSGLA, EGFR siRNA-containing LPD-PEG-AA
prepared with DOTAP, or control siRNA-containing LPD-PEG-AA prepared with DSGLA
(Figures 6A and 6C). To further evaluate the enhancement of killing effect in the H460 tumor
by the combination of EGFR siRNA and DSGLA, we examined the involvement of AIF in
cellular apoptosis (Figure 6B). Cells treated with EGFR siRNA-containing LPD-PEG-AA
prepared with DSGLA showed an increased translocation of AlF from the cytoplasm into the
nucleus (Figures 6B and 6C). No significant translocation was observed in other treatment
groups. The results indicate that combined treatment with EGFR siRNA formulated with
DSGLA interacted synergistically to promote cell death in the H460 tumor and that the synergy
effect was ligand dependent.

Tumor Growth Inhibition

Three injections of EGFR siRNA in LPD-PEG-AA containing DOTAP showed a partial
inhibition of tumor growth (P <0.01 at day 11) similar to that of SIRNA in LPD-PEG containing
DSGLA (at day 8) (Figure 7). A significant improvement in tumor growth inhibition was
observed when treated with combination of SiRNA and DSGLA (LPD-PEG-AA containing
DSGLA) (P < 0.001 at day 6). Other control treatments had no or much lower therapeutic
effects.

Discussion

In this study, our objective was to develop a novel cationic lipid that could avoid the possible
antiapoptotic effect of DOTAP, yet could still deliver siRNA with high efficiency. We have
synthesized a lysine based cationic lipid containing a guanidine group and tested its ability to
form LPD. Our studies demonstrate that siRNA formulated in LPD prepared with DSGLA
showed enhanced cellular uptake, gene silencing activity and synergistic therapeutic activity
with EGFR siRNA in H460 tumor cells in vitro and in vivo. This synergistic therapeutic effect
is AA ligand dependent which is targeted to the sigma receptor overexpressed in many human
cancer cells.36:37

The strategy that we used to achieve tumor targeted delivery is based on the enhanced
permeability and retention (EPR) effect.38:39 Although the normal cells also express the sigma
receptor,*0 they are not accessible by the blood borne nanoparticles. Sigma receptor-targeting
ligands such as AA play the major role to increase the intracellular uptake of the nanoparticles
but do not enhance tumor localization.4

Obata et al. reported that cationic lipids bearing lysine or arginine as a cationic headgroup
showed higher plasmid transfection efficacy and are more serum compatible than
Lipofectamine2000.17 From our studies, we have demonstrated that DSGLA containing LPD
showed higher cellular uptake of siRNA in H460 cells in vitro than DOTAP, although the
enhanced siRNA uptake was not observed in vivo. We suggest that the enhanced transfection
effect may be related to the guanidine containing headgroup, and this hypothesis will be further
evaluated. DSGLA also showed a biological activity to downregulate pERK (Figure 1B), but
the lipids without guanidine group did not cause this effect (Figure S2 in the Supporting
Information). Clearly, the guanidine group plays an important role in determining the biological
characteristics of the lipids.
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We have found that DSGLA promoted apoptosis induced by EGFR siRNA synergistically.
The mechanisms for promoting apoptosis of H460 cells induced by DSGLA could be
complicated. A guanidine group, which easily donates an electron, may generate a superoxide
forming a hydroxyl radical.*2 We also found that DSGLA can more efficiently induce reactive
oxygen species (ROS) in H460 cells than DOTAP (Figure S3 in the Supporting Information).
431t may involve different pathways in cancer cell killing. For example, in this study, inhibition
of p-ERK, essential for cell survival, could be just one of the mechanisms.** ROS mediates
apoptosis in many different cell types. It plays an important role as a second messenger in many
signaling pathways such as Akt, TNF and MAPK pathways.*° It also regulates the expression
or stability of pro- or antiapoptosis protein such as Bcl-2, the key enzyme suppressing
apoptosis.*6 ROS may also cause membrane and DNA damage, which enhances poly(ADP-
ribose) polymerase-1 (PARP-1) activation and triggers AlF translocation from mitochondria
to the nucleus.*”:48 The extent of the ROS regulation of signaling pathways is not fully
understood. We will study further to understand the network of signaling pathways influenced
by DSGLA. The information may provide new therapeutic targets for cancer therapy.

Cancer cells develop multiple mechanisms to ensure proliferation, metastasis and survival 4%
50 Inhibiting a resistance or survival pathway is often an effective way to enhance the toxicity
of a chemotherapeutic drug.>1:52 It is often necessary to target multiple pathways to efficiently
reduce the growth of cancer cells.>3 For this purpose, we studied the effect of combined
treatment of human lung cancer cells with siRNA targeting EGFR and DSGLA.

Our data (Figures 3 and 6) indicate that DSGLA significantly enhanced the killing effect of
EGFR silencing in a formulation dependent manner both in vitro and in vivo, although the lipid
itself is not cytotoxic (Bathula et al., unpublished). The synergistic pERK inactivation of EGFR
SiRNA delivered by LPD-PEG-AA containing DSGLA was demonstrated in a xenograft model
of H460 cells (Figure 5B). However, DSGLA without the cooperation of EGFR siRNA (control
SiRNA delivered by LPD-PEG-AA containing DSGLA) or EGFR siRNA without the
cooperation of DSGLA (EGFR siRNA delivered by LPD-PEG-AA containing DOTAP) did
not show pERK inactivation (Figure 5B). EGFR promotes cell proliferation by both the Raf/
MEK/ERK and the PI3K/PDK1/Akt pathways.>* Thus, inhibition of pathways other than Raf/
MEKI/ERK, which is already effectively inhibited by DSGLA, by EGFR siRNA should bring
enhanced apoptosis in cells treated with both agents (Figure 6). The synergistic therapeutic
effect of LPD-PEG-AA containing DSGLA was also demonstrated in a xenograft model of
H460 cells (Figure 7).

In conclusion, we have described a target specific nanoparticle formulation that contains both
siRNA and DSGLA, a new cationic lipid, and plays both roles of a delivery component and a
therapeutic agent. As far as we know, this is the first demonstration of such an approach and
it may serve as a safe and effective anticancer drug.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The structure of DSGLA and pERK inhibition induced by lipids. (A) The structure of DSGLA.
(B) pERK and ERK expression in H460 cells after incubation with 10 uM DSGLA and DOTAP
for various times.
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Figure 2.

Intracellular uptake of SIRNA and EGFR expression inhibited by siRNA formulation in H460
cells in vitro. Fluorescence photographs of cultured H460 cells after treatment with 5'-cy3
labeled siRNA against an irrelevant target in LPD-PEG or LPD-PEG-AA with DSGLA or
DOTAP as the cationic lipid for 4 h (A). Quantitative measurement of mean fluorescence
intensity (MFI) of cy3 siRNA uptake by flow cytometry. Data = mean = SD, n = 3 (B). (C)
Western blot analysis of EGFR and g-Actin in H460 cells treated with LPD-PEG with
formulations containing anisamide ligand (AA+) or without (AA-). Formulations were
prepared with either DOTAP or DSGLA.
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Figure 3.

Apoptosis induced by siRNA formulation in vitro. Cells treated with different formulations
for 72 h and analyzed for TUNEL staining (A), or AlIF distribution (B). Cells with nuclear AIF
are shown by arrows. Formulations contained anisamide ligand (AA+) or without (AA-).
Formulations were prepared with either DOTAP or DSGLA.
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Figure 4.
Tissue distribution and intracellular uptake of siRNA in different formulations. Fluorescence
signal of cy3 labeled siRNA in different tissues observed by confocal microscopy.
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Figure 5.
EGFR and p-ERK expression in H460 xenograft tumor. Western blot analysis of EGFR (A)
and p-ERK (B) in the H460 xenograft tumor after treatment with different formulations.
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Figure 6.

Synergistic apoptosis induction in H460 xenograft tumor. TUNEL staining (positive cells
indicated by dark arrows) (A) and AlF expression and localization (cells with nuclear AIF
indicated by red arrows) (B) in H460 tumor cells after treatment with EGFR siRNA with
different formulations in vivo. (C) Quantitative analysis of TUNEL positive staining and
nuclear translocation of AIF in the tumors treated with different formulations. a, EGFR siRNA
in DSGLA AA+; b, EGFR siRNA in DSGLA AA—; c, EGFR siRNA in DOTAP AA+; d,
EGFR siRNA in DOTAP AA—; e, control siRNA in DSGLA AA+; f, free siRNA. Data = mean
+ SD, n = 3-4. * indicates P < 0.05.
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H460 xenograft tumor growth inhibition by siRNA in different formulations. Solid arrows
indicate the intravenous administrations of siRNA (0.6 mg/kg). Data = mean, n = 5-7. SD of
the data points is not shown for clarity.
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