
ARTICLEdoi:10.1016/j.ymthe.2006.03.022
Cholesteryl Oligoarginine Delivering Vascular Endothelial
Growth Factor siRNA Effectively Inhibits Tumor Growth in

Colon Adenocarcinoma

Won Jong Kim,1 Lane V. Christensen,1 Seongbong Jo,1 James W. Yockman,1 Ji Hoon Jeong,1

Yong-Hee Kim,2 and Sung Wan Kim1,*

1Center for Controlled Chemical Delivery, Department of Pharmaceutics and Pharmaceutical Chemistry, 20 S 2030 E RM 205 BPRB,

University of Utah, Salt Lake City, UT 84112-5820, USA
2Department of Bioengineering, College of Engineering, Hanyang University, Seoul 133-791, Korea

*To whom correspondence and reprint requests should be addressed. Fax: +1 801 581 7848. E-mail: rburns@pharm.utah.edu.

Available online 12 June 2006
MOLECULA

Copyright C

1525-0016/$
Vascular endothelial growth factor (VEGF) is a multifunctional angiogenic growth factor that is a
primary stimulant of the development and maintenance of a vascular network in the vascularization of
solid tumors. It has been reported that a blockade of VEGF-mediated angiogenesis is a powerful
method for tumor regression. RNA interference represents a naturally occurring biological strategy
for inhibition of gene expression. In mammalian systems, however, the in vivo application of small
interfering RNA (siRNA) is severely limited by the instability and poor bioavailability of unmodified
siRNA molecules. In this study, we tested the hypothesis that a hydrophobically modified protein
transduction domain, cholesteryl oligo-D-arginine (Chol-R9), may stabilize and enhance tumor
regression efficacy of the VEGF-targeting siRNA. The noncovalent complexation of a synthetic siRNA
with Chol-R9 efficiently delivered siRNA into cells in vitro. Moreover, in a mouse model bearing a
subcutaneous tumor, the local administration of complexed VEGF-targeting siRNA, but not of
scrambled siRNA, led to the regression of the tumor. Hence, we propose a novel and simple system for
the local in vivo application of siRNA through Chol-R9 for cancer therapy.
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INTRODUCTION

The phenomenon of RNA interference (RNAi) or posttran-
scriptional gene silencing is an evolutionarily conserved
biological response to double-stranded RNA (dsRNA) for
degradation of the sequence-specific homologous mRNA.
RNAi is initiated by the dsRNA-specific endonuclease,
Dicer, which promotes processive cleavage of long dsRNA
into double-stranded fragments between 21 and 23
nucleotides long, termed small interfering RNA (siRNA).
This siRNA binds to the RNA-induced silencing complex,
which recognizes target mRNA to be degraded [1–4].
Recently, it has become a useful tool for specific gene
silencing and analysis of gene function.

To improve the efficiency of siRNA function, delivery
systems need to be developed to condense siRNA effec-
tively into small particles, thereby enhancing the cellular
uptake and protection from enzymatic degradation. Ideas
for siRNA delivery vehicles based upon the designs of
polymeric delivery systems for plasmid DNA [5–9] have
begun to flourish [10,11]; therefore, enhancement of the
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transfection efficiency in vitro and in vivo has progressed
rapidly. In fact, numerous attempts to enhance siRNA
function have been made based on cationic lipopeptide
[12], steroid and lipid conjugates of siRNA [13,14], and
block copolymer-coated calcium phosphate nanoparticles
[15]. Recently, to enhance the cellular uptake and trans-
fection efficiency, arginine-rich cell-penetrating peptides
(CPPs) such as human immunodeficiency virus (HIV-1)
TAT and antennapedia have been developed as gene
delivery vehicles [16,17]. In cell culture, a conjugate of
an antisense oligonucleotide and the antennapedia pep-
tide was able to inhibit the translation of amyloid
precursor protein at a concentration of 40 nM [18]. In a
separate study, the antennapedia peptide-conjugated
oligonucleotide against Cu/Zn superoxide dismutase
showed a 100-fold higher efficiency in culture than did
the oligonucleotide itself [19]. Furthermore, arginine
oligopeptides have been modified with several hydro-
phobic lipid molecules to enhance plasmid gene trans-
fection [20]. The mechanism of internalization of CPPs is
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not well understood and has recently been the subject of
discussion. Most cellular uptake studies of CPPs in the
literature based on fluorescence microscopy of fixed cells
and/or flow cytometry analysis report that internalization
of CPPs does not involve endocytosis [21–25]. These
studies have been recently revisited by the mechanism of
cellular uptake being reevaluated. More current evidence
shows that the internalization of CPPs is an energy-
dependent process involving classical adsorptive endocy-
tosis [26–28].

We have reported an effective water-soluble lipopol-
ymer (WSLP) by combining the cationic headgroup of
branched polyethylenimine (bPEI; Mw 1.8 kDa) with a
hydrophobic lipid anchor, cholesterol chloroformate [6].
WSLP showed low cytotoxicity and enhanced trans-
fection efficacy in vitro and in vivo [6,29–31]. The
effectiveness of WSLP over bPEI was due to the
modification of the inherent structural DNA complex
to enhance the interaction with plasma membrane and
facilitate the endosomal escape.

In this study, we synthesized a cholesteryl oligo-d-
arginine (nine residues) conjugate (Chol-R9) as a siRNA
delivery vehicle for vascular endothelial growth factor
(VEGF) silencing. VEGF is a growth factor most consis-
tently found in a wide variety of conditions associated
FIG. 1. Synthesis scheme
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with angiogenesis [32]. It has been reported that impairing
the function of VEGF could inhibit tumor growth and
metastasis by preventing its own vascularization in a
variety of animal models [33–35]. We investigated the
potency of the Chol-R9 conjugate as a siRNA delivery
vehicle in vitro and in vivo in a mouse tumor model.

RESULTS

Synthesis of Chol-R9
We successfully modified oligoarginine (R9) with choles-
teryl chloroformate (Fig. 1). The 1H NMR spectrum of
Chol-R9 showed characteristic cholesteryl methyl proton
peaks ranging from 0.5 to 1.0 ppm (Fig. 2A). R9 proton
peaks are also shown in the spectrum. Especially the
methine proton peak of R9 (protons at a-carbons), which
represents nine protons, appeared at 4.2 ppm. We
determined the coupling yield of cholesteryl chlorofor-
mate to R9 from the cholesteryl methyl proton peak at
0.5 ppm, which represents three protons, and the proton
peak of arginine a-carbon at 4.2 ppm using the equation

coupling yield ð%Þ ¼ 3� A0:5ppm

� �
=A4:2ppm � 100;

where A0.5 ppm and A4.2 ppm stand for integrations of
proton peaks at 0.5 and 4.2 ppm in the NMR spectrum of
of Chol-R9 conjugate.

MOLECULAR THERAPY Vol. 14, No. 3, September 2006

Copyright C The American Society of Gene Therap
y

http://dx.doi: 10.1016/j.ymthe.2006.03 .022


FIG. 2. Chol-R9 conjugate characterized using 1H NMR and MALDI-TOF mass

spectroscopy. (A) 1H NMR spectrum of Chol-R9. (B) MALDI-TOF mass spectra

of Chol-R9.
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Chol-R9, respectively. The calculated coupling yield in
this study was 50.3%. The matrix-assisted laser desorp-
tion time-of-flight (MALDI-TOF) mass spectrum of Chol-
R9 showed a predominant peak at 1835.28 (m/z), which
can be assigned as (M-H) (Fig. 2B). The electrospray
ionization (ESI) mass spectrum also showed dominant
peaks of Chol-R9 and R9, indicating an absence of any
free cholesterol chloroformate (data not shown). These
results reaffirm the fact that the polymer product con-
tains only a mixture of Chol-R9 and R9.

Complex Formation of Chol-R9 with Plasmid DNA
To identify the characteristics of Chol-R9 to act as
an efficient nonviral gene carrier, we carried out
DNA complex formation on agarose gel electropho-
resis at different N/P ratios, i.e., the ratio of concen-
tration of total nitrogen atoms (N) of the polycation
to that of the phosphate groups ( P) of reporter
plasmid DNA. The movement of plasmid in the gel
was retarded as the amount of the Chol-R9 conjugate
was increased, demonstrating that the conjugate
binds to negatively charged DNA, neutralizing its
charge (Fig. 3A, top). Complete complex formations
were achieved at N/P ratios equal to and above 8:1
(lane 5), similar to unmodified oligoarginine (Fig. 3A,
bottom).

Cell Toxicity and in Vitro Transfection Efficiency of
Chol-R9/DNA Complex
We investigated the cytotoxicity of Chol-R9/DNA com-
plexes using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Fig. 3B) on 293T
cells. We prepared Chol-R9/DNA complexes at various N/P
ratios from 8 to 72, while we made bPEI/DNA complexes at
an N/P ratio of 5. The complex of Chol-R9/DNA showed at
least 90% cell viability at the N/P ratios of 8 to 48.

We evaluated the transfection efficiency of the
synthesized Chol-R9 in vitro using 293T cell lines. For
the transfection experiments, we formulated various
Chol-R9/pCMV-Luc or R9/pCMV-Luc complexes with a
fixed amount of pCMV-Luc (50 Ag/ml). Chol-R9/
pCMV-Luc complexes showed higher transfection effi-
ciency than R9/pCMV-Luc complexes at a range of N/P
ratios between 20 and 40 (Fig. 3C). The conjugation of
cholesterol to R9 suggests enhanced cellular uptake of
complexes and increased transfection efficiency.

Complex Formation of Chol-R9 Conjugate with SiRNA
To identify the formation of Chol-R9/siRNA complexes,
we performed polyacrylamide gel electrophoresis (PAGE)
at different N/P ratios. The positively charged R9 of the
Chol-R9 conjugate makes complexes with the negatively
charged phosphate ions on the base backbone on siRNA.
When the value of the N/P ratio of Chol-R9/siRNA
reached 40, free siRNA was not detected on the PAGE
(Fig. 4B).
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FIG. 3. Complex formation, cell viability, and transfection profiles of Chol-R9

plasmid DNA. (A) Electrophoretic patterns of plasmid DNA complexes with

Chol-R9 (top) and R9 (bottom). (B) Cytotoxicity of bPEI/pCMV-Luc and Chol

R9/pCMV-Luc for 293T cells. The data are expressed as mean values F
standard deviation of three experiments. (C) Luciferase expression of Chol-R9

conjugates compared to unmodified R9 and a bPEI control. The graph

represents mean values F standard deviation of experiments run in triplicate

*P b 0.05 compared to unmodified R9.
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VEGF Silencing Effect of Chol-R9/siRNA Complex in
Vitro
To evaluate the biological significance of these systems,
we investigated the inhibitory activity of siRNA against
the expression of VEGF in CT-26 cells. We evaluated the
inhibitory effect from the relative silencing of the VEGF
assayed by enzyme-linked immunosorbent assay (ELISA).
Obviously, we observed appreciable silencing of the
VEGF for the bPEI/siVEGF complex at the N/P ratio of
10, while scrambled (sc) VEGF showed no effect (Fig.
5A). As shown in Fig. 5B, Chol-R9/siVEGF complex
suppressed the VEGF production by 55% compared with
the untreated control, whereas the unmodified R9/
siVEGF complex did not silence the expression of VEGF
with the same amount of siRNA.

Inhibition of Tumor Growth with Chol-R9/siRNA
Complex in Vivo
We injected CT-26 cells (1 � 106) sc into the flank of
mice. By 2 weeks, visible tumors had developed at the
injection sites (mean tumor volume 74.18 mm3). To
determine the therapeutic effectiveness of VEGF siRNA,
we started intratumoral treatment with Chol-R9/siVEGF
or Chol-R9/scVEGF and repeated every 4 days for a total
of six times. As shown in Figs. 6A and 6B, Chol-R9/
siVEGF complex markedly suppressed the tumor growth
compared with Chol-R9/scVEGF complex ( P b 0.05) or
5% glucose solution as a control. To assess the relation-
ship between the therapeutic effects of Chol-R9/siRNA
and VEGF in tumors, we quantified the amount of VEGF
in tumors. We observed a dramatically lower level of
VEGF in tumors treated with Chol-R9/siVEGF at 17 days
after the first injection, whereas the tumors treated with
Chol-R9/scVEGF showed higher level of VEGF (Fig. 7A).
We then examined the vascularization in tumors by
immunostaining with an anti-CD31 antibody. The vas-
cularization in tumors observed in the Chol-R9/siVEGF-
treated group was significantly reduced compared with
tumors from the Chol-R9/scVEGF-treated group (Fig. 7B).
Based on the above observations, we believe that the
antitumor effect of Chol-R9/siVEGF was due mainly to
the antiangiogenic effect of Chol-R9/siVEGF, which was
confirmed by VEGF quantification (Fig. 7A) and histo-
logical examination (Fig. 7B).

DISCUSSION

Since siRNAs play a pivotal role in gene silencing, the
critical factors that will determine the success of RNA
interference approaches are the ability to deliver intact
siRNAs efficiently into the appropriate cells. In an
attempt to enhance the function of siRNA, numerous
studies have used DNA vectors that, upon viral or
nonviral transfection, lead to intracellular expression of
double-stranded RNA [36–40]. While this approach often
results in robust downregulation of gene expression in
vitro, it suffers in vivo from problems including low
transfection efficiency, poor tissue penetration, and
toxicity to the host.

Bioactive arginine-rich peptides derived from HIV-1
TAT and antennapedia homeodomain capable of con-
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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FIG. 4. Sequences of siRNA and complex formation profile. (A) Sequences of

siRNA targeting VEGF, siVEGF, and scrambled siRNA, scVEGF. (B) Electro-

phoretic patterns of siRNA complexes with Chol-R9 conjugates.

IG. 5. VEGF silencing with a complex of siRNAs (siVEGF, VEGF siRNA; scVEGF,

EGF scrambled siRNA) and various carriers in CT-26 cells. (A) Sequence

ecificity of siRNAs. Cells were transfected with bPEI/siVEGF and bPEI/scVEGF

t the N/P ratios of 5 and 10. (B) Comparison of Chol-R9 with unmodified R9.

ells were transfected with Chol-R9/siVEGF and R9/siVEGF at the N/P ratios of

0 to 40. VEGF concentration in the conditioned medium was determined by

LISA for mouse VEGF. *P b 0.02 compared to untreated control.
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densing nucleic acids have attracted considerable atten-
tion as parts of DNA and siRNA delivery vectors because
of a highly reproducible and scalable production and an
inherent specific biological activity [16–20]. Cellular
uptake of these peptides has been ascribed in the
literature to an energy- and receptor-independent mech-
anism that does not involve endocytosis [21–25].
Recently, however, it has been demonstrated that cell
fixation, even under mild conditions, leads to the
artifactual uptake of these peptides [26]. Moreover, a
number of studies questioned the validity of the pre-
dominant mechanisms and suggested that the internal-
ization of arginine-rich peptides is a temperature- and
energy-dependent process involving endocytosis [26–28].
When used alone, small arginine-rich peptides usually
exhibit lower cytotoxicity and are also weaker activators
of the complement system than high-molecular-weight
polycations such as bPEI. However, the polyelectrolyte
complexes formed with short arginine-rich peptides lack
sufficient stability to survive in the blood circulation and
showed lower cellular uptake.

Small peptides of a distinctive structure, such as
oligoarginine, have been studied less extensively com-
pared with other cationic polymers as a DNA or siRNA
delivery vehicle. Wender et al. reported that short
oligomers of arginine were indeed more efficiently taken
up into cells than TAT peptide [41]. This was quantified
further by Michaelis–Menten kinetics analysis that
showed that the arginine oligomers (R9) had Km values
20- and 100-fold greater than that found for TAT.
Prompted by this potential value of oligoarginine to
enhance cellular entry, we initiated modification of
oligoarginine to improve its transfection ability further.

Previously, the conjugation of the hydrophobic lipid
anchor cholesterol to cationic polymers of polyethyleni-
mine was reported to enhance the cellular uptake of DNA
from the cell surface [6,7,29–31,42]. This WSLP con-
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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denses DNA and enhances endosomal release due to its
tertiary amines, while the lipid coating on the DNA
increases its permeability through cell membranes. To
magnify advantages of the cell-penetrating oligoarginine
and cholesterol lipid, we conjugated the cholesteryl lipid
anchor to R9 covalently as a gene and siRNA delivery
vehicle.

For gene transfer, bPEI of high-molecular-weight (Mw

25 kDa) is commonly used, but is highly toxic to the cells
even at low N/P ratios. Addition of the cholesterol to R9
did not adversely affect cell viability even at higher N/P
ratios, though it increased transfection efficiency signifi-
cantly in 293T cells (Figs. 3B and 3C). This higher
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transfection efficiency suggests enhanced cellular uptake
of complexes.

To test for the bioactivity of Chol-R9 complexed with
siRNAs, we performed a study of the inhibition of tumor
angiogenesis by siRNA. A number of growth factors have
been identified as potential positive regulators of angio-
genesis. Among them, VEGF has been thoroughly studied
as a target for antiangiogenic therapy [8,33–35]. Recently,
inhibition of VEGF production by siRNA was reported as
an effective and useful method for tumor antiangiogenic
therapy in vitro and in vivo [43–45].

In this study, we show that the combination of two
independent agents (oligoarginine and cholesterol) can
produce synergistic effects and not only inhibit the
production of VEGF in CT-26 cells in vitro but also
suppress tumor growth in vivo. The higher bioactivity of
Chol-R9/siRNA might be due to the ionic and hydro-
phobic interactions between Chol-R9 and siRNA, while
the precise mechanism is not still clear. In a recent report,
FIG. 6. Antitumor effect of siRNAs in vivo. (A) Tumor growth curves. VEGF

siRNA (10 AM siVEGF) or VEGF scrambled siRNA (10 AM scVEGF) was mixed

with Chol-R9 conjugate at the N/P ratio of 40, and 50 Al of each mixture wa

injected into the tumor region subcutaneously. As a control, 5% glucose

solutions were injected. Day 1 corresponds to 2 weeks after inoculation of cell

when the tumor volume was approximately 70 mm3. Tumor diameters were

measured at a regular intervals for up to 17 days with calipers, and the tumo

volume was calculated. Results represent the means F standard deviation (n =

5 tumors). *P b 0.05 compared to Chol-R9/scVEGF. (B) Images of CT-26

allografts. On days 1 and 17 CT-26 tumors were taken.

FIG. 7. Intratumoral VEGF contents and vascularization. (A) VEGF levels in

tumors at 17 days after injection. The excised tumors were homogenized in

PBS with protease inhibitor (Sigma Chemical Co.) and then centrifuged. The

amount of VEGF in each supernatant was measured by ELISA. *P b 0.05

compared to Chol-R9/scVEGF. (B) Immunohistochemical staining of the

subcutaneous tumors with CD31 antibody. Representative images of Chol

R9/siVEGF-treated tumors (left) and Chol-R9/scVEGF-treated tumors (right).
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higher cellular association of the stearyl-R8/DNA than
R8/DNA was observed by Khalil et al. [46]. They suggested
that with the aid of both the cationic charges and the
hydrophobic interactions the stearyl-R8/DNA complexes
would be adsorbed at high levels to the cell surface and
then internalized via endocytosis. Conjugation of hydro-
phobic moieties to peptides has also been described to
enhance the transfection efficiency by causing the
compaction of DNA/carrier complexes [6,7,29–31,47,48].

Taken together, we suggest that the combination of
the cholesterol moiety and cationic cell-penetrating
peptides may enhance the cellular uptake of Chol-R9/
siRNA complexes and transfection efficiency via endocy-
tosis. Further study is needed to investigate the precise
internalizing mechanisms of Chol-R9 or Chol-R9/siRNA
complexes, including the intracellular location and fate
of Chol-R9/siRNA complexes. Moreover, a variety of lipid
moieties might be conjugated to arginine-rich peptides to
test their enhancing ability for siRNA delivery.

MATERIALS AND METHODS

Synthesis of cholesteryl oligoarginine conjugate. Chol-R9 was synthesized

by reacting cholesterol chloroformate (Aldrich Chemical Co.) and oligo-

d-arginine (nine residues) (Genemed Synthesis, Inc., San Francisco, CA,

USA) in the presence of triethylamine (TEA) (Fig. 1). Oligoarginine (15.4

mg, 10.8 Amol) was dissolved in 5 ml of anhydrous dimethylformamide.
y
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After 15.08 Al of TEA was added into the oligoarginine solution,

cholesterol chloroformate (24.3 mg, 54 Amol) in 5 ml of anhydrous

tetrahydrofuran was slowly added at room temperature. The reaction

mixture was stirred overnight. Upon completion of the reaction, solvents

were removed by purging dry nitrogen gas through a glass transfer

pipette. The remaining cholesterol chloroformate and TEA were rinsed off

three times with 15 ml of diethyl ether each time. The crude precipitate

was purified for 2 days by dialysis (MWCO 500; Spectrum) against

deionized distilled water to remove free cholesterol. Fourteen milligrams

of Chol-R9 was finally collected after freeze drying. Synthesized Chol-R9

was characterized by 1H NMR spectroscopy, MALDI-TOF, and ESI mass

spectrophotometer.

Gel retardation assay. Chol-R9/plasmid DNA complex formation were

confirmed by the agarose gel retardation assay. Chol-R9/pCMV-luc

complexes were formed at different N/P ratios by incubating in 5%

glucose solution at room temperature for 30 min. Each sample was then

analyzed by electrophoresis on a 1% agarose gel with ethidium bromide

(EtBr; 0.1 Ag/ml). Complex formation of Chol-R9/siRNA was monitored

by the polyacrylamide gel retardation assay. SiRNA targeting mouse VEGF

(siVEGF) and scrambled siRNA (scVEGF) were purchased from IDT

Technologies, Inc. (Coralville, IA, USA). Sequences of siRNA are shown

in Fig. 4A. We selected siRNA sequences as reported by Filleur et al. [45].

Various amounts of Chol-R9, ranging from 0 to 44.5 ng, were added to 7

ng of siRNA at Chol-R9/siRNA N/P ratios from 0 to 70 in 5% glucose

solution and incubated for 30 min at room temperature. After incubation,

each sample was electrophoresed on 13% polyacrylamide gel (w/v) for 1 h

at 100 V. TBE (89 mM Tris-borate, 2 mM EDTA) buffer was used as

electrophoresis buffer. Following EtBr (0.1 Ag/ml) staining, the gel was

illuminated with a UV illuminator to show the location of the siRNA.

Cell toxicity and in vitro transfection assay. The cytotoxicity of Chol-R9/

DNA complexes was investigated using a tetrazolium-based calorimetric

assay as previously reported [49]. In this test, viability of cells is assessed

by the metabolism of a water-soluble tetrazolium dye, MTT, into insoluble

formazan salts (Sigma) (Fig. 3B). Briefly, 293T cells were plated in 24-well

plates at 60,000 cells per well and allowed to incubate for 24 h. Polymer/

DNA complexes were added in triplicate to the wells at 0.5 Ag reporter

plasmid DNA per well at varying N/P ratios. The bPEI (Mr 25 kDa) control

was prepared at a 5:1 N/P ratio. After 44 h of incubation, the cell viability

was determined, in which viability was compared to cells that received 5%

glucose instead of polyplex dispersion.

Luciferase expression using different N/P ratios of R9 and Chol-R9 was

observed by using a pCMV-Luc reporter plasmid. When cells reached

~80% confluency, transfections were performed at the total DNA

concentration of 50 Ag/ml. Transfection experiments were carried out

on 293T cells in six-well plates maintained in DMEM (GIBCO) medium at

378C in a humidified atmosphere containing 5% CO2. After 4 h of

incubation, medium was replaced with 2 ml of fresh medium supple-

mented with 10% fetal bovine serum (FBS; Hyclone) and the cells were

cultured for 48 h. Luciferase expression was quantified using the

Luciferase Assay System (Promega) normalized by milligrams of protein.

ELISA. CT-26 colon adenocarcinoma cells were grown to 80% confluency

in 24-well plates and transfected with cationic substance/siRNA com-

plexes. Following 24-h incubation, the level of mouse VEGF produced in

the medium was determined by using a mouse VEGF ELISA kit (R&D

Systems, Inc., Minneapolis, MN, USA) according to the recommendation

of the manufacturer’s protocol. Briefly, the 96-microwell plate (provided

in the kit), coated with mouse polyclonal anti-VEGF antibody, was

washed with wash buffer. Cell supernatant samples were diluted 1:4 by

calibrator diluent, and 50 Al of the sample was added into the designated

wells. Similarly, VEGF standards ranging from 7.8 to 500 pg/ml, also

diluted in calibrator diluent, were added to the microwell plates. The

calibrator diluent alone was added in a blank well and incubated at room

temperature for 2 h. After being washed four times with wash buffer, 100

Al of polyclonal antibody against VEGF conjugated to horseradish

peroxidase was added and incubated at room temperature for 2 h. After

the wells were washed again four times, tetramethylbenzidine substrate
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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solution was added and incubated at room temperature for 30 min. The

enzymatic reaction was stopped by adding 100 Al of stop solution to the

wells, and absorbance was determined by spectrophotometric reading at

450 nm. The VEGF concentration in the cell supernatant samples was

calculated based on the standard curve.

Cell culture. 293T and CT-26 colon adenocarcinoma cell lines were grown

and maintained in DMEM and RPMI 1640, respectively, which were

supplemented with 10% FBS at 378C and humidified 5% CO2.

VEGF silencing with Chol-R9/siRNA complex in vitro. CT-26 cells were

seeded in 24-well tissue culture plates at 8 � 104 cells per well in 10% FBS

containing RPMI 1640 medium. Cells achieved 80% confluency within

24 h after which they were transfected with cationic substance/siRNA

complexes prepared at different N/P ratios ranging from 5 to 40. The total

amount of siRNA loaded was maintained constant at 0.7 Ag/well. The

transfection was carried out in the absence of serum. The cells were

allowed to incubate at 378C in the presence of complexes for 4 h in a CO2

incubator followed by replacement of 1 ml of RPMI 1640 containing 10%

FBS. Thereafter, the cells were incubated at 378C for additional 24 h. Cell

supernatants were collected for analysis of the amount of VEGF produced

by ELISA.

Tumor therapy. To generate tumors, 4- to 5-week-old female BALB/c mice

were injected subcutaneously in the middle of the right flank with 100 Al

of a single-cell suspension containing 1 � 106 CT-26 cells. Tumor size was

measured using a vernier caliper across its longest (a) and shortest (b)

diameters and its volume was calculated using the formula V = 0.5ab2.

Treatment of the tumors was started after 10–15 days when the tumor size

reached approximately 70 mm3. Chol-R9/siRNA complexes (N/P ratio of

40) were prepared in 5% glucose and 50 Al of the complexes was injected

directly into the tumor of BALB/c mice at a dose of 3.5 Ag siRNA/mouse.

The tumors were measured every 4 days and mice were examined for

appearance and growth of necrosis as well as decreased physical activity.

Tumor progression was reported in terms of tumor volume over a period

of 2 weeks.

Statistical analysis. Results are reported as means F SD. The statistical

analysis between groups was determined using a nonpaired t test. P b 0.05

was considered significant.
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