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Cholesterol is an important cell membrane component and has been used as co-lipid for cationic liposome to en-
hance gene delivery. However, the role of cholesterol in transfection efficiency has not been fully understood. In
this study, transfection efficiency of liposome was measured after cholesterol was added to the cell culture me-
dium. As a result, addition of cholesterol increased transfection efficiency of several liposomes consisting of dif-
ferent lipid components in various cells (AGS, CHO, COS7 and, MCF7). Furthermore, treatment of cells with
cholesterol modulating drugs, imipramine and U18666A, also increased transfection efficiency of liposomes. To
elucidate the role of added cholesterol in gene transfer, endocytotic mechanism was studied and also revealed
that adding cholesterol in culture media induced participation of caveolae-mediated endocytosis and
micropinocytosis in CHO cell. Therefore, the results of this work suggest that modulation of intracellular choles-
terol can be an important method to enhance gene delivery.

© 2016 Elsevier B.V. All rights reserved.

Keywords:
Liposomes
Transfection
Cholesterol
Gene therapy

1. Introduction

Gene therapy has been expected to provide novel and powerful ap-
proaches for treating and preventing diseases such as cancer [1] and
heart failure [2]. One of the primary objects in the gene therapy is to de-
velop efficient and nontoxic gene carriers that can effectively deliver
foreign genetic materials such as plasmid, antisense, decoy, oligonucle-
otide, and siRNA into the target cells [3]. Although understanding the
exact mechanism of transfection is essential for the rational design of
more advanced nano-carriers [4], there are limited studies until now.
Among many factors, recent studies including ours [5–7] confirmed
transfection efficiency depends on the cell-type and one of most impor-
tant factors determining efficiency of gene deliverymight be the charac-
teristic and condition of cells. Therefore, changing condition of cell could
be a newway to facilitate gene therapy. The recent study actually dem-
onstrated that stable overexpression of Niemann-Pick C1 (NPC1) in
CHO cells increased the transfection efficiency [4]. Interestingly, a previ-
ous study reported this NPC1 overexpressing CHO cell had a 1.5-fold in-
crease in total cellular cholesterol [8]. It is concordant with our previous
report which showed enhanced gene delivery by addition of cholesterol
to the media before transfection [9].

Cholesterols are distributed unevenly among the membranes of ani-
mal cells [10] and plasma membrane is relatively rich in cholesterol;
cholesterol/phospholipids mole ratio of plasma membrane is known to
be 0.7–0.8 [11]. Although cholesterol is essential for cell membrane and
tightly regulated, cellular cholesterol is known to move between organ-
elles [12]. In recent study, doubling cholesterol in culture media of
human fibroblast showed movement of cholesterol from plasma mem-
brane to intracellular compartments implying that active trafficking of
cellular cholesterol [13]. On the other hand, cholesterol have been used
as the major lipid component of liposome for gene delivery because of
its less toxicity [14] and resistance to serum [15]. As a co-lipid, cholester-
ol was shown to have a superior performance compared to DOPE [16,17]
and has been used for in vivo gene delivery study [18]. In addition,
lipoplexes were known to be internalized by cholesterol-dependent en-
docytosis [19].We also found that cholesterol-derived liposomehad a re-
sistance to depletion of membrane cholesterol, and the addition of
cholesterol or cholesterol-derived liposome to cell culture media in-
creased the transfection efficiency of DOTAP liposome in COS-7 cells
[9]. Although cholesterol-derived lipids induce more fusion of cell mem-
brane and liposome, the increased transfection by cholesterol addition to
culture media was not elucidated.

Therefore, we investigated the underlying mechanisms of transfec-
tion related to cholesterol. We measured the effect of cholesterol addi-
tion in several cell lines, and the effect of cholesterol modulating drugs
such as imipramine and U18666A on transfection efficiency was inves-
tigated in this experiment. Imipramine is known to inhibit cholesterol
trafficking and accumulate cholesterol in late endosome and lysosome
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[20]. U18666Awas shown to decrease intracellular trafficking of choles-
terol out of lysosome [21] and the effect of U18666A was different be-
tween low dose and high dose [21]. In a recent study, high-dose
U18666A decreased transfection efficiency [4], whereas our result
shows that low-dose U18666A increased transfection efficiency of
DOTAP.

2. Materials and methods

2.1. Cell line and materials

AGS (human stomach adenocarcinoma), CHO (Chinese hamster
ovary), COS7 (African green monkey kidney), and MCF7 (human breast
carcinoma) cell lines were obtained from the Korean Cell Line Bank.
Cells were grown at 37 °C in DMEM for COS7, F-12 K for CHO and
RPMI 1640 for MCF7 and AGS. Media were supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and
100 μg/ml streptomycin. The cells were maintained in a humidified 5%
CO2 incubator at 37 °C. Cell culture media and reagents, including FBS,
were purchased from Welgene (Korea). Imipramine and U18666A
were purchased from Sigma (USA).

2.2. Liposome preparation

DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
chloride) and Lipofectamine (LFA) were purchased from Roche
(Germany) and Invitrogen (USA), respectively. CHOL-E having an
amine head, ether linker and cholesterol tail was synthesized, and its li-
posome preparation was carried out according to the method previously
reported [9]. Four liposome formulations with different DOTAP:DOPE
weight ratios, for example, 1:0 (T1P0), 3:1 (T3P1), 1:1 (T1P1), and 1:3
(T1P3) were prepared according to a method previously reported [5].

2.3. Preparation of plasmid DNA

pcDNA-Luc, a plasmid of 5.149 kb containing the firefly luciferase re-
porter gene sequence, was obtained from Welgene (Korea). DNA plas-
mids were amplified in Escherichia coli XL1-Blue strain and purified
using a maxi-kit (Qiagen Inc., USA), according to the manufacturer's in-
structions. DNA purity was determined by agarose gel electrophoresis
and measuring optical density (OD). DNA with an OD260/OD280 ratio
of ≥1.8 was used in this study.

2.4. In vitro transfection and treatment of cholesterol and cholesterol
modulating drugs

pcDNA-Luc was used at a concentration of 0.5 μg/well unless other-
wise specified. A liposome solution was separately prepared by diluting
2.1 μg of the initial liposomal stock solution with transfection optimiz-
ing medium (TOM, Welgene, Korea) to a final volume of 50 μl. Then,
the liposome solution was added to 50 μl of the DNA stock solution.
This lipoplex solution was incubated for 15 min at room temperature.
The lipoplexes were tested for their ability to transfer DNA into AGS,
CHO, COS7 and MCF7 cells. 24 h prior to transfection, the cells were
transferred to 24-well culture plates at a density of 30,000 cells/well
for COS7, 40,000 cells/well for CHO and MCF7, or 50,000 cells/well for
AGS. 30 min before transfection, the medium was removed and the
cells from each well were briefly washed with 100 μl of sterile
phosphate-buffered saline (PBS); then 150 μl of TOM was added to
each well. Lipoplex solution (100 μl) was then added to each well, and
plates were incubated for 4 h. After 4 h incubation with lipoplex,
media was removed and changed with freshmedia. Water soluble cho-
lesterol (Sigma, USA) was added to culture media at the indicated con-
centration for 1.5 h before transfection and the treatment of imipramine
or U18666A at indicated case. Imipramine and U18666A were treated

for 24 h before transfection. After the treatment of cholesterol or choles-
terol modulating drugs, cells were briefly washed with TOM.

2.5. Luciferase assay

24 h after transfection, medium was aspirated and wells were
washed twice with 200 μl of ice-cold PBS. 1X reporter lysis buffer
(100 μl; Promega Corp., USA) was then added to each well to lyse cells
for 1 h on an ice tray. Lysates were completely collected into Eppendorf
tubes and centrifuged (15,000g, 4 °C) for 5 min. Supernatants were
transferred to Eppendorf tubes on ice, which were used for luciferase
and protein assays. For luciferase assays, 20 μl of cell lysate was trans-
ferred to a white opaque 96-well plate and luciferase activity was mea-
sured using LMax II 384 luminometer (Molecular Devices Corp., USA)
and the luciferase assay kit (Promega Corp., USA). Protein contents
were quantified by the bicinchoninic acid (BCA) assay (PIERCE, USA) ac-
cording to the manufacturer's instructions. Luciferase efficiency was
normalized to the total protein content and expressed as relative lumi-
nescence units per μg of protein (RLU/μg protein).

2.6. Chemical inhibition of the endocytic pathway

COS-7 cells were seeded at a density of 6 × 104 per well into 24-well
plates 2 days before the treatment. Cells were treated with endocytic
pathway inhibitors for different period of time before lipoplexs were
added: chlorpromazine (10 μg/ml) or genistein (50 μM) for 1 h, amiloride
(50 μM) and methyl-β-cyclodextrin (MBC, 3 mM) for 15 min at 37 °C in
fresh serum free medium. All reagents were purchased from Sigma-
Aldrich (USA).

2.7. Staining and quantitative measurement of cellular cholesterol

Cells were washed twice with PBS and then treated with filipin
(0.25 mg/ml, Sigma, USA) for 2 h to stain free cholesterol inside the
cells. After staining, intracellular cholesterol was examined under a
fluorescence microscope (Nikon ECLIPSE TE300, Japan). Quantitative
cellular cholesterol was measured by cholesterol detection kit (abcam,
UK) according to manufacturer's instruction.

2.8. Statistical analysis

The statistically significant differences between the groups were
evaluated by one-way ANOVA and Tukey's post hoc test. Asterisks indi-
cate statistically significant differences (p b 0.05).

3. Results and discussion

3.1. Effects of cholesterol addition on the transfection efficiency of DOTAP in
various cells

To determine the effect of adding cholesterol to the culture media on
transfection efficiency, different concentrations of water-soluble choles-
terol were added intoMCF7 and CHO cells before transfectionwith plas-
mid carrying luciferase gene by DOTAP liposome (Fig. 1A). In both cells,
addition of cholesterol increased transfection efficiency of DOTAP in a
dose- dependent manner. In MCF7 cells, the addition of 4 mg/ml choles-
terol induced 218% increase in luciferase activity comparedwith control.
The same concentration of cholesterol in CHO cells enhanced transfec-
tion efficiency of DOTAP more than 6 times compared to control. When
the effects of cholesterol addition on transfection efficiency of DOTAP
were compared between four different cells, the enhancement in CHO
cellswasmost prominent (Fig. 1B). Although the transfection efficiencies
were increased in all tested cells, lipid composition was also important
factor determining transfection efficiency [22,23]. Therefore, we ana-
lyzed the effect of cholesterol addition in the culturemediawith different
compositions of DOTAP liposomes. Intriguingly, cholesterol based
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