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Abstract: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related
death. Gene therapy was established as a new strategy for treating HCC. To explore the potential
delivery system to support the gene therapy of HCC, negatively charged liposomal delivery
system was used to deliver miR-221 antisense oligonucleotide (anti-miR-221) to the transfer-
rin (Tf) receptor over expressed HepG2 cells. The liposome exhibited a mean particle size of
122.5 nm, zeta potential of —15.74 mV, anti-miR-221 encapsulation efficiency of 70%, and
excellent colloidal stability at 4°C. Anti-miR-221-encapsulated Tf-targeted liposome demon-
strated a 15-fold higher delivery efficiency compared to nontargeted liposome in HepG2 cells
in vitro. Anti-miR-221 Tf-targeted liposome effectively delivered anti-miR-221 to HepG2 cells,
upregulated miR-221 target genes PTEN, P275"! and TIMP3, and exhibited greater silencing
efficiency over nontargeted anti-miR-221 liposome. After intravenous injection into HepG2
tumor-bearing xenografted mice with Cy3-labeled anti-miR-221 Tf-targeted liposome, Cy3-anti-
miR-221 was successfully delivered to the tumor site and increased the expressions of PTEN,
P27%! and TIMP3. Our results demonstrate that the Tf-targeted negatively charged liposome
could be a potential therapeutic modality in the gene therapy of human HCC.

Keywords: transferrin, gene, HCC, target delivery system, anionic liposome

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors world-
wide. The morbidity of HCC was ranked the fourth among all types of cancers, and
it is the second leading cause of cancer-related death in People’s Republic of China.!
Over the years, chemotherapy remained the most used systemic approach for the treat-
ment of HCC. However, the conventional chemotherapy has not been demonstrated to
prolong survival rate of patients with locally advanced or metastatic HCC. Sorafenib,
an oral multiple kinase inhibitor, was developed recently as the only molecular tar-
geting medicine approved for advanced HCC. However, sorafenib was beneficial to
only about 30% of advanced HCC patients. And most patients, who initially respond
to sorafenib, would develop tumor recurrence and progression after a few months of
sorafenib therapy, and no alternative is available after the sorafenib failure.? The lack
of survival benefits of treatment with conventional drugs and sorafenib makes the
searching of new agents and novel therapeutic strategies an urgent need.’

In the past decades, studies have focused on investigating the genes and proteins
underlying the development of HCC.** Many reports have described a new class of
small regulatory RNA molecules termed microRNAs (miRNAs) that were implicated
in HCC development and progression.® miRNA is a kind of noncoding RNA that can
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regulate the expression of target gene by translational repres-
sion through the RNA-induced silencing complex. Many
studies have shown that miRNAs expression was dysregulated
in HCC and played an important role in tumor development
and progression. To name a few, miR-26a exhibited lower
expression in both human and murine liver tumors than in
normal adult liver and could reverse HCC progression in a
liver cancer mouse model.” miR-105 expression was down-
regulated significantly in both HCC cell lines and clinical HCC
tissues compared to normal human hepatocytes and adjacent
noncancerous tissues, and it could suppress cell proliferation
and inhibit PI3K/AKT signaling in HCC.® The miR-545/374a
cluster was overexpressed in hepatitis B virus related HCC and
promoted tumorigenesis and tumor progression.’ The rapid
progress in miRNA studies has led to translational studies for
applying the miRNA-targeted therapy in cancer treatment.
However, there are many challenges in developing miRNA-
based therapeutics, including minimizing premature degrada-
tion in blood, achieving sufficient cellular uptake, enhancing
tissue-specific delivery, and minimizing systemic toxicity and
off-target effects.! Chemical modification provided some
solutions to increase the stability of the miRNA therapeutics.
For example, a phosphodiester linkage was introduced at the
sugar 2’-position to confer enhanced serum stability to RNA;
phosphorothioate and 2’-OMe substitutions at three terminal
nucleotides resulted in an increase in serum stability.!! While
chemical modification cannot solve all those problems like
cellular uptake efficiency and off-target effects, carrier systems
were then applied. Carrier systems such as nanoparticles were
able to protect oligonucleotide from premature degradation in
blood and deliver RNA to its target sites and facilitate cellular
uptake.'” Many kinds of delivery systems have been applied
in gene therapy such as virus-based systems,'? liposome,'
inorganic nanoparticle,'* dendrimer," cationic micelle,'® and
polymeric nanoparticle.'’

Among all kinds of delivery systems, many investigators
have demonstrated that liposome-based nanoparticle carrier
systems may be a promising approach to deliver oligonucle-
otide with high degree of biocompatibility.!® Chen et al
developed formulation of liposome-polycation-hyaluronic
acid nanoparticle modified with a tumor-targeting human
monoclonal antibody to systemically deliver small interfering
RNA (siRNA) and miRNA into murine B16F10 melanoma
model.” Zhang et al reported a lactosylated gramicidin-
containing lipid nanoparticle to deliver anti-miR-155 to
HCC cells.?® Hatakeyama et al developed a pH-sensitive
anti-miRNA oligonucleotide liposome to successfully reduce
the level of miR-122 in mice.?!

In the current study, a traditional negatively charged
liposome, which was composed of hydrogenated soybean
phospholipid (HSPC)/cholesterol (CHOL)/1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE)-methoxy
(polyethylene glycol) (mPEG), was used to deliver miRNAs
in an attempt to enhance the cellular uptake and the phar-
macological effectiveness. The composition of the liposome
was clinically proved safe, and it was also the formulation
for the liposomal drug Doxil. We selected miR-221 antisense
oligonucleotide (anti-miR-221), a potential tumor suppressor
in HCC, as a candidate for miRNA delivery. miR-221 has
been shown to be overexpressed in HCC, and correlated with
cirrhosis, tumor size, and tumor stage.”? Most importantly,
high-level expression of miR-221 was related with poor prog-
nosis of HCC patients.?*?* In order to enhance the transfection
efficiency of negatively charged liposomes, transferrin (Tf)
was used as liposomes-targeting moiety.?>? Tf, a well-known
blood plasma protein, is responsible for the transport of
iron into the cells by binding to the Tf receptor (TfR) on the
cell membrane. Because TfRs are overexpressed in many
HCC cells, T1R is expected to be a good cellular marker for
delivery of miR-221 to the TfRs-elevated HCC cells.”” We
demonstrated in this work that the encapsulation efficiency
(EE) of the Tf-targeted anti-miR-221 liposome (Tf-RL) was
high up to 70%, and the liposome can efficiently deliver the
anti-miR-221 to produce the antitumor effect both in vitro
and in vivo. Thus, Tf-RL could be a potential candidate for
miRNA delivery system.

Materials and methods

Materials

HSPCs were purchased from Shanghai Advanced Vehicle
Technology L.T.D. Co (Shanghai, People’s Republic of
China). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG, )
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL,
USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-mPEG,,-NH,)
was purchased from Laysan Bio, Inc (Arab, AL, USA). CHOL
was obtained from J&K Chemical, Ltd. (Beijing, People’s
Republic of China). 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT), Holo-Transferrin, and
Sepharose CL-4B chromatograph media were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO, USA). N-Hydrox-
ysuccinimide (NHS) and 1-ethyl-3-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDC) were purchased from
Gracia Chemical Technology Co. Ltd (Chengdu, People’s
Republic of China). Annexin V—fluorescein isothiocyanate
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(FITC) apoptosis detection kit, micro BCA protein assay Kkit,
and apoptosis and cell cycle analysis kit were purchased from
Beyotime Biotechnology Co. Ltd (Wuhan, People’s Republic
of China). All reagents were of analytical grade and were used
without any further purification.

Anti-miR-221 was synthesized and purchased from
RiboBio Ltd. (Guangzhou, People’s Republic of China).
The sequence of anti-miR-221 used is as follows:
5’-GAAACCCAGACAGACAAUGUAGCU-3’. Oligo-
nucleotide Cy3-anti-miR-221 with or without 5'-CHOL
modification was chemically conjugated with a phosphoro-
thioate linkage, 2’-OMe, and 3’-inverted Cy3.%

Preparation of liposome
Liposome was prepared by thin-film dispersion method,
followed by polycarbonate extrusion. The lipid composition
of nontargeted liposome was HSPC/CHOL/mPEG-DSPE
at a molar ratio of 55:40:5. For Tf-RL, the composition
was HSPC/CHOL/mPEG-DSPE/DSPE-mPEG, -NH,
at molar ratios of 55:40:4:1. Briefly, the mixture of lipids
was dissolved in CHCIl, and dried to a thin film in a round-
bottomed flask on a rotary evaporator under reduced pres-
sure for 1 hour at 37°C. The dried lipid mixture was then
rehydrated in 2 mL of phosphate-buffered saline (PBS;
pH 7.4) which contained anti-miR-221 at 60°C for 1 hour.
The resulting suspension of vesicles was extruded through
the 200 nm and 100 nm pore-size polycarbonate membranes
at least five times using a Lipex extruder (Northern Lipids
Inc., Vancouver, BC, Canada), and then purified by size
exclusion chromatography on a Sepharose CL-4B column
to remove free anti-miR-221.

Tf-conjugated liposomes were prepared by coupling Tfto

drug-loaded liposome containing 1% NH,-mPEG, -DSPE.
Briefly, a solution of Tf in PBS was added to a stirring solu-
tion of liposome (containing 1% NH,-mPEG, -DSPE)

at the ratio of 100 ng Tf conjugate per micromole of total
lipid. EDC and NHS were then added into the mixture,
and the reaction was allowed to proceed at room tempera-
ture for 12 hours. Tf-conjugated liposomes were purified by
a Sepharose CL-4B column to remove free Tf.

To calculate the binding efficiency of Tf-targeted
liposome, we used calcein, a green fluorescent, as a model
formulation. Calcein liposomes were prepared using
the above-described procedures, except that the lipid film
was hydrated in 50 mM calcein. The lipid compositions
of Tf-targeted liposome loaded with calcein (Tf-CL) and
nontargeted control liposome loaded with calcein (CL) were
the same as the liposome containing anti-miR-221.

Characterization of liposome

The concentration of calcein in the liposome was determined
by measuring absorbance at 492 nm on a ultraviolet—visible
spectrometer (Shanghai Spectrum Instruments Co. Ltd,
Shanghai, People’s Republic of China) after the liposome
was lysed in 10% Triton X-100. The concentration of anti-
miR-221 in the liposome was determined by measuring
the fluorescence of Cy3 at 530/590 nm on a Synergy™
HT multidetection microplate reader (BioTek Instruments,
Inc., Winooski, VT, USA) after the liposome was lysed in
10% Triton X-100. Drug EE (%) was calculated using the
following equation:

EE (%) = W,/W, 100

where W, is the weight of encapsulated drug and W is the
weight of feed drug.

The mean diameter and polydispersity index of liposomes
were determined by a Nano Brook Zeta PALS (Brookhaven
Instruments Corporation, Holtsville, NY, USA), based on the
dynamic light-scattering principle technique. Briefly, lipo-
somes were diluted to optimal concentration and measured
at 25°C. The conjugating efficiency of Tf to NH,-mPEG
DSPE was determined by micro BCA protein assay Kkit.

2000

Cells and animals

The human HCC cell line HepG2 was a generous gift from
Professor Zhiping Zhang’s laboratory. HepG2 cells were
grown in Dulbecco’s Modified Eagle’s Medium, supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum,
and maintained in a humidified atmosphere containing 5%
CO, at 37°C. Cells were maintained within their exponential
growth phase.

Female Kunming mice were obtained from the animal
care facilities of Huazhong University of Science and Tech-
nology (Wuhan, People’s Republic of China). Six-week-old
female BALB/c-nu nude mice (Beijing HFK Bioscience Co.
Ltd, Beijing, People’s Republic of China) were maintained in
the animal care facilities of Huazhong University of Science
and Technology at 22°C+2°C with a time-regulated period
of light and provided with water and food ad libitum. The
experiment protocol was approved by the ethical committee
of animal experiment of Huazhong University of Science
and Technology.

Cell-binding efficiency
Binding and internalization efficiency of the liposomes in
HepG2 cells and Hep3B cells were examined by fluorescence
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microscope. Cells were seeded in six-well plates at the
density of 5x10* cells per well. After 24 hours, they were
treated with CL or Tf-CL, and Tf-CL with 100 ug/mL of
free Tf. After 4 hours, cells were washed with PBS and then
examined under an Olympus IX71 fluorescence microscope
(PerkinElmer Inc., Waltham, MA, USA). For the quantita-
tive analysis of cellular uptake after co-incubating cells with
various liposomes for 4 hours in plates, cells were gently
trypsinized and collected in tubes for flow cytometry detection
using a BD-LSRFortessa™ flow cytometer (BD Biosciences,
San Jose, CA, USA).

MTT assay

HepG2 cells were seeded in 96-well plates at a density of
5x103 cells per well. After 24 hours, cells were treated with
various concentration of Tf-RL. After 72 hours of co-incuba-
tion, media were removed, and cells were washed twice with
PBS, then replaced with 200 UL of medium containing 20 uL
of MTT (5 mg/L), and cultured for an additional 4 hours at
37°Cina 5% CO, atmosphere. After media were removed,
the blue formazan was dissolved in 200 puL of dimethyl
sulphoxide, and the optical density value was determined
by the microplate reader (Multiskan MK3; Thermo Fisher
Scientific, Atlanta, GA, USA) at 492 nm.

Apoptosis

HepG2 cells were seeded overnight in six-well plates at
the density of 5x10* cells per well. They were treated with
Tf-RL and nontargeted liposome containing anti-miR-221
(RL) of 200 nM. After 24 hours, cells were gently trypsinized
and collected in tubes. Annexin-V-FITC (5 puL) and pro-
pidium iodide (PI) (10 uL) were added to the cells, and
the stained cells were analyzed by flow cytometry, using
a BD-LSRFortessa™ flow cytometer (BD Biosciences)
within 1 hour.

Cell cycle

To determine the proportion of cells in each phases, we
conducted cell cycle assay by flow cytometry. The HepG2
cells were seeded in six-well plates at the density of 5x103
cells per well. After 24 hours, cells were treated with various
liposomal formulations for 24 hours. The cells were then
gently trypsinized and washed with PBS, and fixed for
24 hours in 3 mL of 70% ethanol at 4°C. The fixed HepG2
cells were washed with PBS and incubated with RNase
A (0.1 mg/mL) for 1 hour at 37°C. After stained with PI
(0.1 mg/mL) for 30 minutes in the dark at 37°C, the DNA
content of the cells was measured by BD-LSR cytometer

(BD Biosciences), and the data were evaluated using the
ModFit software.

In vitro gene-silencing study

The gene-silencing effects by anti-miR-221 liposome on
miR-221 target genes P27, PTEN, and TIMP3 were mea-
sured at both mRNA and protein levels. For the real-time
polymerase chain reaction (RT-PCR) study, HepG2 cells
were plated in six-well plates at a density of (5x10° cells
per well. After 24 hours, the plated cells were incubated
with Tf-RL and RL containing 200 nM of anti-miR-221 for
24 hours. Total nRNA was then extracted using the TRIzol®
reagent (Invitrogen, Grand Island, NY, USA) and purified
following the standard protocol. RT-PCR was conducted
using SYBR Green I Master Mix and a LightCycler 2.0
(Roche Applied Science, Mannheim, Germany). The primer
was obtained from Invitrogen Biotechnology Co., Ltd.

For Western blotting assay, lysate of whole cells was
prepared at 48 hours after the incubation of cells with 200 nM
of various liposomal formulations. Cells were added with
lysis buffer on ice. Proteins in lysate, quantified by micro
BCA protein assay kit as described by the manufacturer,
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on 10% gels. Western blotting was per-
formed using antibodies specific for P275"! (1:1,000), PETN
(1:1,000), TIMP3 (1:1,000), and B-actin (1:2,500). Bands
were visualized using a horseradish peroxidase-conjugated
AffiniPure goat anti-rabbit IgG.

In vivo biodistribution

Female BALB/c-nu mice and female Kunming mice were given
Cy3-anti-miR-221-containing Tf-targeted liposome (Tf-RL-
Cy3-anti-miR-221) or nontargeted liposome (RL-Cy3-anti-
miR-221) intravenously at a dose of 1 mg/kg. After 4 hours,
mice were sacrificed and their tissues were harvested. Collected
tissues were fixed in 4% paraformaldehyde for 12 hours at 4°C.
Fluorescent Tf-RL-Cy3-anti-miR-221 and RL-Cy3-anti-miR-
221 were used for measuring in vivo distribution in different
tissues by IVIS imaging. Cy3 fluorescent signals of whole tissue
were measured using Xenogen IVIS-200 optical in vivo imag-
ing system (Caliper Life Sciences, Hopkinton, MA, USA).

In vivo gene-silencing study

Tf-RL and RL were given to female BALB/c-nu mice by
intravenous (iv) injection at a dose of 1.2 mg/kg. After
48 hours, mice were anesthetized, and tumors were collected
and immediately frozen in liquid nitrogen. RNA extraction
and RT-PCR were performed as described earlier.
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Statistical analysis

All data are shown as means * standard deviation unless
specifically noted. Student’s #-test or one-way analyses of
variance was performed. A P-value <0.05 was considered
to be statistically significant.

Results
Synthesis and characterization

of liposomes

The particle size and zeta potential of RL and Tf-RL were
evaluated by a Nano Brook Zeta PALS and are presented in
Table 1. Mean size distributions of both kinds of liposomes
were about 120 nm in a suitable homogeneity, and zeta
potentials of RL and Tf-RL were —14.35 mV and —15.74 mV,
respectively. The mean entrapment efficiency of anti-miR-
221 modified with CHOL was about 70%, while the mean
entrapment efficiency of non-modified anti-miR-221 was
only 20%. Thus, CHOL-modified anti-miR-221 was selected
for the following investigation. The liposomes showed good
stability when stored in PBS at 4°C. The negative zeta poten-
tial of the formulations contributed to the stability because
the negative charge could make the particles repel each other
to prevent the interparticle aggregation; thus, the liposomes
can be maintained for a long period of time. The conjugating
efficiency of Tf to NH,-mPEG,, -DSPE is 60% which was
determined by micro BCA protein assay Kkit.

Cell-binding efficiency

In order to demonstrate that Tf-RL can be efficiently taken
up by HepG2 cells via a Tf-mediated endocytosis, liposome
containing a green fluorescent dye calcein was prepared, and
the cellular uptake by HepG2 cells was quantitatively ana-
lyzed using flow cytometry and visualized by fluorescence
microscopy. As shown in Figure 1B, the cellular uptake of
Tf-CL was about 15 times higher than that of CL, and the
uptake decreased when free Tf was added. Meanwhile, the
fluorescence intensity of the Tf-CL group was significantly
higher than that of the CL group (Figure 1A). The study indi-
cates that Tf-targeted liposome can be more efficiently taken
up by the Tf-positive cells than the nontargeted liposomes,

Table | Particle size and zeta potential of liposomes at room

temperature

Sample Size (nm) Zeta potential (mV) PDI

RL 120.8+2.1 —14.35+2.30 0.102+0.018
Tf-RL 122.5+1.4 —15.74+2.04 0.123+0.010

Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL, trans-
ferrin-targeted liposome containing anti-miR-221; PDI, polydispersity index.

and the Tf-mediated endocytosis can be blocked by free Tf
(Figure 1). Tf-RL can also be efficiently taken up by Hep3B
cells via a Tf-mediated endocytosis (Figure 1C).

Flow cytometry and fluorescence microscopy were then
used to study the cellular uptake of Tf-RL-Cy3-anti-miR-221
and RL-Cy3-anti-miR-221. As shown in Figure 2, the fluores-
cence signal of cells transfected with Tf-RL was much higher
than that of those transfected with nontargeted liposomes.
These results suggest that Tf-targeted liposomes were able
to deliver anti-miR-221 more efficiently and thus provided
better efficacy than nontargeted liposome in the HepG2 cells
through the Tf-mediated endocytosis process.

MTT assay

To determine to effect of Tf-RL on the proliferation of
HepG2, MTT assay was performed on HepG2 cells. As
shown in Figure 3, the cell survival rate of HepG2 cell was
80% when the concentration was up to 500 nM which is a
really high concentration.

Apoptosis

Annexin V-FITC/PI double staining was used for determin-
ing whether Tf-RL has greater apoptotic effects than RL
has. The HepG2 cells were treated with blank control and
both liposomal solutions for 24 hours, and then subjected to
simultaneous staining and analyzed by flow cytometry. As
shown in Figure 4A, the ratio of viable cells decreased and
apoptotic cells increased when HepG2 cells were treated with
both liposomes. The Tf-RL was more effective in activation
of apoptosis of HepG2 cells (the percentage of apoptotic
cells was 12.7%) than RL was (the percentage of apoptotic
cells was 8.7%).

Cell cycle

The cell cycle distributions of HepG2 cells were determined by
flow cytometry. As shown in Figure 4B, the percentages of the
cells in GO-G1 and S phase were 70.09% and 20.9%, respec-
tively, in untreated control group. However, RL and Tf-RL
group treatments of the HepG2 cells induced differences in
the proportions of GO—G1 (77.29% and 16.59%, respectively)
and S phase (82.49% and 11.24%, respectively). These results
demonstrate that inhibition of miR-221 expression by anti-
miR-221 could cause more cells to be arrested in GO—G1 phase,
and Tf-RL has more significant effect than RL has.

In vitro gene-silencing study
Before evaluating the efficiency of the presently described
anti-miR-221 liposomes in silencing the expression levels of
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Figure | Uptake of Tf-CL and CL in HepG2 and Hep3B cells.

Notes: (A) Fluorescence image of cellular uptake in HepG2. (B) Cellular uptake measured by flow cytometry. (C) Fluorescence image of cellular uptake in Hep3B.
HepG2 cells and Hep3B cells were treated with different liposomes at 37°C for 4 hours. Block group was treated with Tf-CL and 100 pg/mL of free Tf. Control group was
untreated.

Abbreviations: Tf-CL, transferrin-targeted liposomal calcein; CL, nontargeted liposomal calcein; Fl, fluorescence intensity; Tf, transferrin.
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-- -
---- "
---- "

Figure 2 Uptake of Cy3-anti-miR-22|-containing Tf-targeted liposome and nontargeted liposome in HepG2 cells was determined by fluorescence microscopy.

Notes: HepG2 cells were treated with different liposomes at 37°C for 4 hours. Control group was untreated. Block group was treated with Tf-RL plus 100 pg/mL of free Tf.
Abbreviations: RL, nontargeted liposome containing cy3-anti-miR-221; Tf-RL, transferrin-targeted liposome containing cy3-anti-miR-221; Tf, transferrin; DAPI, 4’,6-
diamidino-2-phenylindole.
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Figure 3 Cell viability of HepG2 cells.
Note: Each value represents the mean * standard deviation (n=5).

For personal use only.

target gene and protein, we checked the in vitro toxicity of the
blank liposome using MTT assay. The result showed that high
percentage of viable cells (>85%) was observed with up to
25 mg/mL of lipids-incubated HepG2 cells for 72 hours.
The effects of Tf-RL on expression of downstream target
genes PTEN, P27%! and TIMP3 were then evaluated in
HepG?2 cells using RT-PCR (Figure 5A) and Western blotting
(Figure 5B). The expression of PTEN, P274! and TIMP3
was increased when cells were transfected with both Tf-RL
and RL. Significant change in target proteins expression was
also observed when Tf-RL or RL was used. Both studies
demonstrated that Tf-RL is more efficiently delivering the
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anti-miR-221 to the targets because of the higher silencing
efficiency and protein expression. These results suggest
posttranscriptional regulation of PTEN, P27%! and TIMP3
by anti-miR-221.

In vivo biodistribution

The biodistribution of Tf-RL and RL was studied in female
Kunming mice and a xenograft model of HepG2 human liver
cancer in female BALB/c-nu mice by using Cy3-labeled
anti-miR-221. As shown in Figure 6, the biodistribution of
RL and Tf-RL was almost the same. However, there was a
significant difference between Tf-RL and RL in the xenograft
model of HepG2 human liver cancer in female BALB/c-nu
mice (Figure 7). The intensity of Tf-RL in liver was lower
than RL was, while higher than RL in tumor. The result dem-
onstrated that Tf-RL did change the biodistribution of anti-
miR-221 in vivo, and accumulated more drug in tumor.

In vivo gene-silencing study

In order to determine the delivery efficiency of Tf-RL in vivo,
the expressions of target genes PTEN, P275°! and TIMP3
were evaluated in vivo by RT-PCR. Tf-RL and RL were given
to each mouse at a single dose of 1.2 mg/kg through tail vein
iv injection. After 48 hours postadministration, the mice were
sacrificed and their tissues were harvested. The expressions
of target genes PTEN, P27 and TIMP3 were evaluated
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Figure 4 Typical pictures of cellular apoptosis (A) and cell cycle (B) analyzed by flow cytometry.
Notes: HepG2 cells were treated with Tf-RL and RL for 24 hours. The final concentration of anti-miR-221 in these formulations was 200 nM. Control group was untreated.
Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL, transferrin-targeted liposome containing anti-miR-221; FITC, fluorescein isothiocyanate; PI,

propidium iodide.

by RT-PCR (Figure 8). As expected, the expressions were
increased in Tf-RL- and RL-treated groups, compared to the
untreated group, while Tf-RL group had a higher increase
than RL group. These data demonstrate superior delivery
efficiency by Tf-RL, and corroborate the results of our
in vitro experiments.

Discussion
Since Fire et al first discovered that the RNA interference
(RNAI) could silence target gene expression in Caenorhabditis

Relative expression

elegans in 1998,% RN Ai research which includes siRNA and
miRNA has been an important and fast developing part in can-
cer treatment. Particularly, miRNAs are evolutionarily con-
served small noncoding RNAs that regulate approximately up
to one-third of genome. In liver cancer, miRNAs play impor-
tant roles in tumor development, progression, and metastasis.
Some of the specific miRNA expression signatures may
serve as potential targets for tumor therapeutics,* and there
has been many research about miR-221 which proved that
it could be one of the potential targets in the HCC.?8-!32

B
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Figure 5 In vitro silencing efficiency of Tf-RL and RL was determined by RT-PCR (A) and Western blotting (B) at gene and protein level, respectively.

Notes: HepG2 cells were treated with Tf-RL and RL for 24 hours for RT-PCR assay and 48 hours for Western blotting. The final concentration of anti-miR-221 in these
formulations was 200 nM. Control group was untreated. Each value represents the mean + standard deviation (n=3). *P<<0.05.

Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL, transferrin-targeted liposome containing anti-miR-221; RT-PCR, real-time polymerase chain

reaction.
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Figure 6 Tissue distribution of Cy3-anti-miR-221 liposome in normal Kunming mice.
Notes: The heart, lung, spleen, kidney, and liver were harvested from female
Kunming mice 4 hours after intravenous administration of Cy3-anti-miR-221-
containing nontargeted liposome or transferrin-targeted liposome. Cy3 fluorescence
signals were measured by IVIS imaging. Control group was treated with saline.
Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL,
transferrin-targeted liposome containing anti-miR-221.

However, many challenges were behind in the development
of miRNA-based drugs in tumor treatment, including tissue-
specific delivery, efficient cellular uptake, and minimization
of off-target effects in systemic administration of miRNA.
Here, we developed a novel Tf-targeted drug delivery sys-
tem of nanosized liposomes encapsulating anti-miR-221, an
miRNA that directly targets miR-221, and characterized its
properties and uptake, the targeting specificity, and delivery
efficiency in vitro and in vivo.

Epi-fluorescence

We know that, miRNA has a negative charge on it due
to the phosphate groups on the backbone of its structure.
The negative charge makes it difficult to be entrapped into
negatively charged liposomes. It is one of the reasons that
limited the application of anionic liposome in RNA delivery.
Negatively charged liposomes have been widely used in
chemical drug delivery. For example, Doxil, the doxorubicin
hydrochloride encapsulated in STEALTH® liposomes for
iv administration, was approved by the US Food and Drug
Administration in clinic. The STEALTH® liposomes have
the formulation of HSPC/CHOL/DSPE-mPEG, which was
exploited in our study for the miRNA delivery. In this lipo-
some formulation, we used HSPC and CHOL as the basic
structure composition, with the help of DSPE-mPEG,
to make the liposome stable and long circulating in vivo.
HSPC is a neutral lipid which has been used a lot in lipo-
some preparation.®*3> CHOL was a common component in
miRNA carriers, and introducing CHOL as a component of
certain DNA/RNA carriers was reported to be a factor in
improving gene transfection in vivo.*® In our study, CHOL
played a dual role in the delivery of miRNA. Besides being
incorporated in the liposomal formulation to facilitate cell
fusion or endosomal internalization, the CHOL was conju-
gated to miRNA to act as a targeting entity and protector,
improving cellular uptake and transfection and decreasing
miRNA degradation.”” In addition, mPEG, ,-DSPE was
added to the formulation to increase the stability and circula-
tion time of liposomes. PEG has long been used to modify
the surface of liposomes for improving pharmacokinetics
after iv administration and for minimizing protein binding
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Figure 7 Tissue distribution of Cy3-anti-miR-221 liposome in a xenograft model of HepG2 human liver cancer in female BALB/c-nu mice.

Notes: Tumors from the heart, lung, spleen, kidney, and liver were harvested from female BALB/c-nu mice 4 hours after intravenous administration of Cy3-anti-miR-221-
containing nontargeted liposome or transferrin-targeted liposome. Cy3 fluorescence signals were measured by IVIS imaging. Control group was treated with saline.
Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL, transferrin-targeted liposome containing anti-miR-221.
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Figure 8 In vivo evaluation of the effect of anti-miR-221 treatments on target gene
expressions in a xenograft model of HepG2 human liver cancer.

Notes: Female BALB/c-nu mice were treated with .2 mg/kg of Tf-RL and RL for
48 hours. Tumors were harvested, and the target gene expressions were determined
by RT-PCR. Control group was treated with saline. Each value represents the
mean + standard deviation (n=3). *P<<0.05.

Abbreviations: RL, nontargeted liposome containing anti-miR-221; Tf-RL, transferrin-
targeted liposome containing anti-miR-221; RT-PCR, real-time polymerase chain reaction.

to escape surveillance by the reticulendothelial system,
which together with the diameter could help the liposomes
to exhibit the enhanced permeability and retention effect.
The lipid composition of nontargeted liposome was HSPC/
CHOL/mPEG,,,-DSPE at a molar ratio of 55:40:5. DSPE-
mPEG,,-NH, has been used as a linker for conjugating
T£.3340 Using the passive entrapment procedure and thin-film
dispersion method, CHOL-anti-miR-221 was encapsulated
at an efficiency of 70% which is much higher than that of
anti-miR-221 without CHOL modification (20%). In the
preparation, Tf-RL had an average particle size of 122 nm
with a narrow size distribution (low polydispersity index
values). The uniform nanoscale size of the liposomes could
give them a consistent kinetic profile in vivo. Meanwhile,
both RL and Tf-RL possessed slight negative zeta potentials,
which might be due to the presence of the negatively charged
lipid mPEG,,
the liposomes get a good physical stability against aggrega-

-DSPE in the formulation, and this also helps

tion and fusion.*

The efficacy of liposome was further examined in vitro
in HepG2 and Hep3B cell lines, which are the Tf receptor
over-expressed HCC cell lines. As expected, our Tf-CL
was more efficiently taken up by the HepG2 cells, which
was confirmed by the CL uptake study. The uptake could be
blocked by 100 pg of free Tf, suggesting that internaliza-
tion of Tf-CL was specifically mediated by a TfR-mediated

endocytosis process. The higher internalization efficiency
demonstrated that liposomes conjugated with Tf could
effectively target the HepG2 cells through the TfR, which
had previously been proved by reports on different lipid
compositions or different cell lines.**#'=* The similar results
can be seen in Hep3B cells. In vivo biodistribution of RNA
liposomes was tested in normal Kunming female mice and
female BALB/c-nu mice bearing HepG2 HCC tumor; the
distribution Tf-RL almost has no difference with RL in
normal Kunming mice. There was an obvious difference
between Tf-RL and RL, and Tf-RL can accumulate more
miRNA in tumors compared to RL in tumors-bearing mice,
which suggest that the targeting of miRNA in vivo could
be enhanced by drug carriers. Consistent with the cellu-
lar uptake test, TfR dependence was demonstrated in an
apoptosis test. The results of the apoptosis test showed that
Tf-RL can induce more apoptosis in HepG2 cells through
active targeting, and cell cycle assay showed that growth
of more cells was inhibited and blocked in GO—G1 phase
in Tf-RL group compared to RL group.

Tf-RL exhibited an efficient silencing efficiency in
HepG2 cells. In PCR and Western blotting assay, Tf-RL
can upregulate the expression of PTEN, P27%"! and TIMP3
at gene and protein level more efficiently; among them,
PTEN is involved in the regulation of the cell cycle, pre-
venting cells from growing and dividing too rapidly, and
functions as a tumor suppressor by negatively regulating
Akt/PKB signaling pathway.?® P27%"! is cyclin-dependent
kinase (CDK) inhibitor 1B. It is often referred to as a cell
cycle inhibitor protein because its major function is to stop
or slow down the cell division cycle. It encodes a protein
which belongs to the Cip/Kip family of CDK inhibitor
proteins. The encoded protein binds to and prevents the
activation of cyclin E-CDK2 or cyclin D-CDK4 complexes,
and thus controls the cell cycle progression at G1 which
is just as shown in cell cycle assay.**> TIMP3 is a tumor
suppressor gene which inhibits tumor growth, angiogen-
esis, invasion, and metastasis and induces apoptosis.?
The upregulation of these genes and protein was consistent
with the result of cell apoptosis and cell cycle assay. Tf-RL
can exhibit a good silencing efficiency and better than RL
which may be owing to the TfR-induced targeting effect as
shown in cellular uptake assay and in vivo biodistribution
assay. We built a delivery system of TfR-targeted lipo-
somes with encapsulated anti-miR-221 in this study. From
the results, the drug delivery system in our study is in the
appropriate nanoscale size range and allows it to accumu-
late in tumor tissues through the passive targeting effect; it
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can specifically target to tumor cells and induce more cell
apoptosis, and exhibit a good gene-silencing efficiency in
vitro and in vivo. These results suggest that Tf-RL possesses
the basic characteristics of targeted delivery systems, and
the further application of this delivery system with miRNA
will be deeply researched in the future.

Conclusion

The preparation of this liposome is very simple and robust,
the composition of this liposome is relatively safer than most
cationic lipids, and this system can achieve a good transfection
efficacy. Taking these into consideration, we believe that the
liposome studied in this paper is a promising gene delivery
system. In the meanwhile, we also realize that the liposome
loaded only with anti-miR-221 has limited effect on tumors.
We will consider studying co-delivery system in the future.
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