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ABSTRACT: Ovarian cancer is highly aggressive and has high rates
of recurrence and metastasis. Due to the limited effects of current
treatments, it is necessary to conduct research and develop new
treatment options. The application of gene therapy in tumor therapy
is gradually increasing and has exciting prospects. MicroRNA-7
(miR-7) has been reported to inhibit the growth, invasion, and
metastasis of a variety of solid tumors. Cationic liposomes are safe
and effective gene delivery systems for transfection in vivo and in
vitro. To realize the application of miR-7 in the treatment of ovarian
cancer, cationic liposomes were prepared with 1,2-dioleoyl-3-
trimethylammonium-propane, 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine, and cholesterol. The miR-7 liposomes had a suitable
particle size, potential, and a high cellular uptake rate. MiR-7
encapsulated by liposomes could be effectively delivered to ovarian
cancer cells and successfully targeted to the tumor site in a mouse xenograft model of ovarian cancer. In vitro and in vivo
experiments revealed that the miR-7 liposomes had a significant ability to inhibit the growth, invasion, and migration of ovarian
cancer, probably by inhibiting the expression of the epidermal growth factor receptor. Our studies of miR-7 liposomes demonstrated
a safe and efficient microRNA delivery system for the gene therapy of ovarian cancer.

■ INTRODUCTION

The incidence of ovarian cancer ranks third among
gynecological malignancies worldwide. It is worth noting that
ovarian cancer is the most lethal gynecological malignant
neoplasm.1 Although optimal cytoreduction, chemotherapy,
and maintenance therapy with polyadenosine diphosphate
ribose polymerase inhibitors, bevacizumab, or drugs targeting
homologous recombination deficiency have improved the
quality of life of some patients, most patients with ovarian
cancer still experience recurrence and metastasis. The
treatment of recurrent and metastatic ovarian cancer is more
difficult than the initial ovarian cancer, and it is worthy of
further study.2

In recent years, gene therapy has been extensively studied
and applied. In the field of vaccines, RNA has been used to
develop vaccines against the coronavirus that has swept the
world.3 In the field of oncology, DNA, RNA, and
oligonucleotides are used to silence oncogenes, correct gene
mutations, or introduce genes that inhibit tumor growth,
invasion, and metastasis.4 In many reports, microRNA-7 (miR-
7) has been shown to have an inhibitory effect on tumor
growth, invasion, and metastasis. The epithelial−mesenchymal
transition and invasiveness of glioblastoma multiforme could
be repressed by miR-7 through T-Box 2.5 The growth and
metastasis of osteosarcoma cells could be inhibited by miR-7

through IGF1R.6 MiR-7 regulates the growth and invasiveness
of sorafenib-resistant cells in human hepatocellular carcinoma.7

Importantly, miR-7 in exosomes may inhibit the metastasis of
ovarian cancer cells by inhibiting the EGFR/AKT/ERK1/2
pathway.8 Our previous studies have shown that the
combination of miR-7 and paclitaxel encapsulated by polymers
(mPEG−PLGA−PLL) enhanced ovarian cancer cell chemo-
therapy sensitivity, and this effect might be mediated by the
inhibition of the EGFR/ERK pathway.9 However, the tumor
suppressor effect of miR-7 alone has not been studied in depth
in ovarian cancer.
The application of miR-7 in the treatment of ovarian cancer

is facing some challenges. Naked miR-7 is easily degraded by
RNases in the extracellular space or the bloodstream and it
lacks biomembrane permeability.10 Viral vectors that are often
used as the gene transfection tools possess the possibility of
random integration into the host genome. This may cause
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mutations and stimulate strong immunogenicity, so the use of
viral vectors is greatly restricted.11 In recent years, cationic
liposomes have received widespread attention in the
preparation of genetic drugs. Cationic liposomes are simple
to prepare and highly stable. They can easily encapsulate
negatively charged nucleic acids and have high loading
efficiency and low cytotoxicity.12 Cationic lipids are the basis
for the preparation of cationic liposomes. We chose 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), which is
commonly used in research. Zwitterionic lipid 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) is often used to
prepare liposomes together with cationic lipids, so it is also
known as the helper lipid. This kind of helper lipid can stabilize
the bilayer membrane and reduce the toxicity of the positive
components. DOPE interferes with the lipid membrane, makes
the endosomal membrane unstable, and promotes the release
of its cargo of DNA or RNA into the cell. At the same time,
DOPE assists cationic liposome cell permeability and
significantly improves the transmembrane efficiency.13 In
addition, cholesterol (CHOL) can also adjust the fluidity of
phospholipid bilayer membranes, reduce membrane perme-
ability, and reduce drug leakage.14 Because PEG may inhibit
the interaction between gene carriers and the surface of tumor
cells, affect the cell uptake of gene carriers,15 and has a certain
immunogenicity,16 we did not add PEG while preparing the
liposomes in this study. Consequently, we herein used
DOTAP, DOPE, and CHOL to prepare liposomes to
encapsulate and deliver miR-7 for in vivo and in vitro

experiments in ovarian cancer. We hypothesized that miR-7
could successfully target the tumor site through liposome
transfection and inhibit the growth, invasion, and migration of
ovarian cancer cells by inhibiting the epidermal growth factor
receptor (EGFR). The characteristics, toxicity, targeting, tumor
suppressor effect, and inhibition of EGFR by miR-7 liposomes
were explored both in vivo and in vitro for ovarian cancer.

■ RESULTS AND DISCUSSION
Characterization of the Liposomes. To understand the

physical properties of the liposomes, we measured their
particle size and ζ potential. The data showed that the particle
sizes and zeta potentials of the liposomes were 127.43 ± 0.41
nm and +9.23 ± 0.67 mV, with a polydispersity index of 0.165
± 0.004 (Figure 1A, C). With a quaternary ammonium head
group, DOTAP is a commonly used cationic lipid for gene
transfection. In a wide pH range, DOTAP is positively
charged.17 Therefore, the above liposomes have a certain
positive charge to attract negatively charged mRNA.
Importantly, an excessive positive charge will produce greater
cytotoxicity, and cationic DOTAP liposomes alone have poor
stability,4 so we added a certain proportion of DOPE and
CHOL when preparing the liposomes. The two aliphatic tails
of DOPE each contain a cis double bond. Because of its ability
to stabilize lipid bilayer membranes and reduce the toxicity of
cationic lipids, DOPE is a frequently used helper lipid.18

CHOL also has a good stabilizing effect on the bilayer
membrane structure of the liposomes.19

Figure 1. Characterization of miR-7 liposomes. (A) Particle distribution of the miR-7 liposomes. (B) TEM image of the miR-7 liposomes. (C) ζ
potential of miR-7 liposomes showing a positive charge. (D) Free miR-7 under different N/P ratios detected by agarose gel electrophoresis.

Figure 2. Comparison of the miR-7 content in the ovarian cancer cell lines and detection of unloaded liposome toxicity. (A) Comparison of the
miR-7 content in the ovarian cancer cell lines HO8910, SKOV3, A2780, and A2780TR. (B) Cell viability of SKOV3 cells incubated with NC
liposomes for 24, 48, and 72 h. The error bars represent ±SD.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00992
ACS Omega 2021, 6, 11669−11678

11670

https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00992?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00992?rel=cite-as&ref=PDF&jav=VoR


To show the shape of the liposomes, we took a picture with
a transmission electron microscope (TEM). The liposomes
presented a stable round-like morphology at a size of
approximately 100 nm with good dispersion by TEM (Figure
1B). In the experiment, we used phosphate-buffered saline
(PBS) as the solvent when preparing liposomes by the thin-
film dispersion method. There are also some studies suggesting
that PBS medium can enhance the stability of liposomes.13

The ability of liposomes to carry RNA is mainly related to
the ratio of DOTAP, DOPE, CHOL, and the cell types.20

According to the literature and orthogonal experiments, the
ratio in our experiment is DOTAP/DOPE/CHOL = 1:1:0.25.
To demonstrate the best encapsulation rate of miR-7 and the
appropriate N/P ratio, agarose gel electrophoresis was used to
determine the content of free miR-7 under different N/P
ratios. We found that when the N/P ratio reached 4/1, only a
few free miR-7 molecules were observed (Figure 1D). This
finding indicates that N/P = 4/1 is an appropriate ratio, and
the encapsulation rate of RNA is higher at this ratio. Some
related studies have also described similar N/P ratios,21,22 so
we used this ratio (4/1) to prepare miR-7 liposomes in all
subsequent experiments.
Detection of miR-7 in the Ovarian Cancer Cell Lines.

To select a suitable experimental ovarian cell line, we used

TaqMan miRNA assays to detect the content of miR-7 in
HO8910, SKOV3, A2780, and A2780TR cells. We found that
the content of miR-7 in the ovarian cancer cell line SKOV3
was the lowest compared with the other cell lines (Figure 2A).
Studies have shown that EGFR is one of the target proteins of
miR-7 and that miR-7 potently suppresses tumor cell
proliferation by inhibiting the EGFR pathway.23 The EGFR
expression in SKOV3 cells was also higher than in the other
ovarian cancer cell lines.24 Therefore, we chose SKOV3 for the
follow-up in vitro experiments, and the expression of tumor
EGFR was further detected after the transfection of miR-7.

Toxicity Test of the Unloaded Liposomes. The toxicity
of cationic liposomes has always been an issue that needs
attention.25 To prove the safety of the liposomes, NC
liposomes were prepared and incubated with SKOV3 cells
for 24, 48, and 72 h. As shown in Figure 2B, after 72 h of
incubation with NC liposomes, the activity of the SKOV3 cells
was still as high as 86.0 ± 2.69%. The data indicate that the
liposomes exhibited negligible cytotoxicity and could be used
as gene carriers for in vivo and in vitro experiments.

In Vitro Uptake and Transfection Efficiency of the
Liposomes. To demonstrate the cellular uptake of the
liposomes, cy5-miR-7 liposomes were prepared and incubated
with SKOV3 cells for 2, 4, 8, 12, and 24 h. We found that the

Figure 3. In vitro cellular uptake, transfection efficiency, and inhibition rate of EGFR mRNA in miR-7 liposomes. (A) Images of SKOV3 cells
incubated with free cy5-miR-7 or cy5-miR-7 liposomes after 4, 8, 12, and 24 h by fluorescence microscopy (the scale bar is 200 μm). (B)
Quantification of the Cy5 fluorescence intake ratio of (A). (C) Transfection efficiency of the miR-7 liposomes in SKOV3 cells compared with PBS,
free miR-7, and Lipo2000 at a miR-7 dose of 100 nM. (D) Inhibition rate of EGFR mRNA of miR-7 liposomes in SKOV3 cells compared with
PBS, free miR-7, and Lipo2000 at a miR-7 dose of 100 nM (n = 3). The error bars represent ±SD; Student’s t-test was performed for statistical
analysis; *p < 0.05, **p < 0.01, and ***p < 0.001.
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cellular uptake rate of free cy5-miR-7 within 2 to 24 h was very
low, while cy5-miR-7 liposomes had an obvious uptake by
SKOV3 after 2 h. Over time, the uptake rate of the liposomes
increased. After 24 h of incubation, the uptake rate of the
liposomes reached more than 75% (Figure 3A,B). Therefore,
we next explored the transfection efficiency of miR-7 liposomes
in SKOV3 cells by TaqMan miRNA assays. The results showed
that 24 h after transfection of miR-7 liposomes, the
transfection rate was improved compared with that of
Lipo2000. After 48 h, the difference was even more obvious.
The related expression of miR-7 in the Lipo2000 group
increased by 29 times on average, while that in the miR-7
liposome group increased by 58 times (Figure 3C). Compared
with the previous literature,26 our prepared miR-7 liposomes
composed of DOTAP, DOPE, and CHOL have a higher

transfection efficiency. Compared with the polymer nano-
particles prepared by our team,9 the transfection ability of miR-
7 liposomes is higher. This greater ability may be related to
using the proper ratio of liposome components, and liposomes
have a better carrying capacity for miR-7. Next, we detected
the changes in EGFR mRNA, one of the miR-7 target genes,
after cell transfection. The data showed that the inhibition rate
of EGFR mRNA in the miR-7 liposome group reached more
than 50%, which was statistically significant compared with the
Lipo2000 group (Figure 3D). Based on the above results, the
miR-7 liposomes could be effectively taken up by SKOV3 and
could exert a high transfection efficiency, and significantly
reduce the expression of target RNA. To further confirm these
results, in subsequent in vitro experiments, the transfection
efficiency of miR-7 liposomes will be further confirmed.

Figure 4. miR-7 liposomes inhibited SKOV3 cell proliferation, invasion, and migration. (A) Images showing the clonogenic ability of SKOV3 cells
following treatment with PBS, free miR-7, Lipo2000 + miR-7, and miR-7 liposomes at a miR-7 dose of 100 nM. (B) Quantification of the SKOV3
colonies of (A). (C) Cell viability of the SKOV3 cells following treatments with PBS, free miR-7, Lipo2000 + miR-7, and miR-7 liposomes at a
miR-7 dose of 100 nM after 72 h. (D) Migration and invasion assays showed that miR-7 liposomes had the strongest inhibitory effect on the
invasion and migration abilities of SKOV3 cells compared with the control group, free miR-7 group, and Lipo2000 + miR-7 group at a miR-7 dose
of 100 nM. The error bars represent ±SD; Student’s t-test was performed for statistical analysis; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Cytotoxicity Study of SKOV3. To prove the inhibitory
ability of miR-7 liposomes on proliferation, we conducted
colony formation assays and CCK-8 experiments. The results
of clone formation experiments suggested that miR-7 lip-
osomes had a more obvious inhibitory effect on the clonogenic
ability of SKOV3 cells than Lipo2000 (Figure 4A,B). Next, we
examined the effect of the inhibitory ability of miR-7 liposomes
on proliferation by CCK-8. We found that after miR-7
liposomes interacted with SKOV3 cells for 72 h, the cell
viability decreased to 31% (Figure 4C). Our previous studies
on the ovarian cancer cell line HO8910pm using high-
molecular weight polymers to transfect miR-7 showed that
miR-7 has a limited inhibitory effect on cell proliferation.9

However, the research using SKOV3 suggested that miR-7
suppressed the proliferation of SKOV3 cells, and the growth
inhibitory effect was enhanced by liposome transfection. This
apparent discrepancy could be explained by differences in cell
types and transfection efficiency. The SKOV3 cells we chose
are highly invasive and have a low miR-7 content. Studies have
reported that miR-7 inhibits the motility and wound healing
potential of breast cancer cells, especially in highly aggressive
cell lines. Moreover, miR-7 inhibited the proliferation, invasion
and migration of endothelial cells, which is an important
condition for tumor invasion.27 Other research also suggested
that miR-7 potently suppressed the proliferation of colorectal
cancer cells and that EGFR is a direct target of miR-7.23 As

mentioned above, miR-7 liposomes have a certain inhibitory
effect on the proliferation of SKOV3 cells.

Migration and Invasion Assay.Many studies have shown
that EGFR enhances the migration, invasion, and metastasis of
tumor cells. According to the previous reports, EGFR is related
to tumorigenesis, invasion, and metastasis of lung cancer28 and
liver cancer.29 To study whether the increase in miR-7 and the
decrease in EGFR had an effect on the migration and invasion
of SKOV3 cells, we conducted subsequent Transwell experi-
ments. The results suggested that after miR-7 transfection, the
migration and invasion abilities of SKOV3 cells were
significantly inhibited, especially in the miR-7 liposome
treatment group. Compared with the control group, the
inhibition rates of migration and invasion in the miR-7
liposome group reached 70.2 and 75.3%, respectively (Figure
4D). Some previous studies also suggested that a direct or
indirect increase in miR-7 in ovarian cancer cells significantly
inhibited tumor invasion and metastasis.8,30 Our results
confirmed that the high-efficiency transfection of miR-7 in
vitro could significantly inhibit the motility of SKOV3 cells,
and the inhibition rate was slightly higher than that previously
reported in the literature.

Distribution of Liposomes in the Mouse Subcuta-
neous Xenograft Model. To prove the tumor-targeting
effect of liposomes in vivo, 1,1′-dioctadecyl-3,3,3′,3′-tetrame-
thylindotricarbocyanine iodide (DiR) liposomes were prepared
and intravenously injected into tumor-bearing mice. At 2, 8,

Figure 5. Distribution of liposomes in the mouse subcutaneous xenograft model. (A) Fluorescence images of mice demonstrated that only a small
amount of the drug was observed in the tumor site at 2 h and 8 h in the free DiR group. However, fluorescence was clearly observed in the tumor
sites at 2, 8, 24, 48, and 72 h in the DiR liposome group. From the right to left and from the top to bottom, the fluorescence images of the tumors,
hearts, livers, spleens, lungs, kidneys, and stomachs on the far right show that the fluorescence in the DiR liposome group was mainly focused at the
tumor site. (B) Fluorescence images of frozen tumor slices at 24 h after the injection of cy5-miR-7 liposomes. The blue fluorescence represents the
nucleus after 4′,6-diamidino-2-phenylindole (DAPI) staining; the red fluorescence represents cy5-miR-7.
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24, 48, and 72 h after injection, the mice were placed under an
in vivo imaging system to take images. The images revealed
that in the free DiR group, only a small amount of the drug was
observed in the tumor site at 2 and 8 h, and no drug was
observed in the tumor site at 24, 48, and 72 h. However, in the
DiR liposome group, obvious fluorescence was observed in the
tumor site at 2, 8, 24, 48, and 72 h. After 72 h, the
subcutaneous tumors, hearts, livers, spleens, lungs, kidneys,
and stomachs of the two groups of mice were removed for
observation. The fluorescence in the free DiR group was
mainly concentrated in the livers and lungs, and no obvious
fluorescence was observed at the tumor site. The fluorescence
in the DiR liposome group was mainly focused at the tumor
site and only a small amount of fluorescence was seen in the
livers and lungs (Figure 5A).
Then, we wanted to further determine whether miR-7 could

successfully enter the tumor tissue by liposome delivery. Cy5-
miR-7 liposomes were prepared and injected into mice through
the tail vein. After 24 h, frozen slices of the tumors were
obtained. A large amount of red fluorescence displayed by cy5-
miR-7 in the tumor tissue was observed by a fluorescence

microscope (Figure 5B). This finding indicates that miR-7
could be successfully delivered by liposomes to the tumor.
Combined with our research results and literature reports, the
tumor-targeting properties of liposomes might be related to the
enhanced retention and permeability effect31 of the nano-
particles and the transcytosis of the tumor endothelial cells.32

Little is currently known about the transcytosis process.33

Recent studies have suggested that the positive charge of
nanoparticles might promote transcytosis.34 Therefore, the
cationic liposomes used in this study might partially enhance
their tumor-targeting effects, but the specific mechanism needs
to be further studied in the future.

Antitumor Efficiency of MiR-7 Liposomes in a Mouse
Abdominal Cavity Xenograft Model. SKOV3 cells were
implanted into the abdominal cavity of the mice to construct a
mouse abdominal cavity xenograft model. We wanted to use
this animal model to simulate the widespread metastasis of
ovarian cancer in the peritoneal cavity. As shown in Figure
6A,B, compared with the other treatment groups, the
abdominal tumor burden in the miR-7 liposome treatment
groups was significantly decreased, and the total weight of the

Figure 6. Antitumor efficiency of miR-7 liposomes in a mouse abdominal cavity xenograft model and EGFR inhibition. (A) Photographs of the
abdominal tumors in the control, free miR-7, and miR-7 liposome groups. (B) Comparison of the tumor weights shows that the miR-7 liposome
treatment group had the smallest tumor burden. (C) Changes in the body weight of the mice in each group. (D) Comparison of the miR-7 content
of tumors in each group reflects the higher transfection efficiency of miR-7 liposomes in mice. (E) Immunohistochemistry of tumors showed that
the EGFR expression in the miR-7 liposome treatment group was significantly decreased (scale bar: 100 μm). The error bars represent ±SD;
Student’s t-test was performed for statistical analysis; *p < 0.05, **p < 0.01, and ***p < 0.001.
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tumor was also significantly reduced. To evaluate the in vivo
toxicity of the miR-7 liposomes, we recorded the body weight
changes of the mice. The body weight is also one of the values
of the disease score in cancer. The results showed that the
weight of the mice in the miR-7 liposome treatment group did
not significantly decrease, while the weight of the mice in the
control group had a tendency to decrease (Figure 6C). This
indicated that miR-7 liposomes had no significant impact on
the weight of the mice, and the weight loss of the control group
might be caused by the excessive tumor burden and the
excessive body tissue consumption caused by tumor cachexia.
To determine the liposome transfection efficiency in mice,

the miR-7 content of the abdominal tumors was tested. The
data showed that the content of miR-7 in the free miR-7
treatment group was similar to that of the control group, but
the intratumoral miR-7 content in the miR-7 liposome
treatment group was 20.9-fold that in the control group
(Figure 6D). These data once again showed that miR-7 could
be efficiently delivered to the tumor site by liposomes.
Some recent research reports have suggested the tumor

suppressor effect of miR-7 in vivo. For example, after
transfection with lentivirus, breast cancer stem cells highly
expressed miR-7. The tumor-forming ability of these stem cells
in mice was significantly weakened.35 After the application of
miR-7 mimics in a mouse model of orthotopic transplantation
of osteosarcoma, the tumor mass was significantly reduced, and
the lung metastasis of osteosarcoma was also delayed and
reduced.6 However, in these studies, since free miR-7 is easily
degraded, it was difficult to effectively use miR-7 in vivo.
Liposomes are simple to synthesize, easy to use in vivo, and do
not usually cause allergic reactions.36 In our experiments, the
effective function of miR-7 might be mainly attributed to the
protection and transport of cationic liposomes.
In the in vitro experiments, we confirmed that EGFR mRNA

could be significantly inhibited by miR-7. To further verify this
result in vivo, an immunohistochemistry experiment was
conducted to detect the expression of the EGFR protein in
the tumor tissues. We noticed that the expression of the EGFR
protein in the miR-7 liposome treatment group was
significantly reduced by 64% compared with that in the free
miR-7 treatment group (Figure 6E). Thus, at the current time,
we have evidence that miR-7 could significantly inhibit the
tumor EGFR protein expression. The EGFR pathway is closely
related to tumor occurrence, development, invasion, and
metastasis.23 Therefore, miR-7 might have a tumor suppressor
effect by inhibiting the EGFR pathway.

■ EXPERIMENTAL (MATERIALS AND METHODS)
Materials. For this study, DOTAP, DOPE, and CHOL

were purchased from Avanti Polar Lipids, Inc. miR-7- and cy5-
labeled miR-7 of the following sequence 5′-UGGAAGACUA-
GUGAUUUUGUUGU-3′ were obtained from Ruibo Bio-
technology Inc (China). DiR was obtained from Biotium
(Hayward). Cell counting kit-8 (CCK-8) was obtained from
Dojindo (China). The anti-EGF receptor (D38B1) XP rabbit
mAb #4267 was obtained from Cell Signaling Technology
(MA). The quick-start protocol RNeasy Mini Kit was
purchased from QIAGEN. Other materials were purchased
from Sigma-Aldrich (St. Louis, MO) and used as obtained.
SKOV3, the human ovarian cancer cell line, was purchased

from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in DMEM (HyClone,
UT) containing 1% (v/v) penicillin/streptomycin (Sigma-

Aldrich, MO) and 10% (v/v) fetal bovine serum (FBS)
(Gibco, USA) in a thermostatic humidified cell CO2 incubator
at 37 °C.
Female BALB/c nude mice at 4−6 weeks of age were raised

in specific pathogen-free conditions and purchased from the
Chinese Academy of Sciences (Shanghai, China).

Preparation and Characterization of miR-7 Lip-
osomes. With a molar proportion of 1:1:0.25, we dissolved
DOTAP, DOPE and CHOL in a mixture of 3 ml chloroform
and methanol. The mixture was evaporated by rotary
evaporation at 37 °C for 30 min in a water bath and dried
under vacuum for 8 h after film formation. The film was
swollen in PBS solution. The PBS solution was obtained by
dissolving the PBS powder in RNase-free water. The
suspension was sonicated at 50 W for 3 min in a water bath
and sonicated at 100 W for 3 min in an ice bath using an
ultrasonic processor. After the suspension was extruded
through 200 nm polycarbonate films, liposomes were obtained
and stored at 4 °C.
MiR-7 was dissolved in RNase-free water before use. After

incubating the liposomes and miR-7 at room temperature in a
certain N/P ratio for 30 min, miR-7 liposomes were obtained.
The ratio of N/P was calculated according to the following
formula: DOTAP molecules in liposomes (amines-N)/
negatively charged groups in microRNAs (phosphatesP).
The phosphate content in miR-7 was 46 mol phosphates/mol
miR-7.
The size and ζ potential of the miR-7 liposomes were

measured by a Nano Zetasizer (Malvern, UK). The liposomes
were observed under TEM to detect their morphology. The
liposomes and miR-7 were mixed according to different N/P
ratios. To identify the proper N/P ratio, the free RNA content
in the miR-7 liposomes was determined by 1% (w/v) agarose
gel electrophoresis.

Cell Line Selection. HO8910, SKOV3, A2780, and
A2780TR (Taxol resistant) ovarian cancer cells were incubated
at a density of 5 × 105 cells/well in six-well plates. To select the
suitable ovarian cancer cell lines for the experiments, we
extracted RNA from different cells with an RNeasy Mini Kit.
Reverse transcription of miR-7 was performed by specific
reverse transcription primers. cDNA was quantified via a
TaqMan probe using TaqMan miRNA assays (Applied
Biosystems, Foster City, CA). Human snRNA RNU6B (U6)
was the internal loading control.

Cytotoxicity Assessment of the Unloaded Liposomes.
We seeded SKOV3 cells in 96-well plates at a density of 5 ×
103 cells per well. PBS, the free negative control RNA (NC),
and NC liposomes were incubated with the cells for 24, 48,
and 72 h. After the medium containing CCK-8 was reacted
with the cells for 2 h, the optical density value was measured by
a microplate reader. Then, the viability of the SKOV3 cells was
calculated by GraphPad Prism 6.0 (CA, USA).

In Vitro Uptake and Transfection Efficiency of the
Liposomes. SKOV3 cells were incubated in six-well plates (5
× 105 cells/well). To make the liposomes visible, we used cy5-
labeled miR-7 to prepare Cy5-miR-7 liposomes. SKOV3 cells
were incubated with the cy5-miR-7 liposomes for 2, 4, 8, 12,
and 24 h. Free cy5 miR-7 was used as the control. Next, the
medium was removed, and the cells were gently washed with
PBS. After DAPI staining, the cells were observed by
fluorescence microscopy (Nikon, Japan).
To test the transfection efficiency of the liposomes, SKOV3

cells were incubated with liposomes for 48 h. The control
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groups were transfected with PBS, free miR-7, and Lipo2000 +
miR-7 (positive control). The transfection concentration of
miR-7 in each group was 100 nM. Then, the total RNA of the
cells was extracted by an RNeasy Mini kit (Qiagen, Germany),
and the miR-7 was detected by TaqMan miRNA assays. The
level of EGFR mRNA in the cells was measured by RT-PCR
using the PrimeScript reverse transcription reagent kit
(TaKaRa Bio, China) and the SYBR Premix Ex Taq kit
(TaKaRa Bio, China). The result was calculated using the
2−ΔΔCt method.
In Vitro Cytotoxicity Assays of the miR-7 Liposomes.

To observe the effect of miR-7 liposomes on the cell colony
formation, we seeded SKOV3 cells in six-well plates at a
density of 500 cells per well in triplicate. PBS, free miR-7,
lipo2000 + miR-7 (positive control), and miR-7 liposomes
were added to the medium (100 nM). Every 3 days, the culture
medium was changed. After 2 weeks, the colonies were fixed
with 4% paraformaldehyde and then stained with 0.5% crystal
violet. The number of colonies was counted via an optical
microscope.
To detect the effect of miR-7 liposomes on cell viability, we

seeded SKOV3 cells in 96-well plates at a density of 5 × 103

cells per well. PBS, free miR-7, lipo2000 + miR-7, and miR-7
liposomes were added to the medium (miR-7 100 nM). The
cell viability of the SKOV3 cells was measured by CCK-8 after
3 days. To further study the effect of miR-7 liposomes on
proliferation, we seeded SKOV3 cells in 96-well plates at a
density of 5000 cells per well in triplicate. PBS, free miR-7,
lipo2000 + miR-7, and miR-7 liposomes were incubated with
the cells for three days, and the viability was measured via
CCK-8.
Migration and Invasion Assay. To perform the cell

migration assay, PBS, free miR-7, lipo2000 + miR-7, and miR-7
liposomes containing 100 nM miR-7 were added to the serum-
free RPMI-1640 medium. Then, SKOV3 cells were suspended
in the appropriate medium. The cell suspensions were placed
in the top chamber of a Transwell insert containing a
polycarbonate membrane with an 8 mm pore size (Corning
Costar, MD, USA). To perform the cell invasion assay, the
Transwell inserts were pre-covered with 50 ml of the Matrigel
matrix. RPMI-1640 medium containing 10% FBS was placed in
the lower chamber as a chemoattractant. Twenty-four hours
later, 0.1% crystal violet was used to stain the cells that had
migrated or invaded through the membranes. Then, the cells
were observed by a microscope.
In Vivo Imaging. To observe the in vivo tumor-targeting

effect, a mouse subcutaneous xenograft model was constructed.
We injected SKOV3 cells subcutaneously into the right
forelimb of the mice at a cell number of 2.5 × 106. When
the tumor volume reached approximately 200 mm3 (tumor
volume = (width2 × length)/2), we randomly divided the mice
into two groups. To facilitate the observation of the liposome
distribution under an animal imaging system, a lipophilic, near-
infrared fluorescent cyanine dye DiR (λEx/λEm = 748/780
nm) was used to prepare the DiR liposomes instead of miR-7.
Free DiR or DiR liposomes were injected intravenously into
mice. The DiR concentration was 2.5 mg/kg. The mice were
placed under an in vivo imaging system at 2, 8, 24, 48, and 72 h
after the injection. After taking images, the mice were
sacrificed. The subcutaneous tumors, hearts, livers, spleens,
lungs, kidneys, and stomachs of the mice were dissected
separately and observed under the imaging system.

To visualize the liposomes in the tumor tissue under a
fluorescence microscope, Cy5-miR-7 liposomes were prepared
and injected into mice through the tail vein. The tumor was
dissected and immediately prepared into frozen slices by a
microtome (Leica). The sections were observed via a
fluorescence microscope after DAPI staining.

Antitumor Effect of Liposomes in a Mouse Xenograft
Model of Ovarian Cancer. We injected SKOV3 cells
intraperitoneally with a cell number of 2.5 × 106 into
BALB/c female nude mice to generate a mouse xenograft
model of ovarian cancer. After two weeks, the tumor-bearing
mice were divided randomly into three groups, each with six
mice. PBS, free miR-7, and miR-7 liposomes were injected into
the mice every 3 days by intravenous administration, and the
dose of miR-7 was 2 mg/kg. The tumor-bearing mice were
treated 7 times for 3 weeks in total. We weighed the mice every
3 days. Three days after the completion of the treatment, the
mice were sacrificed. All abdominal tumors were resected and
weighed. The total RNA of the tumors was immediately
extracted. The level of miR-7 in the tumors was investigated
via TaqMan miRNA assays. All the experiments were
performed in accordance with all national or local guidelines
and regulations.

Immunohistochemistry Experiment. Some of the
abdominal tumors were fixed with 4% paraformaldehyde and
then paraffin-embedded. We incubated the anti-EGFR anti-
body (1:50) with the tissue sections to detect EGFR in the
tumors. The results were observed by microscopy (Leica).

Statistical Analysis. All the experiments were performed
independently in triplicate. The data were presented as the
mean ± standard deviation (SD). Prism 6.0 software
(GraphPad) was used to analyze the data. Student’s t-test or
one-way analysis of variance (ANOVA) was performed for
statistical analysis. A p value < 0.05 was defined as statistically
significant.

■ CONCLUSIONS
Cationic liposomes provide safe and efficient drug delivery
systems for the successful delivery of anticancer agents and
genes. In recent years, the important role of microRNA therapy
in suppressing cancer has also become a hot direction in tumor
research.12 In this work, cationic liposomes had a suitable
particle size and potential and could efficiently encapsulate
miR-7. The miR-7 liposomes had good tumor-targeting effects
in vivo and exhibited a high transfection efficiency both in vivo
and in vitro. In addition, miR-7 liposomes had a significant
tumor suppressor effect in vivo, and inhibition of the EGFR
pathway might be the underlying mechanism. As mentioned
above, gene therapy delivered by cationic liposomes could play
an important role in overcoming ovarian cancer. In the follow-
up studies, we will further optimize the liposomes and target
genes and strive to exert stronger anticancer effects.
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