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Abstract
MicroRNAs are related to the development of hepatocellular carcinoma and can serve as

potential therapeutic targets. Therapeutic strategies increasing tumor-suppressive

microRNAs and reducing oncogenic microRNAs have been developed. Herein, the effects

of simultaneously altering two microRNAs using MS2 virus-like particles were studied. The

sequences of microRNA-21-sponge and pre-microRNA-122 were connected and cloned

into a virus-like particle expression vector. Virus-like particles containing microRNA-

21-sponge and pre-microRNA-122 sequences were prepared and crosslinked with a

cell-specific peptide targeting hepatocellular carcinoma cells. Delivery effects were studied

using RT-qPCR and functional assays to investigate the level of target mRNAs, cell toxicity,

and the effects of proliferation, invasion, and migration. Virus-like particles delivered

miR-21-sponge into cells, with the Ct value reaching 10 at most. The linked pre-miR-122

was processed into mature miR-122. The mRNA targets of miR-21 were derepressed as

predicted and upregulated 1.2–2.8-fold, and the expression of proteins was elevated

correspondingly. Proliferation, migration, and invasion of HCC cells were inhibited by

miR-21-sponge. Simultaneous delivery of miR-21-sponge and miR-122 further decreased

proliferation, migration, and invasion by up to 34%, 63%, and 65%, respectively. And the

combination promoted the apoptosis of HCC cells. In conclusion, delivering miR-21-sponge

and miR-122 using virus-like particles modified by cell-specific peptides is an effective and

convenient strategy to correct microRNA dysregulation in hepatocellular carcinoma cells

and is a promising therapeutic strategy for hepatocellular carcinoma.
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Introduction

Hepatocellular carcinoma (HCC) is a common malignant
carcinoma in the world with a high incidence and mortality
rate.1 For HCC patients without vascular invasion, tumor
resection surgery or transplantation is performed to cure

the disease. For cases of metastatic disease or extensive
liver tumor burden, in the advanced stage of HCC, system-
ic therapy should usually be considered.2 However, some
patients may not benefit from systemic therapy, and some
may develop resistance to it.3

Impact statement
Hepatocellular carcinoma patients at an

advanced stage may not benefit from sys-

temic therapy or may develop resistance to

therapy. New therapeutic targets are

widely studied, including microRNAs.

MicroRNAs are involved in the pathogen-

esis of hepatocellular carcinoma. Altering

microRNAs is a promising therapeutic

strategy to suppress hepatocellular carci-

noma and restore sensitivity to target

drugs. Previous studies altered microRNAs

by increasing tumor-suppressive

microRNAs or decreasing oncomicroRNAs

to therapeutically target hepatocellular

carcinoma. In this study, a tumor-

suppressive microRNA and an oncogenic

microRNA were simultaneously altered in

hepatocellular carcinoma cells, and

enhanced suppressive effects were

observed in these cells. The delivery strat-

egy in this study provides a possible way to

simultaneously target two dysregulated

microRNAs in cells. This method can be

extended to alter two or more microRNAs

in cancer cells according to the microRNA

profile of a subgroup of hepatocellular

carcinoma cells.
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New therapeutic targets for HCC are widely studied to
address the previously described therapy concerns. To
date, many studies have focused on the potential therapeu-
tic effects of targeting microRNAs for cancer.4,5 MicroRNAs
are short noncoding RNAs that usually silence messenger
RNAs and regulate physiological or pathological process-
es.6 In HCC, miR-21 and miR-122 are two of the key
microRNAs in the development of cancer. MiR-21 is pre-
sumed to be an oncogenic microRNA, and miR-122 is pre-
sumed to be a tumor suppression microRNA.7,8 Studies
in vitro and in vivo have demonstrated that decreasing
miR-21 and increasing miR-122 are potential approaches
to suppress HCC.9,10 In addition, delivering miR-122 and
anti-miR-21 is a promising approach to induce the secretion
of cytokines and alter the immune microenvironment
in HCC.11

Increased expression of microRNAs can be achieved by
delivering chemo-modified RNA using a nanocarrier, and
siRNA or microRNA sponge technology is used to decrease
microRNAs.12 MS2 virus-like particles (VLPs) were devel-
oped as a vehicle to deliver therapeutic cargos, including
the nucleic acids described above.13 MS2 VLPs are nuclease
resistant and can protect RNA cargos from degenerating in
circulation.12 MS2 VLPs are as small as 27.5 nm, compared
with most nanoparticles, which are approximately 100–200
nm,14 so VLPs leave circulation more easily and contact
tumor cells independent of the apparatus.15 The amino
acid residues located outside the capsid make it possible
to conjugate the VLPs with functional peptides, such as
cell-specific peptides, penetrating peptides and lysosome
escape peptides.13 The conjugated peptides can improve
the ability to target HCC cells and promote RNA cargo
release in the cytoplasm. These effects can reduce the cyto-
toxicity of cargos and increase bioavailability.13,16 In this
study, the dodecapeptide GE11, which is a ligand of
EGFR, is used to conjugate with VLPs to target HCC cell
lines, as previous studies have confirmed its delivery effi-
ciency without off-target effects.17,18

Single-cell sequencing has revealed that some
microRNAs increase and some decrease in a cell. The pro-
file of microRNAs may facilitate the classification of liver
cancer cells.19 It can improve the effects of the microRNA-
targeted therapeutic approach that altering microRNAs in
each cell, which change in different directions. Recently,
nucleic acid alteration relying on MS2 VLPs is a “one-
way” method, and only upregulated or downregulated
microRNAs are rescued.13 Wrapping several microRNAs
in VLPs might not ensure that a VLP contains all the
desired microRNAs.13 The clustered “Tough Decoy” inhib-
itors target more than one microRNA but only in one
direction.20

This study evaluated the therapeutic effects of simulta-
neously delivering miR-21-sponge and miR-122 to HCC
cells by MS2 VLPs. It was also investigated whether this
approach can suppress HCC cell lines better than miR-21-
sponge alone in terms of molecular interactions and func-
tions. Simultaneous alteration of two or more microRNAs
may become a new strategy for HCC therapy.

Materials and methods

Preparation and identification of VLPs crosslinked with
cell-specific peptides

The miR-21-sponge, pre-miR122-miR-21-sponge, and neg-
ative control (NC) sequences21 were synthesized by Sangon
Biotech (Sangon Biotech., China), and the sequences are
listed in Table S1 in the Supplementary Material. The pre-
miR122-miR-21-sponge hybrid was formed by connecting
pre-miR-122 and miR-21-sponge sequences. Cassettes were
added to both ends of the sponge sequence, which were
presumed to make the sponge RNAmore stable in the cyto-
plasm.22 In addition, pac sites were added at both ends of
the sequence to facilitate the assembly of MS2 VLPs and
RNA. The sequences were cloned into the pACYC-MS2
expression vector, which coexpressed the RNA sequence
and the capsid protein of the MS2 VLP. The plasmid con-
taining pre-miR-122 was previously generated in our labo-
ratory.10 Then, VLPs containing the desired sequence of
RNAwere produced by the BL21 (DE3) prokaryotic expres-
sion system.10 The GE11 cell-specific peptide which is mod-
ified with cysteine at N-terminal (Sangon Biotech., China)
was crosslinked to the VLPs by sulfo-SMCC crosslinking
reagent (Thermo Fisher, USA) according to the manufac-
turer’s instructions. To confirm that the desired RNA
was packaged in the corresponding VLPs, GE11-VLP
RNA was heated to release and tested by RT-qPCR. SDS-
PAGE was performed to confirm that the cross-linker was
connected to the corresponding VLPs and to identify the
capsid protein and the number of cross-linkers linked to
each MS2 monomer (see Supplementary Material, section
1 and section 2).

Cell culture

HepG2, Hep3B, and Huh7 liver cancer cell lines were cul-
tured in our laboratory using either DMEM with high glu-
cose (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Biological Industries, Israel), MEM (Gibco,
USA) supplemented with 15% FBS, and DMEM with low
glucose (Gibco, USA) supplemented with 10% FBS.
SMMC7721 and SK-HEP1 cells were purchased from
Shanghai Xin Yu Biotech and cultured in RPMI 1640
medium (Gibco, USA) supplemented with 10% FBS at
37�C and 5% CO2.

RT-qPCR

Cells were seeded in 24-well plates at 2.5–5� 104 cells per
well. Before dosing, cells were incubated with 40–100 nM
chloroquine (Sigma, USA) to deprotonate the lysosomes for
4–24 h.13,23 GE11-VLPs were added to the cells and incubat-
ed for 48 h. There was an average of three independent
experiments for each group. Total RNA was extracted
using a QIAGEN cell RNA extraction kit according to the
manufacturer’s instructions. Genome or exogenous DNA
was digested using DNase I (Thermos Fisher, USA). cDNA
was synthesized using the PrimeScript RT reagent kit
(Takara, Japan) with 1 lL of RNA template using hexa-
random primers and oligo T7 primers. MiR-122 was
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reversed transcribed using stem-loop reverse transcription
primers. Then, 1lL of cDNA was tested by real-time
PCR using TB Green Premix Ex Taq (Takara, Japan). The
reverse transcription products were tested using the primers
listed in Table S2 of the Supplementary Material. GAPDH
was used as the internal control for mRNA and the sponge,
and U6 was used as the internal control for microRNA.

Western blotting

We treated cells with 100lg/mL GE11-VLPs carrying dif-
ferent RNA cargoes for 48 h. The cells in each group were
lysed using RIPA lysis buffer supplemented with 1 mM
PMSF (Beyotime Biotechnology, China). After centrifuga-
tion at 12,000 r/min for 5min, the supernatant was collect-
ed, and protein concentrations were determined using a
BCA assay kit (Thermo Fisher, USA). Twenty micrograms
of each sample was separated by SDS-PAGE and trans-
ferred to PVDF membranes.17 The membranes were then
blocked with 5% fat-free milk/TBST buffer. PVDF mem-
branes were cut according to the Prestained Protein
Marker (Thermo Fisher, USA) and incubated with the cor-
responding antibody at 4�C overnight at a dilution of 1:1000
for RECK (Boster, China), 1:3000 for PDCD4 (Proteintech,
USA), 1:10,000 for PTEN (Abcam, UK), 1:500 for IGF1R
(CST, USA), and 1:5000 for b-actin (CWBIO, China). Then,
membranes were washed using TBST five times for 4–5min
each time. Next, the membranes were incubated with sec-
ondary antibodies (CWBIO, China) at a dilution of 1:10,000
for 1 h at room temperature. TBST was used to wash the
membranes five times, and ECLWestern blotting substrate
(Thermo Fisher, USA) was used to visualize the protein
bands.

Cell toxicity and proliferation test

To observe the toxicity of GE11-VLPs, cells were seeded in
96-well plates and incubated with chloroquine as required.
Then, GE11-VLPs were added to final concentrations of 10,
50, 100, and 500 lg/mL. Each concentration was tested in
triplicate for each GE11-VLP. After dosing for 48 or 72 h, the
culture medium was replaced with fresh medium, and
10lL of CCK-8 reagent (Dojindo, Japan) was added to
each well and incubated at 37�C for 1–2 h. Then, the
ocular density (OD) value at 450 nm was measured
by Multiskan FC Microplate Photometer (Thermo
Fisher, USA).

To observe the effect of GE11-VLPs on the proliferation
of liver cancer cells, cells were seeded in a 24-well plate and
incubated with chloroquine as required, followed by the
addition of GE11-VLPs to a final concentration of 100 lg/
mL. After incubating for 0, 24, 48, and 72h, the medium
was replaced with fresh medium, and 50 lL of CCK-
8 reagent was added to each well. After incubation at
37�C for 1 h, the OD value at 450 nm was measured.

Cell apoptosis assay

The cells were seeded in 24-well plates and incubated with
chloroquine as required. Then, GE11-VLPs were added to a
final concentration of 100 lg/mL and incubated for 48 h.

The cell culture supernatant was transferred to a clean
tube. Then, the cells were washed with PBS twice, and
100 lL of Accutase (BD Biosciences, USA) was added and
incubated at 37�C for 5–10min to detach the cells. The cul-
ture supernatant was then added to the corresponding well
to neutralize Accutase. Collected cells were transferred to
1.5mL tubes and centrifuged at 2000 r/min for 5min. The
cell pellets were carefully washed twice using PBS. Then,
300 lL of binding buffer was used to resuspend each cell
pellet, and the cells were filtered using the falcon cell strain-
er (BD Biosciences, USA). Then, 3 lL of Annexin V-APC
(Keygentech, China) and 3lL of PI were added to each
tube. The staining was processed in the dark at room tem-
perature for 10–15min, and cells were detected by an
Accuri C6 plus flow cytometer system (BD Biosciences,
USA). The results were analyzed using BD Accuri C6
Plus software.

Cell invasion and migration assay

Cells were seeded in 6-well plates and incubated with chlo-
roquine as required and sequentially with GE11-VLPs for
24 h. Matrigel (Corning, USA) was diluted using DMEM
without phenol red or FBS to a final concentration of
100 lg/mL. Transwell inserts (Corning, USA) for invasion
assays were inserted into 24-well plates. Fifty microliters of
Matrigel was added to the upper compartment of each
Transwell and incubated for 5 h. Six hundred microliters
of DMEM supplemented with 10% FBS was added to the
lower compartment of each well and incubated for 1 h.
Then, cells incubated with GE11-VLPs were detached by
0.5% trypsin EDTA (Gibco, USA) and counted. Next,
1–5� 104 cells were seeded into the upper compartment
in a volume of 100lL. After 24 h, the cells on the surface
of the upper compartment were removed by swab, and
cells on the surface of the lower compartment were fixed
with menthol for 30min and stained with 1% crystal violet
(Solarbio, China) for 1 h.

Statistical analysis

The relative expression of RNA tested by RT-qPCR was
analyzed using the �2DCt method. T-test or one-way
ANOVA was applied for statistical analysis to compare
the relative expression of two or more groups. The OD
values in cell proliferation assays and cell counts in cell
migration and invasion assays were statistically analyzed
by one-way ANOVA using SPSS (IBM, version 19.0) fol-
lowed by the Bonferroni test to compare the values between
two groups.

Results

Identification of the GE11-VLP

The packaged RNA was tested by RT-qPCR, sigmoidal
shapes in amplification curves and sharp peaks in melt
curves were observed (Supplementary Material, Figure
S1), which indicated that the packaged RNA was specific
as predicted. In addition, as shown in SDS-PAGE, the MS2
capsid monomer is approximately 14 kD. Each monomer
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was cross linked with 0–3 GE11 peptides after crosslinking
(Supplementary Material, Figure S2).

The delivery and postprocessing of miR-21-sponge and
pre-miR-122 in HCC cell lines

ThemiR-21-sponge RNA, which was extracted from cells in
the miR-21-sponge-treated group or the pre-miR122-miR-
21-sponge-treated group, was reverse transcribed and
amplified specifically. Typical sigmoid amplification
curves (Figure 1(a) to (e)) and specific melt curves were
observed (data not shown). The average melting tempera-
ture was 80.4 and ranged from 79.6 to 81.1 in five different
HCC cell lines of the treatment groups (see Supplementary
Material, Table S3), which indicated that miR-21-sponge
RNA was amplified specifically. The average Ct values of

miR-21-sponge in the miR-21-sponge-treated group of
HepG2, Hep3B, Huh7, SMMC-7721, and SK-HEP1 cells
were 9.9, 12.3, 15.4, 14.5, and 14.1, respectively; the corre-
sponding Ct values of these cells treated with pre-miR122-
miR-21-sponge were 11.8, 20.8, 11.3, 13.6, and 12.9, respec-
tively. As miR-21-sponge was generated, the sequence was
not supposed to be amplified in the control group treated
with NC RNA. However, sigmoid amplification curves
were observed with an average Ct value of 28.5, which
was higher than that of the treatment group by at least
10. Because the melt curves were bimodal and the melting
temperature ranged from 72.3 to 77.6 in different cell lines,
the amplification of the miR-21 RNA was supposed to be
unspecific in the control group. The internal reference,
GAPDH, was well amplified in all treatment and control

Figure 1. Intracellular miR-21-sponge and miR-122 levels were detected by RT-qPCR. (a–e) The amplification curves of miR-21-sponge tested by RT-qPCR in the

treatment and control groups of five HCC cell lines are shown. (a) HepG2, (b) Hep3B, (c) Huh7, (d) SMMC-7721, (e) SK-HEP1. (f) The relative expression of miR-122 in

HCC cell lines is shown. (a) Each column represents an average of three independent experiments. *P< 0.05; **P< 0.01; N.S.: no significance. (A color version of this

figure is available in the online journal.)
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groups (see Supplementary Material, Table S3), so the pro-
cess of RNA determination was thought to be stable, and
the results were reliable.

Compared with the miR-21-sponge-treated group,
miR-122 was increased significantly by 13.5-, 5.3-, 17.7-,
and 5.9-fold in the pre-miR122-miR-21-sponge-treated
groups of HepG2, Huh7, SMMC-7721, and SK-HEP1
cells, respectively (Figure 1(f)). Because only mature
miR-122 could be detected, the results indicated that pre-
miR-122 was processed to mature miR-122 in cells.
Exceptionally, in Hep3B cells, miR-122 expression showed
no significant difference between the two groups (Figure 1
(f), P ¼ 0.133).

The alteration of miR-21 and miR122-targeted genes

The target mRNA of miR-21 was detected by RT-qPCR and
analyzed by relative quantitative methods (Figure 2(a)).
The PTEN and PDCD4 gene expression levels were upre-
gulated in all HCC cell lines in both treatment groups com-
pared with the NC group. Among them, the levels of PTEN
in HepG2 (P¼ 0.006) and Hep3B (P¼ 0.018) cells were sig-
nificantly different. The RECK mRNA level of both treat-
ment groups was upregulated in all HCC cell lines except
for Hep3B and SK-HEP1. In the HepG2 and Huh7 cell lines,
the RECK mRNA level of the treatment groups was
increased to 1.5–2.1-fold (P¼ 0.013) and 1.8–2.9-fold
(P¼ 0.05), respectively. Contrary to expectation, the level

Figure 2. (a) The expression levels of miR-21-targeted mRNAs, including PTEN, PDCD4, and RECK were determined in the treatment and control groups of five HCC

cell lines. Each column represents an average of three independent experiments (*P< 0.05; **P< 0.01). (b) Western blot analysis of PTEN, PDCD4, and RECK protein in

five HCC cell lines after treatment with GE11-VLPs carrying different RNA cargoes. b-actin protein was used as an internal control. (c) Western blot analysis of IGF1R

protein in five HCC cell lines after treatment with GE11-VLPs carrying different RNA cargoes. (The bands of IGF1R protein in HepG2, and SK-HEP1 were incubated with

the first antibody after stripping, so they share the same internal control with the bands of RECK protein.).
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of RECK expression decreased in Hep3B and SK-HEP1 cells
treated with pre-miR122-miR-21-sponge.

In Hep3B, Huh7, and SK-HEP1 cell lines, Western blot
analysis revealed that PTEN, PDCD4, and RECK protein
levels were upregulated by miR-21-sponge alone or in com-
bination with pre-miR-122. In other groups that were
treated with pre-miR-122 or the null-sequence, the expres-
sion of these proteins remained relatively low (Figure 2(b)).
However, PDCD4 was upregulated only in the miR-
21-sponge group but not in the pre-miR-122-miR-21-
sponge group in HepG2 cells, so as to the PTEN in the
SMMC-7721 cell line.

The IGF1R survival factor was detected by Western blot
analysis, which revealed that in the five HCC cell lines,
IGF1R expression was downregulated when treated with
VLPs containing pre-miR-122 or pre-miR-122-miR-21-
sponge (Figure 2(c)). Both VLPs elevated the cellular level
of miR122, which is tumor suppressive microRNA.

Inhibitory effects on proliferation

For HepG2 and Hep3B liver cancer cell lines, cell viability
decreased significantly for both the miR-21-sponge group
and the NC group at a concentration of 500lg/mL (Figure
S2 in the Supplementary Material). This result indicated
that 500 lg/mL GE11-VLPs might have toxic effects on
HCC cells instead of altering RNA function. Therefore, a
final concentration of 100 lg/mL GE11-VLPs was

incubated with liver cell lines, and the OD values at
450 nm differed on the third dosing day (Figure 3).
Comparedwith the NC group treated with GE11-VLPs con-
taining the NC sequence, the OD values at 450 nm of cells
treated with GE11-VLPs containing the miR-21-sponge
sequence decreased in Hep3B (P< 0.001), Huh7
(P¼ 0.715), SMMC-7721 (P¼ 0.215), and SK-HEP1
(P< 0.001) cell lines. The OD values further declined in
the pre-miR122-miR-21-sponge group in the four cell
lines, and a significant difference was observed in Huh7
(P¼ 0.006) and SK-HEP1 (P< 0.001) cells. The OD values
in HepG2 cell lines showed no variation between the
treatment and control groups (Supplementary Material,
Figure S3).

The promotion of apoptosis

MiR-21-sponge increased the total apoptosis rate by 17.35%
in comparison with the NC group for SMMC-7721 cells,
and it increased the early apoptosis rate by 10.83% for
HepG2 cells. For the other HCC cells treated with miR-
21-sponge, no significantly higher rates of apoptosis were
observed when compared with the negative control group,
which indicated that miR-21 exhibits cytostatic effects
rather than cytotoxic effects.24 However, miR-122 increased
the apoptosis rates of these HCC cells, and the activity was
enhanced bymiR-21-sponge, especially in the SK-HEP1 cell
line. The total apoptosis rate of SK-HEP1 cells increased by

Figure 3. The OD values representing cell counts were detected by CCK-8 assay in the treatment and control groups of four HCC cell lines. Each dot represents three

independent biological repeats of the results. *P<0.05; **P< 0.01; ***P< 0.001.
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13.46% and 39.89% for the pre-miR-122-treated group and
the pre-miR122-miR-21-sponge-treated group, respectively
(Figure 4).

Inhibitory effects on cell invasion and migration

GE11-VLP-delivered pre-miR-122, miR-21-sponge and pre-
miR122-miR-21-sponge inhibited migration and invasion
ability (Figure 5). When compared with the NC group,
the average number of pre-miR-122-treated HepG2 cells
passing through the transwell membrane decreased to
53.25% (59/111) in the migration assay and decreased to
67.55% (83/123) in the invasion assay. And the average
number of miR-21-treated HepG2 cells passing through
the transwell membrane decreased to 62.51% (69/111)
and 71.41% (88/123) in the migration assay and invasion
assay, respectively. The cell number further decreased
when miR-21-sponge was delivered combined with pre-
miR-122, decreasing to 37.25% (41/111) and 34.18% (42/
123) for migration and invasion assays, respectively. In
migration assays for the SK-HEP1 cell line, the cell
number decreased to 44.33% (83/187), 71.98% (135/187),

and 40.22 (76/187) for the pre-miR-122 alone, miR-
21-sponge, and pre-miR122-miR-21-sponge groups, respec-
tively, and in invasion assays, the cell number decreased to
67.24% (388/578), 60.24% (349/578), and 51.21% (296/578),
respectively. For the SMMC-7721 cell line, the combination
group was also more effective than single treatments in
migration and invasion assays, and cells passing through
decreased to 55.95% (150/267) and 52.65% (41/79) when
incubated with GE11-VLPs containing pre-miR122-miR-
21-sponge, respectively.

Discussion

In this study, we demonstrated HCC suppression effects of
simultaneous delivery of miR-122 and miR-21-sponge by
MS2 VLPs (Figure 6). Herein, miR-21-sponge was linked
with pre-miR122 to ensure that both RNAs entered cells.
Five HCC cell lines were tested. At the molecular level,
several target genes of miR-21 were found to be dere-
pressed after treatment, including PTEN, PECD4, and
RECK. For cell function assays, proliferation, cell migra-
tion, and invasion were reduced, and apoptosis was

Figure 4. The effects in inducing apoptosis of HCC cell lines when delivering the pre-miR122, miR-21-sponge, pre-miR122-miR-21-sponge, or NC sequence.
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increased inmiR-21-sponge-treated cells.Moreover, enhanced
effects were observed when combined with miR-122.

The competitive endogenous RNA hypothesis, which is
presumed to be a main regulatory mechanism of

microRNA-based therapeutic strategies, is that comple-
mentary RNA sequences competitively interact with
microRNAs and repress the degeneration of downstream
mRNA targets.12,25 MiR-21-sponge can serve as a

Figure 5. The average number of cells passing through the transwell membrane is shown for migration and invasion assays when delivering the pre-miR122,

miR-21-sponge, pre-miR122-miR-21-sponge, or NC sequence to HCC cell lines. *P< 0.05; **P< 0.01; ***P< 0.001. The error bar represents SE, which is calculated

from 10 different fields of view in two independent experiments. One representative field of view for each group is attached in the corresponding column (scale bar,

200 lm). (A color version of this figure is available in the online journal.)

Figure 6. A diagram of the delivery strategy is shown. Pre-miR-122-miR-21-sponge is delivered into a cell by the GE11-MS2 VLP. It is further processed into

miR-21-sponge and mature miR-122. The sponge is supposed to competitively combine with onco-microRNA miR-21, and tumor-suppressive microRNA miR-122 is

supposed to increase. (A color version of this figure is available in the online journal.)
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competitive RNA to repress the functions of onco-
microRNA miR-21.9,21 The PDCD4, PTEN, and RECK
genes are common mRNA targets of miR-21 in HCC, and
they are related to the proliferation, migration, invasion,
and apoptosis of HCC cells.9,24,26 The results showed that
most mRNA targets were derepressed. The expression of
several mRNA targets significantly increased by 0.1–0.5
log10-fold, which is comparable to other knockdown tech-
nologies.9,27,28 Because the level of derepression relies on
cell type and status,29 although the ANOVA results did not
indicate that relative mRNA expression was significantly
different, it was confirmed by Western protein assays. In
addition, the reduction in the RECK gene in Hep3B and SK-
HEP1 cells was unexpected, which might result from the
high level of variation between RECK Ct values (data not
shown).

Cell function assays indicated that miR-21-sponge deliv-
ered by VLPs inhibited proliferation, cell migration, and
invasion of more than one HCC cell line. Further repression
was observed when combining miR-21-sponge together
with miR-122. Further, the results might differ among cell
lines. MiR-21-sponge and pre-miR122-miR-21-sponge were
functionally active in SK-HEP1 cells. Treatment significant-
ly influenced HepG2 cell migration and invasion but had
no effects on cell proliferation. The diverse responses could
be attributed to gene expression differences between cell
lines,30,31 which might serve as proper models for animals
and even patients in clinical trials in future applications.

The stem-loop primer ensures the specificity of detecting
mature miR-122 instead of the pre-microRNA, which indi-
cated that the GE11-VLP construct delivered pre-miR122-
miR-21-sponge, which was processed to generate function-
al miR-122, so miR-122 increased in the targeted cell. It has
been declared that the tumor-suppressing effects of deliv-
ering miR-122 to HCC cells in vitro and in vivo include
repressing the expression of IGF1R at the protein level
and inhibiting proliferation, cell migration, and invasion.
10 However, the expression of miR-122 was not significantly
different when comparing between the two treatment
groups of Hep3B cells, which may result from the relatively
high baseline expression of miR-122. Correspondingly, no
significant differences were observed between the two
treatment groups in Hep3B cells in cell proliferation assays.

The limits of this study are that it remains at the cell
level. Animal models are required to further declare the
effects of this delivery strategy. GE11-VLPs delivered sys-
temically were shown to be penetrable to HCC cell lines
in a xenograftmodel in our laboratory.17,18 However, altering
miR-21 may work in a disease-stage-dependent manner,32,33

and different methods of downregulating miR-21 may affect
outcomes. So a proper experimental design is supposed to be
conducted before further application of the therapy strategy.
Besides, co-delivery of miR-122 and miR-21-sponge may
enhance the HCC tumor-suppressive efficiency compared
with altering miR-21 alone.

Recent studies have gradually revealed the microRNA
profiles of HCC, and dysregulation of multiple microRNAs
is common.19,34 Under the circumstance of the transcrip-
tional background becoming clearer, targeting more than
two microRNAs and altering them in different directions

in each cell can be a new strategy to improve the antitumor
effects of microRNA-based therapeutic methods. An exten-
sion of the VLP-based delivery system in this study may
also be of use.
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