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Suppression of hepatocellular carcinoma cell
proliferation by short hairpin RNA of frizzled 2
with Sonazoid-enhanced irradiation
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Abstract. Short-hairpin RNA of frizzled-2 (shRNA-Fz2) is
known to suppress the proliferation of hepatocellular carci-
noma (HCC) cells; however, its effect on HCC cell motility
is unknown. In this study, suppression of HCC cell motility
by shRNA-Fz2 was analyzed, and introduction of shRNA-Fz2
into HCC cells was facilitated with ultrasound (US) irradiation
generated from a diagnostic US device, which was enhanced
by the contrast-enhanced US reagent Sonazoid. The HCC
cell lines HLF and PLC/PRF/5 that were transfected with
shRNA-Fz2 were plated to form monolayers, following which
the cell monolayers were scratched with a sterile razor. After
48 h, the cells were stained with hematoxylin and eosin, and
the distance between the growing edge of the cell layer and
the scratch lines was measured. Total RNA from the cells
was isolated and subjected to real-time quantitative PCR to
quantify matrix metalloproteinase 9 expression at 48 h after
transfection of sShRNA-Fz2. Starch-iodide method was applied
to analyze the generation of H,0, following US irradiation with
the addition of Sonazoid in the liquid, and cell proliferation
was analyzed 72 h later. The distances between the growing
edge of the cell layer and the scratch lines and MMP9 expres-
sion levels were significantly decreased with transfection of
shRNA-Fz2 (P<0.05). In the starch-iodide method, absorbance
significantly decreased with the addition of Sonazoid (P<0.05),
which suggested that US irradiation with Sonazoid generated
H,0, and enhanced sonoporation. ShRNA-Fz2 suppressed cell
proliferation of both cell lines at a mechanical index of 0.4.
Motility of HLF cells and PLC/PRF/5 cells was suppressed
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by shRNA-FZ2. Sonazoid enhanced sonoporation of the cells
with the diagnostic US device and the suppression of prolifera-
tion of both HCC cell lines by shRNA-Fz2.

Introduction

Hepatocellular carcinoma (HCC) has a high incidence
rate worldwide (1). It is treated with local ablation, surgery,
transcatheter arterial chemoembolization, and systemic
chemotherapy (2). Despite the advances in therapy, prognosis
of HCC remains poor (3). Hence, molecular therapy is an
emerging trend in the treatment of HCC (4).

The Wnt pathway is involved in the carcinogenesis in
HCC (5). Without stimulation, Axin, Dishevelled (DVL), and
glycogen synthase kinase-3  form a complex and degrade
[B-catenin (6). Wnt proteins bind to their receptor, frizzled
(Fz), and its co-receptors, low-density lipoprotein receptor-
related proteins 5 and 6 (LRP5/6), to form a complex (7,8).
This complex traps AXN and DVL. As a result, B-catenin is
not degraded and instead accumulates in the cytoplasm (9).
Accumulated pB-catenin translocates to the nuclei and binds
to the promoter of target genes with T-cell factor/lymphoid
enhancer factor (TCF/LEF) (10). In HCC, B-catenin is
mutated and overexpressed, which suggests that the Wnt
pathway is constitutively activated (11). Not all HCC cases,
however, harbor a mutation of B-catenin or Axin (6). Hence,
targets other than B-catenin should be investigated in the Wnt
pathway. Proliferation of HCC cells is known to be suppressed
by short-hairpin RNA of Fz2 (shRNA-Fz2) (12); however, it is
not clear whether shRNA-Fz2 suppresses the motility of HCC
cells. Another issue is the method of introduction of sShRNA-
Fz2. To this end, methods should be developed to introduce
shRNA-Fz2 into HCC cells.

Ultrasound (US) generates cavitation bubbles in liquids
that eventually collapse (13). When the cavitation bubbles
collapse, the nearby cell membrane is rendered porous, and
genetic materials or small molecules can enter the cells
through these pores (14). This phenomenon is called ‘sono-
poration’. The strength of the US irradiation is measured
in terms of the mechanical index (MI). MI is calculated as
the negative peak pressure divided by the square root of the
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frequency (15). US with a higher MI would exhibit stronger
biological effects. Plasmids and short interference RNA have
been introduced into cultured HCC cells via US irradiation
with a diagnostic US device (16,17). One advantage of using
diagnostic US is that its safety for the human body has been
established. Another advantage is that the irradiation field can
be monitored with a display of the US device, which would
enable the introduction of therapeutic genes specifically into
the target area. One major problem of irradiation with a diag-
nostic US device is that the efficiency of the introduction of
plasmids into cultured cells is low (16).

Microbubbles have conventionally been used to provide
a strong contrast of the target area against the surrounding
background (18). Microbubbles collapse when irradiated with
US, thereby enhancing sonoporation (19). Perfluorobutane
microbubbles (Sonazoid™; Daiichi-Sankyo, Tokyo, Japan) are
produced with albumin and are clinically applied to diagnose
HCC (20).

With the available background information, in this study,
we attempted to evaluate the possibility of suppressing HCC
cell motility with shRNA-Fz2. We, furthermore, investigated
whether shRNA-Fz2 suppressed the proliferation of HCC cells
irradiated with a diagnostic US device, which was enhanced
with Sonazoid.

Materials and methods

Cell culture. Human HCC cell lines, HLF and PLC/PRF/5,
were purchased from RIKEN Cell Bank (Tsukuba, Japan). HLF
cells and PLC/PRF/5 cells were used for the study because Fz2
is expressed in both these cells (21). The cells were cultured
in Dulbecco's modified Eagle's medium (DMEM) (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS) (Life Technologies, Grand Island, NY,
USA). The cells were cultured in 10-cm dishes (Asahi Techno
Glass, Funabashi, Japan) in an atmosphere containing 5% CO,
at 37°C in a humidified chamber.

Ultrasound (US) irradiation. Cultured cells or the starch-
iodide mixture in black 96-well fluoroimmunoassay (FIA)
plates (FIA plates) (Greiner Bio-One, Frickenhausen,
Germany) were irradiated with US, as illustrated in Fig. 1. The
bottom surfaces of the FIA plates consist of a transparent poly-
styrene film measuring 190+19 ym in thickness. The bottom
surfaces of the FIA plates allow the penetration of US to a
greater extent than that achieved with the bottom surfaces of
other 96-well plates that are relatively thicker. An 8.0-MHz
linear-array probe (PLT-805AT; Toshiba Medical Systems,
Ohtawara, Japan) was attached to the bottom of the FIA plates
(Fig. 1A). US was generated and monitored with SSA-700A
(Toshiba Medical Systems). The linear probe covered all the
eight wells present in a single row of the FIA plate (Fig. 1B).
The FIA plates were irradiated from below for 1 min. The irra-
diated field was monitored with the display of the SSA-700A
(Fig. 1C). MI (0.1, 0.4 and 0.8) was not measured but were
actually selected with the US device.

Cell proliferation assay. The cells were trypsinized, harvested,
and spread on 96-well plates (Asahi Techno Glass) or FIA
plates at a density of 1,000 cells/well. The cells were cultured
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Figure 1. Ultrasound irradiation. A linear-array probe was attached to the
bottom of a black 96-well fluoroimmunoassay (FIA) plate (A). The gray box
indicates liquid in each well. The length of the probe covered the length of
eight wells present in a single row of the FIA plate (B). The irradiation field
was monitored with the display of the ultrasound device, SSA-700A.

in DMEM supplemented with 10% FBS. The cells were trans-
fected with shRNA of Fz2 (OriGene, Rockville, MD, USA)
(10 ng or 100 ng in 25 ul of Opti-MEM 1 Reduced Serum
Media (Life Technologies) per well) by using Lipofectamine
LTX (Life Technologies), following manufacturer's instruc-
tions. For irradiation with US, 100 ng of shRNA-Fz2 was
added in 25 pl of Opti-MEM 1 Reduced Serum Media per
well and irradiated with US, as described above. Scrambled
shRNA (100 ng/well) was used as a negative control
(OriGene). Mock transfection involved carrying out the same
transfection procedure with Lipofectamine LTX without
using any plasmids. After transfection/irradiation with US,
25 ul of DMEM supplemented with 10% FBS was added to
each well. The cells were cultured for 72 h and subjected to
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay,
according to the manufacturer's instructions (Promega Corp.,
Madison, WI, USA). MTS is reduced by the cells to a colored
formazan product with an absorbance maximum at 490 nm.
The absorbance was measured using an iMark Microplate
Absorbance Reader (Bio-Rad, Hercules, CA, USA).
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Table I. Primers for real-time quantitative polymerase chain reaction.
Primer Product Annealing GenBank
name Sequence Description size (bp) temperature Cycle accession no.
OMC355 5'-AGAGGCGGAGGAGAACAAACAG-3' Cyclin D1, forward 180 60 40 NM_053056
OMC356 5-AGGCGGTAGTAGGACAGGAAGTTG-3' Cyclin D1, reverse
OMC749 5'-CCTGGGCAGATTCCAAACCT-3' MMP9, forward 89 60 40 NM_00499%4
OMC750 5-GCAAGTCTTCCGAGTAGTTTTGGAT-3' MMP9, reverse
OMC321 5-CGAATGCCAGAGAAGGTCAC-3' RPL19, forward 157 60 40 BC095445
OMC322 5-CCATGAGAATCCGCTTGTTT-3' RPL19, reverse

MMP9, matrix metalloproteinase 9; RPL19, ribosomal protein L (RPL) 19.

Real-time quantitative polymerase chain reaction. Cells were
cultured in DMEM supplemented with 10% FBS in 6-well
plates (Asahi Techno Glass) and transfected with shRNA-Fz2
(0.25 or 2.5 pg) by using Lipofectamine LTX. Scrambled
shRNA (2.5 ug/well) was used as a negative control (OriGene).
Mock transfection involved carrying out the same transfec-
tion procedure with Lipofectamine LTX without using
any plasmids. Total RNA (5 pg) was isolated with Isogen
(Nippon Gene, Tokyo, Japan) and subjected to the synthesis
of the first-strand cDNA with SuperScript III and oligo(dT),
following the manufacturer's instructions (Life Technologies).
Total RNA isolated from an adult liver was purchased from
Promega Corp. Real-time quantitative PCR was performed
using Fast SYBR Green Master Mix (Life Technologies) with
MiniOpticon (Bio-Rad). The results were analyzed using
the MiniOpticon system (Bio-Rad). Real-time quantitative
PCR was performed for 40 cycles, with 5 sec of denaturation
and 5 sec of annealing-extension. Table I shows the primer
sequences. RPL19 was used as an internal control, since it is a
housekeeping gene that is constitutively expressed (22).

Scratch assay. The cells were plated on 4-well chamber slides
(Becton Dickinson, Franklin Lakes, NJ, USA) and scratched
with a sterile razor on reaching confluence. Immediately
after the scratch was applied, the cells were transfected with
shRNA-Fz2 (50 or 500 ng) by using Lipofectamine LTX.
Scrambled shRNA (2.5 ug/well) was used as a negative
control (OriGene). Mock transfection involved carrying out
the same transfection procedure with Lipofectamine LTX
without using any plasmids. After 48 h of incubation, the cells
were subjected to hematoxylin and eosin staining. The slides
were observed under an AX80 microscope (Olympus, Tokyo,
Japan). The distance between the scratch line and the growing
edge of the cell layer was measured at five different points.

Quantification of H,0, generation. Generation of H,0, was
quantified using the starch-iodide method (23). Briefly, 100 pl
of a mixture of potassium iodide (0.05 M) and starch (5 mg/ml)
was placed into each well of the FIA plate. US irradiation gener-
ates H,0,, and the generated H,O, oxidizes I- into 12, which
then reacts with starch to form a purple-colored complex. The
absorbance of the resulting complex was analyzed at 490 nm
by using an iMark Microplate Absorbance Reader.

Statistical analysis. One-way analysis of variance (ANOVA)
was used for statistical analysis with the JMP 10.0.2 software
(SAS Institute, Cary, NC). P-values <0.05 were determined to
be statistically significant.

Results

As reported in our previous study, shRNA-Fz2 suppresses
proliferation of HLF cells (12); however, the experiments were
not repeated with HLF cells in the present study. To confirm that
PLC/PRF/5 cells expressed Fz2 at higher levels than those in an
adult liver, real-time quantitative PCR (QPCR) was performed
(Fig. 2A). PLC/PRF/5 cells expressed higher levels of Fz2 than
did the adult liver. Next, suppression of the proliferation of PLC/
PRF/5 cells with shRNA-Fz2 was investigated (Fig. 2B). PLC/
PRF/5 cells were transfected with shRNA-Fz2 and subjected
to MTS assay. Cell proliferation was suppressed with shRNA-
Fz2. To confirm that the expression levels of Fz2 were those
suppressed by the transfection with shRNA-Fz2, RNA was
isolated from the cells and subjected to qPCR after transfec-
tion of sShRNA-Fz2 into PLC/PRF/5 cells (Fig. 2C). Cyclin D1
is involved in cell proliferation (24); hence, expression levels
of cyclin D1 were analyzed with qPCR after transfection of
shRNA-Fz2 into PLC/PRF/5 cells (Fig. 2D). The expression
levels of Fz2 decreased with the transfection of shRNA-Fz2.

To clarify the suppression of cell motility with shRNA-
Fz2, the scratch assay was performed using HLF cells
(Fig. 3A-D) and PLC/PRF/5 cells cultured in 4-well chamber
slides (Fig. 3E-H). After the scratch was made with a sterile
razor, the cells were transfected with negative control of
shRNA at 500 ng/well (Fig. 3B and F), shRNA-Fz2 at
50 ng/well (Fig. 3C and G), or 500 ng/well (Fig. 3D and H).
Cells subjected to mock transfection were used as controls
(Fig. 3A and E). Distance between the growing edge of the
cell layer and the scratch line was measured at five different
points for HLF cells (Fig. 3I) and PLC/PRF/5 cells (Fig. 3J).
The distances were significantly decreased with transfection
of shRNA (P<0.05).

Matrix metalloproteinase 9 (MMPY) is involved in cell
motility (25), and its expression levels increase in HCC
tissues (26). The expression levels of MMP9 were there-
fore, investigated. HLF cells (Fig. 4A) and PLC/PRF/5
cells (B) were transfected with negative control of sSiIRNA
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Figure 2. Transfection of short-hairpin RNA of frizzled-2 (shRNA-Fz2) into PLC/PRF/5 cells. Expression levels of frizzled-2 in HLF cells (HLF) and
PLC/PRF/5 cells (PLC) were analyzed with real-time quantitative PCR (qQPCR) as compared with those in the adult liver (adult) (A). After transfection of
shRNA-Fz2 at 10 or 100 ng/well in PLC/PRL/5 cells seeded in 96-well plates, cell proliferation was analyzed by the MTS assay (see text) (B). To analyze the
expression levels of Fz2 (C) and cyclin D1 (D), qPCR was performed for PLC/PRF/5 cells seeded in 6-well plates that were transfected with 0.25 or 2.5 pg/well
shRNA-Fz2. Mock, mock transfection; Nega, transfection of negative control of shRNA; 10, 10 ng/well of shRNA-Fz2 in 96-well plates; 100, 100 ng/well of
shRNA-Fz2 in 96-well plates; 0.25,0.25 ug/well of sStRNA-Fz2 in 6-well plates; 2.5, 2.5 ug/well of shRNA-Fz2 in 6-well plates; “P<0.05 against Mock, n=3.
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Figure 3. Scratch assay. HLF cells (A-D) and PLC/PRF/5 cells (E-H) were cultured in 4-well chamber slides. After scratching the cell layer with a sterile razor
(solid line), negative control of shRNA (B and F) or 50 ng (C and G) or 500 ng (D and H) of shRNA-Fz2 was transfected. The cultured cells were subjected to
hematoxylin and eosin staining after 48 h of culture. The distance between the growing edge of the cell layer and the scratch line was measured at five different
points in HLF cells (I) and PLC/PRF/5 cells (J). Original magnification, x100; scale bar, 200 gm; “P<0.05 against Mock, n=5.
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Figure 4. Expression levels of matrix metalloproteinase 9. Short-hairpin RNA
of Fz2 [0.25 pug (0.25) or 2.5 pg (2.5) each well] was transfected into HLF
cells (A) and PLC/PRF/5 cells (B) cultured in 6-well plates. Mock, mock
transfection; Nega, negative control of shRNA; “P<0.05 against Mock, n=3.

at 2.5 ug/well, shRNA-Fz2 at 0.25 pug/well, or 2.5 pg/well.
RNA was isolated from the cells and subjected to qPCR to
analyze MMP9 expression after 48 h culture. The expression
levels of MMPO significantly decreased by transfection with
shRNA-Fz2 (P<0.05).

The above results clearly showed that cell proliferation and
motility were suppressed by shRNA-Fz2. It was confirmed that
shRNA-Fz2 would be suitable as a therapeutic agent of HCC.
The study also aimed to evaluate methods for the introduction
of shRNA into HCC cells. Starch-iodide method was applied
to detect H,O,, which was generated as a result of sonopora-
tion (13). Sonazoid was added to the water at 0, 1, 3, 10 or 30%
in FIA plates after 1 min of US irradiation MI values of 0.1
(Fig. 5A), 0.4 (B), or 0.8 (C). MI was not monitored but was
set on the US device (SSA-700A). Absorbance of the liquid in
the well was analyzed at 490 nm. The absorbance significantly
decreased with the addition of Sonazoid (P<0.05). These
results suggested that US irradiation with Sonazoid generated
H,0, and caused sonoporation.

To address the possibility that sSiIRNA-Fz2 suppressed cell
proliferation on irradiation with US, HLF cells (Fig. 6A) and
PLC/PRF/5 cells (Fig. 6B) were cultured in FIA plates. The
cells were irradiated with US at MI values of 0.1, 0.4, or 0.8
after the addition of shRNA-Fz2 (100 ng/well) with or without
30% Sonazoid. MI was not monitored but was set on the US
device. At a MI of 0.4, shRNA-Fz2 suppressed cell prolifera-
tion in both cell lines.
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Figure 5. Generation of H,0, by ultrasound irradiation with Sonazoid.
A 100-p1 mixture of potassium iodide (0.05 M) and starch (5 mg/ml) was
placed into each well of the FIA plates (see text). Sonazoid was added at 0, 1,
3,10 or 30% to the mixture. The plates were irradiated with ultrasound from
below at a mechanical index of 0.1 (A), 0.4 (B), or 0.8 (C). Absorbance of the
mixture was measured. "P<0.05 against 0%.

Discussion

Prognosis of HCC becomes significantly poorer with metas-
tasis (27). Pathologically, HCC cells invade the surrounding
normal tissues, suggesting that the motility of HCC cells is the
major factor underlying metastasis (28). Hence, suppression
of HCC cell motility is expected to improve the prognosis of
HCC. Our results clearly indicated that siIRNA-Fz2 suppressed
the motility of HLF cells and PLC/PRF/5 cells. Given that
our previous report showed that shRNA-Fz2 suppresses HCC
cell proliferation (12), the present findings and those of our
previous study together show that shRNA-Fz2 is a potential
candidate for the treatment of HCC.
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Figure 6. Cell proliferation assay. HLF cells (A) and PLC/PRF/5 cells (B)
were cultured in FIA plates (see text). After addition of short hairpin RNA of
frizzled-2 (shRNA) at 100 ng/well in 25 ul of Opti-MEM 1 Reduced Serum
Media with 30% Sonazoid (+), the cells were irradiated with ultrasound at a
mechanical index of 0.1, 0.4, or 0.8 (MI) for 1 min. Cells that had not been
transfected with sShRNA were used as negative controls (-). After the irra-
diation, 25 pul of Dulbecco's modified Eagle's medium supplemented with 10%
fetal bovine serum was added. The cells were subjected to MTS assay (see text)
after 72 h of culture. "P<0.05 against shRNA(-) at a mechanical index of 0.4.

Plasmids can be experimentally introduced into cultured
cells or tissues (29); however, the efficiency of this introduction
is low, which is a major problem (16). To improve the efficiency,
three commercially available microbubbles, SonoVue™
(Bracco Imaging, Courcouronnes, France), Optison™
(GE Healthcare, Little Chalfont, UK), and Sonazoid, have
been compared for their efficiency in introducing genes into
the skeletal muscle (30). The authors report that introduction
efficiency does not depend on the size or composition of the
microbubbles or the stability of the microbubbles but on their
concentration. In the present study, introduction efficiency
increased as the concentration of Sonazoid was raised. Sonazoid
has been used to introduce plasmids into cultured cells (31); in
that study, the authors used a US generator for experimental
purposes. In our study, a diagnostic US device was used. Our
data showed that introduction of plasmids into cultured cells
could be possible with irradiation from a diagnostic US device
and by using Sonazoid, which is commercially available.

In the present study, the scratch assay was not performed
after US irradiation with the addition of shRNA-Fz2 and
Sonazoid, since US did not permeate or weaken the bottom
surface of the glass 4-chamber slides. Wells larger than those
on FIA plates were not commercially available.

In the future, the strength of US irradiation would be moni-
tored with a hydrophone, and HCC cells would be cultured
in larger plates to analyze the expression levels of cyclin D1

TOMIZAWA et al: SONOPORATION WITH SONAZOID

and MMP9 after sonoporation with shRNA-Fz2, which was
enhanced with Sonazoid.

In conclusion, motility of HLF cells and PLC/PRF/5 cells
was suppressed with shRNA-FZ2. Sonazoid enhanced sono-
poration mediated by the diagnostic US device and suppression
of the proliferation of both cell types with shRNA-Fz2.
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