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Bax gene therapy for human osteosarcoma
using cationic liposomes in vivo
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Abstract. The purpose of this study was to evaluate the
anti-tumor effect of human osteosarcoma (HOSM-1) tumor
xenografts in nude mice via transfer of the Bax gene using
cationic liposomes. The HOSM-1 tumors transplanted into
nude mice grew to 5-6 mm in diameter. Following growth of
the tumor to this size, liposomes with the Bax plasmid were
applied locally to the peripheral tumor (day 0) and were applied
3 times per week for 2 weeks (6 times in total). The tumor
growth inhibitory effect was evaluated by measuring the tumor
volume up to day 40. The expression of Bax was observed by
immunohistochemical analysis and apoptosis was detected
using the TUNEL assay. Tumor growth increased only slightly
during the administration period, and tumor volume on day 50
was 43% of that in the saline control group. In the tumor
margin 48 h after the completion of administration, Bax
immunoreactivity was detected and apoptotic cells were clearly
increased. Since these results suggested that Bax gene therapy
using cationic liposome induced apoptosis in HOSM-1 tumor
in vivo, we anticipate that this therapy will be useful for the
treatment of osteosarcoma.

Introduction

Osteosarcoma is one of the malignant tumors that has a poor
prognosis. In particular, relapsed or inoperable cases may
require the development of new therapeutic approaches. Gene
therapy is an innovative treatment for cancer, and is currently
being investigated for osteosarcoma (1).

Bcl-2 belongs to a family of proteins that control cell life
and death, and may provide an important clue to the develop-
ment of new treatments for malignant tumors. Bcl-2 and Bcl-xL
inhibit cell death, whereas Bax promotes apoptosis. Bax forms
a channel with the voltage-dependent anion channel (VDAC)
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and the adenine nucleotide translocator (ANT) in the mito-
chondrial membrane, and promotes the release of cytochrome c
(2,3). Cytochrome ¢ forms complexes with Apaf-1 and
caspase-9, and apoptosis is induced through the activation of
caspase-3 (4.,5). Thus, Bax gene therapy has been studied
for a variety of lung (6), prostate (7), and gastric cancers (8)
in vivo. Our in vitro study using osteosarcoma HOSM-1 cells
demonstrated good results (9). Therefore, these positive anti-
tumor effects are anticipated to be translated to the in vivo
situation.

A variety of vectors can be used for gene transfer. Viral
vectors and liposomes are currently used as the primary gene
transfer vectors for transfer into tumor cells. Viral vectors
exhibit antigenicity and toxicity in addition to their excellent
gene transfer efficiency, and several studies of viral vectors
developing pathogenically have been reported in clinical
practice (10-13). Cationic liposomes comprise a positively
charged lipid-bilayer membrane that can be used to transfer
genes into cells by forming a complex with negatively charged
DNA. Liposomal vectors are characterized by their ready
availability, low antigenicity and toxicity, and high margin of
safety. The number of clinical trials for gene therapy using
cationic liposome has recently increased (see www.wiley.
co.uk/genetherapy/clinical/), and cationic liposomes are
considered as clinically useful vectors.

In this study, we investigated the anti-tumor effects of
Bax gene therapy using cationic liposomes on human osteo-
sarcoma (HOSM-1 tumor) in vivo.

Materials and methods

Cell line and culture conditions. A human osteosarcoma cell
line (HOSM-1) derived from the mandible was used in this
study. This cell line has been well-established in our lab-
oratory (14). Cells were maintained in RPMI-1640 (Invitrogen,
Carlsbad, CA) medium supplemented with 10% fetal
bovine serum (FBS; Invitrogen) at 37°C, under 5% CO, in a
humidified atmosphere. HOSM-1 cells possess a point
mutation in the p53 gene at codon 306, which changes this
codon from CGA to TGA (15). This codon 306 mutation
reduces the transcriptional activation of Bax (16).

Animals and tumor model. Female BALB/cAJcl nude mice
(4- to 5-week-old, 19-22 g) (Nihon Clea, Osaka, Japan) were
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used and housed at the Institute of Laboratory Animals, Faculty
of Medicine, Mie University (Thu, Japan). HOSM-1 cells
(1x10° cells) were inoculated s.c. into the backs of the nude
mice. After the tumor size reached 5-6 mm in diameter,
treatment (see below) of the animals was initiated (day 0).

Plasmids. The Bax expression plasmid, Bax cDNA in
pUSEamp, containing wild-type Bax cDNA under the control
of a cytomegalovirus (CMV) promoter, was purchased from
Upstate Biotechnology (NY, USA). The plasmid pUSEamp
was used as an empty plasmid; i.e., without the Bax gene.

Preparation of liposome-DNA complex. Dioleoyl trimethylam-
monium propane (DOTAP; Avanti Polar Lipid, Alabaster, AL)
and dioleoyl phosphatidyl-ethanolamine (DOPE; Avanti
Polar Lipid) were mixed in a 1:1 molar ratio. The lipid film
was prepared using a rotary evaporator. After the addition of
distilled water, the liposomes were vortexed vigorously for
2 min. Subsequently, 5 ul of liposomes (10 mM) was added
to 95 pul of saline containing 10 yg of plasmid DNA and
incubated for 15 min at room temperature.

Western blotting. To observe the time of the Bax protein
expression, Western blot analysis was performed using the
cells 6-72 h after transfection. Actin was simultaneously
immunodetected, to confirm loading of similar amounts of
cell lysates. Western blotting was analyzed as described
previously (9). Briefly, the cells were treated with the
liposome-Bax plasmid complex (100 g1 of the liposome-Bax
plasmid complex was added to RPMI supplemented with
10% fetal bovine serum) for 5 h. Six, 12, 24, 48 and 72 h
after completion of transfection, the cells were lysed at 4°C
for 30 min in a lysis buffer (100 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride, 1% Triton X-100, 0.1% SDS, 0.5%
sodium deoxycholate, 20 ug/ml aprotinin and 20 ug/ml
leupeptin). The protein contents of the cell lysates were
adjusted to 5 mg/ml and the cell lysates were applied to
10-15% SDS-polyacrylamide gradient gels. The proteins
were then electrophoretically transferred to PVDF membranes
(Immobilon-PSQ; Millipore, Bedford, MA, USA). Blotted
membranes were incubated for 1 h with anti-Bax monoclonal
antibody (Sigma, St. Louis, MO, USA), diluted 1:2x10° in
TBS-T; 1 h with anti-actin monoclonal antibody (Oncogene
Research Products, Boston, MA, USA), and then incubated
for 1 h with peroxidase-conjugated secondary antibody. Band
detection was performed using an enhanced chemilumin-
escence system (ECL; Amersham Biosciences, Piscataway,
NJ, USA).

Treatment of tumor xenografts in nude mice. The tumor
diameter reached 5-6 mm in all mice, 7-9 days after the transfer
of HOSM-1 cells. The animals were divided into five groups
with four mice per group, and each group was treated with one
of the following: 1) saline, 2) liposome alone, 3) Bax plasmid
alone, 4) liposome-pUSEamp complex, and 5) liposome-Bax
plasmid complex. The liposome-Bax plasmid complex
contained 500 M liposome and 10 pg Bax plasmid. Each
agent (100 pl) was injected along the tumor margin using a
27-gauge needle. The initial day of administration was defined
as day 0. Since the time to overexpression of Bax protein in
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Figure 1. Time-course analysis of Bax expression in HOSM-1 cells, as
assessed by Western blotting. The levels of Bax tended to peak at 48 h and
decreased by 72 h.

HOSM-1 cells tends to decrease within 72 h, based on the
results of the Western blot analysis (Fig. 1), administration
was applied 3 times a week for 2 weeks (6 times in total) to
maintain the expression of Bax protein in the tumor. Tumors
were measured for 40 days from the beginning of admi-
nistration, and the tumor volume was calculated using the
equation a x b’ x 0.5, in which a and b are the largest and
smallest diameters, respectively.

Immunohistochemical examination. Tumor tissues were
excised 48 h after transfection, and were fixed in 10% neutral-
buffered formalin. Paraffin-embedded sections (4-um thick)
were deparaffinized in xylene, rehydrated through graded
alcohol solutions and were blocked with 10% dried milk in
PBS containing 0.1% Tween-20 (PBS-T). All further steps
were performed using an automated immunohistochemical
instrument NexES (Ventana Medical Systems, Tucson, AZ,
USA). Slides were pre-treated at 37°C with I-View inhibitor
for 4 min and with Protease 1 for 16 min. Slides were incubated
sequentially with anti-Bax monoclonal antibody (Sigma),
diluted 1:500 in PBS-T for 32 min followed by Blocker A
(4 min), Blocker B (4 min), a biotin-conjugated anti-rabbit
IgG diluted 1:800 in PBS-T, avidin-D-conjugated horseradish
peroxidase (8 min), 3,3'-diaminobenzidine tetrahydrochloride
(DAB) with H,0, (8 min), copper enhancement as color
substrate (4 min), Hematoxylin as a first red counterstain
(2 min), and Bluing Reagent as a post counterstain (2 min).
Sections were then dehydrated in graded alcohols.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) assay. Apoptosis-related DNA
fragmentation was detected by TUNEL, using an Apop-Tag
Plus Peroxidase In Situ apoptosis detection kit (Intergen,
Oxford, UK). Tumor tissues were excised 48 h after trans-
fection, and were fixed in 10% neutral-buffered formalin.
Paraffin-embedded sections (4-um thick) were deparaffinized
in xylene and rehydrated through graded alcohols. All further
steps were performed using an automated immunohisto-
chemical instrument NexES (Ventana). The slides were
pre-treated at 37°C with I-View inhibitor for 4 min and with
Protease 1 for 16 min. Subsequently they were incubated in
working-strength terminal deoxynucleotidyl transferase (TdT)
enzyme containing deoxyuridine-5'-triphosphate-digoxigenin
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Figure 2. Tumor volume analysis of tumor-bearing mice after injection to
peripheral tumor. The growth was inhibited significantly in the Bax gene
transfer group at day 11 (at the completion of administration) and at day 40,
compared with the other administration groups. “p<0.05, $p<0.01, Student's
t-test.
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Figure 3. Immunohistochemical analysis for Bax in HOSM-1 tumor 48 h after
completion of administration. Bax immunoreactivity was detected in the
limited regions of Bax-transfected tumors. Original magnification x400.
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Figure 4. Detection of apoptosis using the TUNEL assay in HOSM-1
tumor 48 h after completion of administration. Many TUNEL-positive cells
were visible in the limited regions of Bax-transfected tumors. Original
magnification x400.

for 32 min. The reaction was terminated with a stop/wash
buffer for 30 min. After an anti-digoxigenin antibody fragment
carrying a conjugated peroxidase was applied for 32 min, the
signals of localized peroxidase enzyme were detected using
3, 3'-diaminobenzidine (DAB) substrate. Hematoxylin and
Bluing Reagent were used respectively for 2 min as the first
counterstain and the post counterstain. Sections were then
dehydrated in graded alcohols.

Results

Time-course of Bax expression. The cells were isolated 6-72 h
after transfection and the changes of Bax protein expression
were observed over time using Western blot analysis (Fig. 1).
Although a band was detected in the control group, enhance-
ment of Bax expression began 6 h after Bax gene transfer.
Subsequently, the expression was gradually enhanced. Bax
expression reached maximum at 48 h, but began to reduce 72 h
after the gene transfer.

Tumor growth inhibition following Bax gene transfer in vivo.
The average tumor volume ranged from 50 to 70 mm?® at Day 0
in each group. The average tumor volume at the completion
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of administration (Day 11) was 161.2 mm? in the saline group,
and 80.8 mm? in Bax gene transfer group, which indicated that
the growth inhibition effect was 50% of the saline group. Five
days after the completion of administration (Day 16), the tumor
increased 3-fold (tumor volume: 174.8 mm?®) and 1.3-fold
(tumor volume: 76.7 mm?, 44% of that of the saline group) in
the saline and the Bax-treated groups, respectively. Thereafter,
the tumors in the Bax-treated group tended to increase as well,
but the average volume at Day 40 was 455.1 mm? which was
43% of that of the saline group (1070.2 mm?). The growth
inhibition effect was significant, as with the other admini-
stration groups (Fig. 2). A similar increase was noted in tumors
of the liposome alone group and the Bax plasmid alone group,
as well as the saline group, but the liposome-empty plasmid
transfer group exhibited only a slight growth inhibitory effect.

Immunohistochemcal analysis for Bax protein. To determine
the efficacy of transducing HOSM-1 tumors s.c. implanted
into nude mice, we assessed Bax immunoreactivity in
HOSM-1 tumors, 24 h after transfection. Immunohistochemical
evaluation revealed detectable Bax immunoreactivity only in
the tumor margin, which was the site of local injection in the
Bax gene transfer group (Fig. 3). There was no detectable
Bax immunoreactivity in the other administration groups, nor
in the center of the tumor in the Bax gene transfer group.

Detection of apoptosis. Fig. 4 represents the results of
TUNEL staining. Brown-stained TUNEL-positive cells were
noted in all administration groups. In the Bax gene transfer
group, a significant increase of TUNEL-positive cells as well
as immunostaining was evident at the tumor margin. A slight
increase of TUNEL-positive cells was noted at the tumor
margin in the empty plasmid group, but there were no
differences at the center of tumors between the groups.

Discussion

The Bax gene is downstream of p53 and can promote
apoptosis. Bax gene therapy has been investigated for various
cancers, and has been shown to have a beneficial inhibitory
effect on the growth of lung, prostate, and gastric cancers in
vivo. Tunemitu et al (8) reported that p53 gene therapy had no
effect on p53 wild-type gastric cancer (MKN-45 cells) whereas
Bax gene therapy did. Our previous studies on the anti-tumor
effects of Bax gene therapy on HOSM-1 cells in vitro
revealed that Bax gene therapy induced caspase-independent
cell death as well as apoptosis. Therefore, the anti-tumor
effect may be stronger than the ability to induce apoptosis (9).
The result of this study of the effect on HOSM-1 cells in vivo
demonstrated the growth inhibitory effect. The involvement
of caspase-independent cell death, which was reported in the
in vitro studies, remains unconfirmed, but may be influenced
by the induction of apoptosis by the increase of Bax proteins
in the tumors as indicated by the immunostaining and TUNEL
stain findings.

Cationic liposomes may be clinically safe, but their gene
transfer efficiency is lower than viral vectors. Viral vectors are
widely used in Bax gene therapy investigations. Apoptotic
cells (>50%) are induced in vitro in prostate (LNCap, PC-3,
DU-145, TsuPr(1) cells) (7,17), pancreatic (Panc28 cells)
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(18), and lung (A1466 cells) (19) cancer. In in vivo studies,
adenoviral vectors have been used in prostate (PC-3 tumors)
(7) and gastric (MKN-45 tumors) (8) cancers, and significant
growth inhibitory effects have been shown. On the other hand,
in vivo studies on Bax gene therapy using liposomes have not
been reported in any tumor model. In vitro, apoptosis was
induced in 30-40% of P3L and P3T lung cancer cells (20)
and HOSM-1 osteosarcoma cells (9), and was less than that
following therapy using viral vectors. However, liposomes
have the benefit that they can be used repeatedly due to
safety factors. In addition, Almofti et al (21) demonstrated
that the transfer efficiency varied with the charge ratio of the
liposome/DNA complexes (+) and might have a significant
effect on the ratio of plasmid DNA to liposome. In this study,
a significant growth inhibitory effect was obtained when the
administration with the most effective rate in vitro was
performed in vivo 3 times per week for 2 weeks. However,
the size of the tumor tended to increase gradually during the
administration and further improvement of the gene transfer
rate might be necessary. It has been reported that gene transfer
efficacy would be improved by adding a ligand, such as
transferrin, lectin, epidermal growth factor, or insulin, to the
cationic liposome (22-24). Bax gene therapy using cationic
liposomes will become a more useful gene than therapy with
virus vectors if the method of administration is modified. A
more efficient anti-tumor effect may be expected if the
dosing frequency increases, but adverse reactions induced by
Bax gene therapy remain unknown and require further
investigation.

Combination therapy with surgical therapy, radiotherapy,
or chemotherapy has been conducted as a basic therapy for
malignant tumors. The effects of the combination of Bax
gene therapy and radiotherapy/chemotherapy have been
investigated on some malignant tumors. Enhancement of
radiation sensitivity in vivo has been noted in ovarian cancer
cells (25) and glioma cells (26). There have been no studies on
the in vivo sensitivity of Bax gene therapy to anti-cancer agents,
but the in vitro sensitivity to anti-cancer agents by Bax gene
transfer increases in breast cancer cells (27), head and neck
squamous cell carcinoma cells (28), gastric cancer cells (29),
and colon cancer cells (30). Hence, a combination of this
therapy with chemotherapy/radiotherapy is expected to be an
effective therapy for osteosarcoma.

In conclusion, gene therapy by Bax gene transfer using
cationic liposomes is considered to be a useful treatment for
osteosarcoma (HOSM-1 tumor), but it will be necessary to
improve the method of gene transfer, and study combination
therapy with chemotherapy and/or radiotherapy as well as the
adverse reactions which could be induced by this therapy.
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