
Abstract. Retrovirus-mediated sFlt-1 gene modification was
performed to examine the influence of VEGF in controlling
the growth of an experimental osteosarcoma in mice. Human
osteosarcoma G-292 cells were in vitro infected with retroviral
vectors encoding soluble Flt-1 or LacZ gene before trans-
planted into proximal tibiae of immune deficient SCID
mice to establish experimental orthotopic osteosarcoma.
Daily observation and biweekly microCT were performed
to monitor tumor development and progression till sacrifice
at 8 weeks after tumor cell inoculation for histological and
molecular analyses. Successful transgene expression was
confirmed in the culture media of sFlt-1 transduced G-292
cells using ELISA, and with positive X-gal staining of the
LacZ transduced cells. Noteworthy tumors were grown in all
mice on the tibiae receiving G-292 cell inoculation, with
clear detection on microCT images starting 2 weeks after
inoculation. Over the time period, tumors derived from
sFlt-1 transduced G-292 cells were distinctively smaller in
size when compared to the ones from wide-type G-292 and
G-292-LacZ cells. Histology showed typical osteosarcoma
characteristics including severe cellular pleomorphism, bone
erosions, and neo-vascularization. Real-time polymerase chain
reaction indicated significantly higher sFlt-1 expression in
sFlt-1 transduced groups than the wild-type G-292 or LacZ-
treated groups. Strong expression of oncogenes c-myc and
c-fos were also obvious, along with the expression of VEGF
in the primary tumor tissue. Overall, data suggest that
retrovirus-mediated sFLT-1 gene modification decelerates
the osteosarcoma tumor growth in this murine model.

Introduction

Osteosarcoma is the most common malignant tumor seen
in orthopaedic surgery, with high morbidity in young adults
and adolescents. Despite intensive treatment, including
adjuvant chemotherapy, wide excision of tumors and
amputation of the diseased limbs, approximately half of
such patients die within 5 years (1). On this basis, it is clear
that novel therapeutic approaches are needed for improved
osteosarcoma treatment.

One recent novel interventional strategy for cancer is
based upon interruption of tumor angiogenesis (2-8). Indeed,
angiogenesis plays a critical role in neoplastic processes
and is essential for growth, invasion and metastasis of solid
tumors (9-11). Among many factors regulating angiogenesis,
vascular endothelial growth factor (VEGF) may be one of the
most potent (12-14). Enhanced VEGF gene expression has
been identified in a number of malignant tumors from breast,
lung, ovarian, liver and colon cancer in comparison with
normal tissue (15). Specifically, an association between
high-level VEGF and poor prognosis of osteosarcoma has
been reported (15,16). Using a newly developed murine
osteosarcoma model (17), we demonstrated that high VEGF
expression clearly associated with the fast tumor growth
and early lung metastasis. This recognition leads to potential
strategy to target the VEGF pathway as a prospective anti-
osteosarcoma therapy.

VEGF exerts its biological effects on endothelial cells by
binding to its cell surface receptors. Receptors identified to
bind VEGF include Flt-1 (fms-like-tyrosine kinase-1, or
VEGFR-1) and Flk-1 (fetal liver kinase-1, or VEGFR-2).
These VEGF receptors are essential components of signal
transduction pathways that affect cell proliferation, dif-
ferentiation, migration, and metabolism. Soluble Flt-1 is an
endogenously expressed, alternatively spliced form of the
Flt-1 VEGF receptor (18,19). This form of Flt-1 binds to
VEGF with the same affinity and equivalent specificity as
that of the full-length receptor, but this binding does not
initiate signal transduction because sFlt-1 lacks its intra-
cellular tyrosine kinase domains and the cell association.
Indeed, there are numbers of studies trying to apply the sFlt-1
gene transfer technique to halt growth and metastasis of
different solid tumors such as lung cancer (20), renal cell
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carcinoma (21), gastric cancer (22), liver cancers (23,24),
thyroid carcinoma (25), and ovarian carcinoma (26). Generally,
these studies have established the concept that gene therapy
may offer a technical means to realize the potential benefits
of antiangiogenesis approaches.

In this experiment, we investigated the in vitro trans-
duction efficiency of retroviral vectors encoding sFlt-1 to
osteosarcoma G-292 cells and evaluated the effects of sFlt-1
modification on the tumor growth of a murine orthotopic
osteosarcoma.

Materials and methods

Animals. Severe combined immunodeficient (SCID) mice at
four weeks of age were obtained from the Jackson Laboratory
(Bar Harbor, Maine) and used as hosts for the experimental
sarcoma. The animals were housed in a pathogen-free
environment and given free access to autoclaved chow and
water. All mice were quarantined for one week prior to
experimentation.

Osteosarcoma cell lines. Human osteosarcoma cell lines,
G-292 (CRL-1423) were obtained from American Type
Culture Collection (Manassas, VA) and processed according
to the vendor's instructions. G-292 cells were cultured at 37˚C
in a 5% CO2 incubator, in McCoy's 5a medium with 1.5 mM
L-glutamine and 2.2 g/l sodium bicarbonate, also contained
10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 μg/ml streptomycin. When 90% confluence was reached,
culture medium was removed, the cell layer rinsed thoroughly
with phosphate-buffered saline (PBS), and enzymatically
dissociated by adding 0.25% (w/v) trypsin-0.03% (w/v) EDTA.
Cells were maintained by subculture at a ratio of 1:8. Prior
to implantation, the cell suspensions were diluted with 0.5%
(w/v) trypan blue in 0.16 mol/l ammonium chloride to assess
cell viability and number.

Construction of retroviral vectors and gene transduction. The
original retroviral vector coding for sFlt-1 was kindly provided
by Dr Hairong Peng at University of Pittsburgh (27). The
titer of the viral vectors was estimated to be 1-2x106 cfu/ml
by limiting dilution. Retrovirus coding for bacteria LacZ was
provided from the laboratory of Dr Paul Robins at University
of Pittsburgh. For in vitro gene transduction, 500 μl of 106 cfu
retrosFlt-1 (or MFG-LacZ) was added onto G-292 cells
with 500 μl of fresh medium including polybrene at final
concentration of 8 μg/ml. Cells were incubated at 37˚C for
8 h before the second addition of the same amount of the
retroviral vectors. The cells were then maintained at 37˚C
incubator with 5% CO2. The incorporation of sFlt-1 in
genetic DNA of the transduced cells in the culture media was
evaluated by ELISA. LacZ transgene expression was detected
using X-gal staining. G-292 cells transduced with sFlt-1 or
LacZ were transplanted in proximal tibiae of the SCID mice
according to the experimental design.

Enzyme-linked immunosorbent assay (ELISA). sFlt-1 transgene
expression in the culture medium collected from G-292 cell
cultures were assessed using Quantikine ELISA kits (R&D
Systems) with a pair of rabbit anti-human sFlt-1 antibodies

(R&D Systems) according to the manufacturer's instructions
and the standardized protocol previously described (28).

X-gal staining. X-gal staining was performed to confirm LacZ
gene transduction, as previously described (29). Briefly,
the cells were fixed in the fixative (4% formaldehyde, 0.5%
glutaraldehyde, 0.1 M Na phosphate buffer, pH 7.2) for 30 min
at room temperature (RT) and washed three times in 0.1 M
PBS (pH 7.4) for 5 min, followed by incubating overnight
in X-gal staining solution [1 mg/ml of 5-bromo-4-chloro-
3-indolyl ß-D-galactoside (X-gal), 2 mM MgCl2, 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide,
0.01% sodium deoxycholate, and 0.02% Nonidet-P40].
The cells were washed the next day and evaluated for the
intensity and distribution of the blue coloration under a light
microscope.

Establishment of the orthotopic osteosarcoma. The Institu-
tional Animal Investigation Committee approved all animal
procedures. SCID mice were randomly divided into 3 groups
with 10 animals per group, to receive wide-type G-292
cells, sFlt-1 transduced cells, and LacZ-transduced cells,
respectively. All mice were anesthetized by i.p. injection of a
mixture of xylazine (8 mg/kg) and ketamine (100 mg/kg).
Under strict sterile conditions, a 0.5-cm incision along the
lateral collateral ligament of the knee was made to expose the
proximal of tibia. A 0.8-mm dental drill was used to drill a
small hole across the metaphysis. The wound was rinsed with
PBS containing penicillin G (500 U/ml) and streptomycin
(500 μg/ml) before closing the skin cut by simple interrupted
sutures. Culture medium (50 μl) containing 106 of wild-type
or gene modified osteosarcoma cells were injected into the
hole immediately after surgery. The other limb received a
sham operation without injection of tumor cells.

All animals were monitored throughout the study with
daily visual inspection for general health and tumor develop-
ment. Animals were sacrificed at 8 weeks after tumor cell
innoculation by CO2 asphyxiation. Legs containing ortho-
topic tumors were harvested for histological and molecular
evaluations.

MicroCT evaluation. An eXplore Locus MicroCT system
(GE Medical Systems, London, ON, Canada) was used to
monitor the tumor growth and characteristics of bone lesions.
Mice were scanned immediately following tumor cell implan-
tations, and every 2 weeks thereafter. All mice were fully
anesthetized (10 mg/kg of xylazine and 120 mg/kg of
ketamine) and restrained during each CT scanning. Scan
parameters were set at 45 μm isotropic voxel size, 400 pro-
jections, 400-ms exposure time, 80 kW voltages, and 450 μA
current. The length and width of tumor were measured on
microCT images using the GE HC MicroView® software
with Analysis+ Version 1.0 (GE Healthcare) (Fig. 4D and E).
The tumor volumes (V) were calculated using the formula of
V = L x W2 x 0.52, where L is the length and W represents the
width of the tumor (30).

RNA extraction and real-time quantitative PCR for gene
expression. Primary osteosarcoma tissues including the
adjacent bone were snapped-frozen in liquid nitrogen at the
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time of sacrifice. A portion of the tumor-bone powder homo-
genized in 0.5 ml of TRIzol solution (Gibco BRL) using a
glass grinder pestle. Total RNA extraction was performed
using a commercial kit (Tel-Test Inc., Friendswood, TX)
in accordance with the manufacturer's instructions. The
precipitated RNA was then treated with DNase and passed
through a spin column (Rneasy mini kit, Qiagen) for further
purification. Reverse transcription and real-time PCR for the
expression of VEGF, sFlt-1, c-myc, and c-fos was performed
using the ABI PRISM 7700 Sequence Detector (PE-Applied
Biosystems), as detailed previously (31). The comparative
gene expressions of the experimental tumor groups over the
sham controls were calculated according to the formula given
in the manufacturer's manual (32).

Histology process and immunohistological (IHC) examination.
Proximal tibiae bearing osteosarcoma tissue and receiving
sham operation were collected. Tissues were fixed in buffered
formalin, decalcified in 12% EDTA and embedded in paraffin
at consistent orientation. The bone tumors in tibia were cut
longitudinally and other tissues were cut in multiple layers.
All tissues were stained with hematoxylin and eosin, and
examined under a Zeiss light microscope. Digital photo-
micrographs were captured and analyzed using Image-Pro
Plus analysis software (Media Cybernetics, Silver Spring,
MD).

IHC was performed on primary orthotopic tumor sections
to detect the expression levels of VEGF, sFlt-1 according to
the vendor's instructions and the protocol published previously
(33). Briefly, paraffin sections were deparaffinized in xylene,
rehydrated in graded alcohols and water. Hydrogen peroxide
(0.3%) was applied to diminish endogenous peroxidase
followed by microwave incubation to enhance the antigens.
After blocking with 1.5% normal goat serum for 1 h, the
sections were incubated overnight with the primary antibodies
(2 μg/ml, BD Pharmingen) in a moisturized chamber at 4˚C.
Biotin-conjugated secondary antibody and avidin-biotin
enzyme reagents were sequentially applied for 30 min between
extensive washes. The color was developed by adding 3,3'-
diaminobezidine tetrahydrochloride (DAB). In negative control
sections, an irrelevant antiserum was applied at the same
concentration as the primary antibody. Digital images were
captured and analyzed using the Image-Pro software package.
The level of positive staining and localization was evaluated
in six different fields, and expressed as integrated optical
density (IOD). The comparison of the IODs among groups
was carried out using the Image-Pro analysis tool.

Statistical analyses. A total of 30 mice were used for this study.
Statistical analysis between different groups was performed
by the Student's t-test, or the ANOVA test; with the Schafer
formula for post hoc multiple comparisons, using the SPSS
software package (SPSS; Chicago, IL). A p<0.05 was
considered as significant difference. Data are expressed as
mean ± standard deviation.

Results

Transgene expression. The expression of sFlt-1 protein levels
in the culture medium was measured using ELISA. Extensive

elevation of sFlt-1 levels was detected 24 h after viral infection
and reached peak levels at 14 days (Fig. 1B). The elevated
transgene product was maintained for at least 6 weeks in
culture. Experimental tumors retrieved from SCID mice with
sFlt-1 modified G-292 cell inoculation revealed strong
positive immunohistochemical sFlt-1 staining (Fig. 2D).
Quantification analysis of sFlt-1 expression using a comput-
erized image analysis system indicated significantly stronger
positive stains in sFlt-1 transduced groups in comparison
with non-viral controls (wide-type G-292) or LacZ transduced
groups (Fig. 3). X-gal staining on LacZ-transduced cells
exhibited strong blue color, indicating the successful transfer
and expression of ß-galactosidase gene, transduction efficiency
was 86% (Fig. 1A).

Inhibitory effects of sFlt-1 on growth of experimental osteo-
sarcoma. The orthotopic osteosarcoma developed at the
proximal tibiae after tumor cell transplantation (Fig. 4A).
Macroscopic assessment at sacrifice revealed that the tumors
with sFlt-1 gene modification were significantly smaller than
the ones derived from wide-type osteosarcoma G-292 cells
(Fig. 4B). Periodical microCT scans dynamically monitored
the development and growth of the primary tumor and proved
a useful monitoring technique in this study (Fig. 4C-G).
Analyses of microCT data using MicroView program indicated
that all mice developed orthotopic bone tumors at 2 weeks
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Figure 1. Osteosarcoma cells were in vitro transduced with Retro-sFlt-1 or
LacZ. X-gal staining was performed to reveal the successful transduction of
LacZ (A, x100). Culture media were collected periodically for detection of
sFlt-1 expression using ELISA and summarized as B.
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after tumor cell inoculation and the individual tumor volume
among groups was not significantly different. At 4, 6, and 8
weeks, however, the average tumor volumes of the non-
modified G-292 and LacZ transduced groups appeared
significantly larger than those of sFlt-1 transduced group
(Fig. 5). All tumors on the CT images exhibited mixed
osteoblastic and osteolytic changes and there was no
significant difference among the groups.

Histological and immunohistochemical assessment. Histo-
logy showed typical osteosarcoma characteristics including
severe cellular pleomorphism, bone erosions, and neo-
vascularization at 8 weeks after tibia primary tumor establish-
ment (Fig. 6).

Immunohistochemical staining illustrated strong positive
VEGF staining on all the experimental tumor sections (Fig. 2A
and B). However, the experimental tumors derived from the
cells with sFlt-1 gene modification exhibited dramatically
more transgene expression against sFlt-1 antibody (Fig. 3,
p<0.05).

Molecular assessment. RNA samples isolated from the ortho-
topic tumors were examined for the gene expression of
VEGF, sFlt-1, and oncogenes c-fos and c-myc. Fig. 7
summarizes the comparative gene expressions among groups.
Data show strong expression of oncogenes c-myc and c-fos
along with the expression of VEGF in the primary tumor tissue.
Significantly higher sFlt-1 expression in sFlt-1 transduced
groups was obvious in comparison with G-292 or LacZ-treated
groups (Fig. 7, p<0.05).

Discussion

Strategies to inhibit neoangiogenesis represent a potentially
powerful approach for treatment of neoplastic disease.
Furthermore, virus-mediated gene modification may offer a
potential therapeutic approach with the aspects of site-
specific and long-term effectiveness. In the present study, we
attempted to examine the hypothesis that abrogation of the
VEGF influences the growth of osteosarcoma, evaluating the
retroviral vector-mediated sFlt-1 gene therapy in controlling
the osteosarcoma tumor growth in a murine model.

We have previously described a murine orthotopic osteo-
sarcoma model to study progression and metastasis of
osteosarcoma and found that high VEGF expression correlates
with the early establishment, rapid tumor growth, and the
development of pulmonary metastasis (17). It appears that
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Figure 2. Immunohistochemical stains against human VEGF (A and B) and sFlt-1 (C and D) were performed on the experimental osteosarcoma tissues.
Micrographs A and C are tumors derived from the LacZ transduced group; B and D are samples from the sFlt-1 transduced group (magnification: A, x400; B,
x400; C, x200; D, x200).

Figure 3. The expression levels of VEGF and sFlt-1 on the osteosarcoma in
different groups, quantified as integrated optical density (IOD).
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anti-angiogenic therapy, especially the blockade of VEGF
effects may be a novel and potentially promising strategy
for osteosarcoma. The soluble receptor of VEGF, sFlt-1 is a
potent and selective inhibitor of VEGF. sFlt-1 inhibits the
angiogenic action of VEGF in two ways. Not only does it
bind and sequester VEGF from its biological angiogenic
action, but sFLT-1 also forms inactive heterodimers with
the extracellular ligand-binding region of the membrane
spanning Flt-1 and KDR/Flk-1 VEGF receptors, thereby
blocking the phosphorylation and activation of downstream
signal transduction pathways for endothelial cell proliferation.
In this study, we first established a stable sFlt-1 expressing
osteosarcoma cell line by ex vivo transduction of sFlt-1 gene
using retroviral vectors into high VEGF-expressing osteo-
sarcoma G-292 cells. This sFlt-1 expressing osteosarcoma
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Figure 4. Representative macroscopic views of the experimental tumors at 8 weeks after cells inoculated (A and B) and microCT images of the orthotopic
osteosarcoma model. C, Sham operation group; D, Two weeks after wild-type G-292 inoculation; E, Four weeks after wild-type G-292 cell inoculation; F,
Two weeks after sFlt-1 modified G-292 cell inoculation; G, 8 weeks after sFlt-1 modified G-292 cell inoculation. Lines on D and E are the measurements for
the width and length of the tumor.

Figure 5. Orthotopic tumor sizes over the experiment period were evaluated
on the microCT images. Tumor volumes were calculated using the formula
V = L x W2 x 0.52, and data are presented as mean volume ± SE (n=10,
*p<0.05).

Figure 6. Histological appearance of the experimental osteosarcoma shows
typical osteosarcoma characteristics including severe cellular pleomorphism,
bone erosions, and neo-vascularization at 8 weeks after tibia primary tumor
establishment (H&E staining; magnification x200).

Figure 7. Comparative gene expression quantification using sham operated
bone tissue as base controls. Data are expressed as the relative expressions
over those from sham bone tissues. Significantly higher sFlt-1 expression in
sFlt-1 transduced groups compared with G-292 or LacZ-treated groups
(*p<0.05).
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cells were then transplanted into tibiae of SCID mice to
compare with wild-type G-292 cells and LacZ-transduced
controls in the tumor development and growth in situ. 

Indeed, there are a number of studies applying sFlt-1
gene transfer technique to halt growth and metastasis of
different solid tumors such as lung cancer (20), renal cell
carcinoma (21), gastric cancer (22), liver cancers (23,24),
thyroid carcinoma (25), and ovarian carcinoma (26).
Generally, the administration of sFlt-1 gene inhibited the
neo-vascularization and promoted tumor cell apoptosis.
However, the therapeutic effects using adenoviral vector
was rather transient and some cytotoxicity was reported (34).
In our study, human osteosarcoma cell line G-292 cells were
transduced with retroviral vectors encoding sFlt-1 before
transplanted into the host proximal tibia. It appears that the
gene transfer was successful, and the transgene product was
detected for at least 6 weeks before and on animal
investigations. No acute cytotoxicity in cell culture was noted
following 2 times viral infection. 

In our results, the development of osteosarcoma was
markedly suppressed in the sFlt-1 group, the average tumor
volumes significantly smaller than G-292 and LacZ transduced
groups at 4, 6, 8 weeks. It appears that the soluble Flt-1 may
be an excellent candidate of therapeutic agents for the longer
and effective inhibition of angiogenesis during tumor develop-
ment/progression. There was no significant difference in the
tumor volumes among groups at early development of the
experimental tumors (2 weeks after cell inoculation),
suggesting lesser influence of VEGF in the early tumor
development. It is well accepted that the growth of solid
tumors greater than 1-2 mm3 is critically dependent on
angiogenesis (9).

With the recent expansion of molecular biology techniques,
genetic alterations associated the development and metastases
of malignant tumors have been observed. Cellular oncogenes
have been found to be activated by DNA rearrangements
(proviral insertions, chromosome translocations and DNA
amplifications). These alterations may result in an increased
or deregulated gene expression. Numerous oncogenes and
tumor suppressor genes have been identified in osteogenic
sarcomas, c-myc and c-fos seem to be expressed with a
relative high incidence (35-39). C-myc proto-oncogene on
chromosome 8 encodes a transcription factor, which is
involved in the regulation of cell growth, DNA replication,
and transcriptional regulation of specific target genes (40).
C-fos proto-oncogene, the cellular homologue of v-fos, is
involved in osteoblast and chondrocytes differentiation (38).
Studies have indicated that c-myc and c-fos were over-
expressed in the relapsed osteosarcoma and the metastasis
cases (36). In G-292 and G-292-LacZ experimental osteo-
sarcoma model, these oncogenes were markedly expressed in
the tumor tissues supplementing the high VEGF expression.
In sFlt-1 transduced groups, c-myc and c-fos were found with
lower expression compared with G-292 or LacZ-treated
groups, the difference was not significant. 

In the present study, sFlt-1 gene modification appears to
decelerate the tumor growth compared with G-292 or LacZ-
treated groups. However, it could not completely halt the
tumor growth and progress. This suggests that angiogenesis
is a complex mechanism and attributes to multiple factors

and pathways. Blocking the action of a single potent
angiogenic factor may not result in complete abrogation of
angiogenesis and tumor progression; combination regimes of
antiangiogenic approaches with chemotherapy may prove
more potent therapeutic efficacy.
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