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Summary
Most cancer deaths occur from metastatic spread of cancer cells. Immunotherapy and gene therapy are appealing
modalities to treat cancer, not only because tumors that are resistant to conventional treatment such as radiation
and chemotherapy can be treated using immunologic and genetic approaches, but also because these modalities can
reach distant metastases and tumors that are inaccessible for conventional treatment. One gene therapy-based
immunologic approach that has shown preclinical promise in laboratory animals is the use of Fas ligand (FasL)
gene transfer. FasL promotes tumor cell killing directly and indirectly, and it induces reliable antitumor immune
responses that protect animals against subsequent tumor challenge. Yet, despite the unquestioned benefits to study
mechanistic questions, factors such as size, pharmacokinetic distribution, and route of administration preclude
precise extrapolation of safety data from laboratory mice to humans. We have used spontaneous cancers of dogs as
intermediaries for translational studies because the size and physiology of dogs, as well as the natural history of
homologous tumors in this species resemble those of humans more closely than rodent models created in the
laboratory. Here, we use appendicular osteosarcoma (OS) as an example to document clinical and biological
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similarities between the disease in dogs and humans. Specifically, we underscore the unique properties of this model
to develop therapy approaches prior to translation into clinical trials of human cancer patients.
Shimizu et al, 2001), which in turn perpetuates the
inflammatory response by recruiting additional leukocytes.
The adenovirus-mediated expression of FasL is
extinguished in <2 weeks because transduced cells are
killed as a consequence of the inflammatory response
(Regardsoe et al, 2004). Therefore, both mechanisms (Fasmediated apoptosis and inflammation leading to tumor cell
death) minimize persistence of FasL in the system, but
they also promote specific, protective antitumor immune
responses (Modiano et al, 2004). We have thus proposed
that FasL gene transfer can be used as a “tumor vaccine”
without the need to identify or enrich specific tumor
antigens, and have reached a feasibility stage where it is
essential to determine the risk-benefit relationships of
FasL gene transfer used in an adjuvant therapy setting to
treat solid tumors. Among other targets, we propose that
adjuvant Ad-FasL therapy has vast potential to improve
outcomes of pediatric patients with OS. Dogs with the
same disease offer a clinically and biologically relevant
model for development.

I. Introduction
The utility of preclinical animal models for
therapeutic development is dependent on how well they
approximate the human disease in question. In the realm
of cancer, rodent models are especially powerful to define
the impact of single gene abnormalities in disease
pathogenesis, and strains that are susceptible to chemical
carcinogens are well suited to explore the benefit of
interventions for cancer prevention. Conversely, the
accelerated growth rate exhibited by many transplantable
and inducible tumors in laboratory rodents can make
evaluation of therapeutic strategies for pre-existing disease
problematic.
Cancer in dogs occurs spontaneously. The relative
lifetime cancer risk is similar in dogs and in humans, and
the shared environment between people and their pet dogs
offers opportunities to examine cancer etiology and
response to treatment under more realistic conditions.
Nevertheless, canine models for therapy development
must be chosen with care, not only to properly frame the
hypothesis to be tested, but also to reflect the disease
under study. Here, we review the strengths of naturally
occurring canine osteosarcoma (OS) as a model for
preclinical development of Fas ligand (FasL) gene therapy
in the adjuvant setting.

III. Comparative aspects of human
and canine osteosarcoma
OS is an exceptional model for novel therapeutic
development, as it meets the following criteria. It is a
highly metastatic tumor and patients would benefit from
improved treatment options; the disease is relatively
common, the tumors can be visualized externally or using
imaging, the tumor is responsive to immunotherapy, and
both Fas-sensitive and Fas-resistant forms of the tumor
occur spontaneously. According to the American Cancer
Society, about 2,570 new cases of cancer of the bones and
joints will be diagnosed in 2005, and about 1,200 deaths
from these cancers are expected (Jemal et al, 2005). OS is
the most common among these tumors; it also is the most
common type of primary bone cancer in dogs, accounting
for up to 85% of skeletal tumors (Dernell et al, 2001) with
an annual incidence of 6,000 - >8,000 new cases per year
(Withrow et al, 1991; Hansen and Khanna, 2004). Except
for the age of clinical onset, the natural history of the
disease is similar in people and in dogs (Table 1). The
standard-of-care for appendicular OS includes amputation
or limb-sparing surgery, followed by adjuvant
chemotherapy. In children, this treatment produces an
overall survival rate of ~80%, but event-free survival
(EFS) is lower, with only ~60% reaching five years and
barely 50% reaching 10 years (Bielack et al, 2002).
Despite these encouraging facts, 20% of children
diagnosed with OS will not survive five years, as many as
50% may not see the tenth anniversary of their diagnosis,
and most will have significant morbidity associated with
the disease. Clearly, there is need for options that will
improve the outcomes of patients with this disease. The
timeframe bracketed by these hallmarks in children
represents ~10% of an average adult lifetime, which
provides a reasonable basis on which to compare clinical
outcome with dogs that have bone tumors, where the

II. Fas ligand gene transfer for cancer
therapy
We recently reviewed mechanistic basis and
preclinical data supporting the use of adenovirus-based
Fas ligand (Ad-FasL) gene transfer for cancer therapy
(Modiano et al, 2004). The fundamental rationale to
develop this approach is based on its potential as an
adjuvant treatment: the gene is delivered into the tumor
environment, where it primes immune effector cells that
mediate systemic antitumor immunity. This then leads to
destruction of metastatic cells, increasing the likelihood of
durable remissions with reduced morbidity of cancer
patients. It is especially important to note that Ad-FasL
can promote antitumor immunity by two distinct
mechanisms, depending on whether or not tumors express
Fas receptors and are susceptible to FasL-mediated
apoptosis. Specifically, in the context of cancer gene
therapy, ectopic FasL promotes Fas-dependent apoptosis
of susceptible tumors. In the tumor environment,
scavenging of apoptotic cells by antigen presenting cells
can lead to cross priming that enhances cytokine
production and killing by tumor-specific T cells (Bianco et
al, 2003). On the other hand, when expressed in tumors
that are resistant to Fas-dependent apoptosis, the ectopic
FasL (and possibly the response to the adenovirus vector)
initiates robust inflammatory responses that result in tumor
cell death. Unmitigated inflammation is seen with
transduction of Ad-FasL, probably because of the high
levels of local expression achieved with this method. In
these conditions, there is extensive apoptosis of
neutrophils and macrophages (Hohlbaum et al, 2001;
32
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Table 1. Comparative aspects of human and canine OSa
Common recurrent abnormalities are shown in bold, those with prognostic or predictive value shown in red.
Clinical Features
Age at diagnosis

Human
Adolescent (peak at ~15 yr) (Gurney et al, 1999)

Gender-based
prevalence
Site
Phenotype
Standard-of-care
Median event-free
survival
Pathogenetic
Features
Cytogenetics
Karyotype

Male ~1.2X

Dog
Adult (peak at ~8 yr) (Gorlick et al, 2003;
Hansen and Khanna 2004)b
Male ~1.5X

Long bones of limb (78%)
Aggressive, metastatic (lungs most common)
Surgery + adjuvant chemotherapy
~5 yr (<10% of a lifetime)

Long bones of limb (85%)
Aggressive, metastatic (lungs most common)
Surgery + adjuvant chemotherapy
~9.6 months (<10% of a lifetime)

•
•

Numerical
abnormalities

•

Structural
abnormalities

•

•
•

•

Oncogenes
MYC,
RAS,
HDM2/MDM2,
CDK4, MDR-1

•
•

•

SIS/PDGFR

•

MET/HGF

•

HER2/Neu
B2)

(ERB-

•
•
•

IGF1/IGF1R

•

Aneuploid
Complex to chaotic (Ozisik et al, 1994; Batanian
et al, 2002; Bayani et al, 2003; Gorlick et al,
2003; Lopez-Guerrero et al, 2004)
Gains and losses identified in all autosomes and
X chromosome
Chromosome gains outnumber losses by 20-30%
Gain of HSA 19 or loss of HSA 9 predict poor
therapy response (Sztan et al, 1997; Friedmann et
al, 2002; Gisselsson et al, 2002; Ozaki et al,
2002; Overholtzer et al, 2003; Squire et al, 2003;
Lau et al, 2004; Lopez-Guerrero et al, 2004; Man
et al, 2004; van Dartel and Hulsebos, 2004; van
Dartel et al, 2004; Zielenska et al, 2004)
Many
chromosomes
involved,
but
disproportionately more frequent with HSA 20
Many centromeric rearrangements (Ozisik et al,
1994; Miller et al, 1996; Lonardo et al, 1997;
Pellin et al, 1997; Kanoe et al, 1998; Yokoyama
et al, 1998; Gisselsson et al, 2002; Bayani et al,
2003; Overholtzer et al,; Lau et al,)

•

•

Various
rearrangements
and
centromeric translocations (Thomas
et al, 2005)

Amplified, mutated, or overexpressed in small
number of OS cases
Unknown predictive value or prognostic
significance (Nardeux et al, 1987; Ikeda et al,
1989; Barrios et al, 1993; Ladanyi et al, 1993;
Antillon-Klussmann et al, 1995; Gamberi et al,
1998; Kanoe et al, 1998; Yokoyama et al, 1998;
Ferrari et al, 2004)
Expression of PDGF AA (c-sis) and PDGFR
associated with progression and decreased DFI
(Sulzbacher et al, 2003)

•

Amplified,
mutated,
or
overexpressed in small number of
OS cases
Unknown predictive value or
prognostic significance (Kochevar et
al, 1990; Mealey et al, 1998;
Mendoza et al, 1998)

Met overexpression associated with metastatic
phenotype
Allelic imbalance at HSA 7q31 is an independent
indicator of poor prognosis (Ferracini et al, 1995;
Scotlandi et al, 1996; Naka et al, 1997; Oda et al,
2000; Coltella et al, 2003; Entz-Werle et al,
2003)
Conflicting data
Amplification/overexpression detectable in 100%
of cases using laser microdissection
Overexpression associated alternatively with
higher metastatic potential and decreased DFI, or
with increased DFI in different studies (Akatsuka
et al, 2002; Anninga et al, 2004; Fellenberg et al,
2004; Ferrari et al, 2004)
IGF-1/IGF-1R co-expressed in ~50% of primary

•
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•
•

•

•
•

•
•

Aneuploid (Fox et al,; Setoguchi et
al,)
Complex to chaotic (Thomas et al,
2005)
Gains and losses identified in many
autosomes (Thomas et al, 2005)

PDGF
production,
PDGFR
expression detected in OS cell lines
Low level amplification of c-sis in
primary OS cases (Kochevar et al,
1990; Levine, 2002)
Met amplification and HGF coexpression; greater in a pulmonary
metastasis (Ferracini et al, 1995;
MacEwen et al, 2003)
MET and HGF BACs involved in
structural rearrangements

•

Overexpressed in 4/10 cases of OS
and in 6/7 OS cell lines
Overexpression showed trend to
decreased overall survival (371 days
vs. 487 days) (Flint et al, 2004)

•

OncoLAR IGF-1 antagonist reduces
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•
•
CTNNB1
catenin)

(ß-

Ezrin

Tumor suppressor
genes
RB1

•

CDKN2A
(p16,
INK4A), PTEN

Death receptors
FAS

IGF-1 levels but provides no clinical
benefit (Khanna et al, 2002)

•

Unknown, but osteocalcin is
frequently undetectable in our
samples of primary OS and OS cell
lines

•

High Ezrin expression associated
with metastatic phenotype and poor
prognosis (shorter DFI) (Khanna et
al, 2004)

Associated with heritable OS
In sporadic OS, LOH, allelic imbalance, or
mutations in 20-70% of cases
Abnormal RB or loss of HSA 13q14 are
indicators of poor prognosis (Araki et al, 1991;
Scholz et al, 1992; Entz-Werle et al, 2003;
Lopez-Guerrero et al, 2004)

•
•

Associated with heritable risk (Li Fraumeni syndrome)
•
In sporadic OS, LOH, allelic imbalance, or
mutations in 10-80% of cases
•
Tumors with mutant TP53 have higher level of
genomic instability
•
Abnormal TP53 or loss of HSA17p13 are
indicators of poor prognosis (Scholz et al, 1992;
Al-Romaih et al, 2003; Entz-Werle et al, 2003;
Overholtzer et al, 2003; Squire et al, 2003;
Ferrari et al, 2004; Lopez-Guerrero et al, 2004)
•
Inactivated in 30-100% of OS lines or cases
•
Unknown predictive value or prognostic
significance (Nielsen et al, 1998; Ozaki et al,
2002; Park et al, 2002; Entz-Werle et al, 2003;
Nielsen-Preiss et al, 2003)

•

Variable results
Inactivation of Rb, p107, p130 in
1/4 OS lines (Levine and Fleischli,
2000)
Expressed in 21/21 primary OS with
no
detectable
structural
abnormalities (Mendoza et al, 1998)
Undetectable in 12/14 OS lines
tested by our group
Inactivating mutations in 5/5 OS cell
lines and in 8/21 primary OS cases
(Mendoza et al, 1998; Levine and
Fleischli, 2000)

•
•

•
•
•

TP53

OS
Inhibition of IGF-1R pathway ineffective to slow
growth or induce apoptosis, probably due to
other autocrine growth loops
OncoLAR IGF-1 antagonist reduces IGF-1 levels
but provides no clinical benefit (Burrow et al,
1998; Benini et al, 1999; Mansky et al, 2002)
Accumulation of β-catenin in cytoplasm of 33/47
primary OS (Haydon et al,)
ß-catenin-induced activation of LEF-1 inhibits
Runx2-mediated osteocalcin expression (Kahler
and Westendorf, 2003)
High Ezrin expression associated with metastatic
phenotype and poor prognosis (shorter
DFI)(Leonard et al, 2003; Khanna et al, 2004)

•

Loss of expression associated with aggressive
metastatic phenotype in xenogeneic transplant
model (Worth et al, 2002)

•
•

•
•

•

Inactivated in 5-100% of OS lines or
cases
Unknown predictive value or
prognostic significance (Levine and
Fleischli 2000; Levine et al, 2002;
Thomas et al, 2005)
Loss of expression in ~50% of cases
with acquired insensitivity to FasLmediated apoptosis

a

Only some representative aspects or genes where canine counterparts are known to be affected are shown
In an ongoing study including 65 dogs with primary appendicular osteosarcoma, the peak age at diagnosis was 8-9 years (34/65 cases
with known age), the 95% confidence interval of the mean was 7.25 – 8.75 years, and the range was 2-14 years. This is similar to
previously reported values (Dernell et al, 2001)
b

median overall survival in different studies ranged
from ~six to ~11 months, with <30% of dogs surviving
two years and <10% of dogs surviving three years (Dernell
et al, 2001). Since extraneous factors independent of
disease can influence overall survival in dogs with OS, a
better indicator may be EFS. A recently completed study
from one of our research groups (S. Lana et al,
unpublished) showed the mean (median) EFS in dogs
treated with standard-of-care was 287 (169) days (about
10% of a lifetime).
The efficiency of naturally occurring OS in dogs as a
model platform for controlled preclinical study is not only

due to higher incidence of the disease in dogs, but also to
more rapid progression and apparent similarities in
molecular pathogenesis (Table 1). Most OS cases in dogs
are stage 2b (they present outside the periosteum, have
high grade histologic appearance and no detectable
metastases). Metastatic disease occurs in >50% of treated
animals within one year and in >90% within three years,
and it is greater in the lungs than bone. Predictive factors
are similar in dogs and people, including age at diagnosis,
anatomic location and size of the tumor, histologic grade,
serum alkaline phosphatase concentrations, and initial
response to therapy (Ehrhart et al, 1998; Dernell et al,
34
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2001; Malawer et al, 2001; Gorlick et al, 2003). Finally,
accrual of dogs into clinical studies is rapid, and autopsy
compliance is high. For example, a protocol to examine
the role of limb-sparing surgery, chemotherapy, and
radiation included eligibility criteria of “localized” disease
and <50% bone length involvement (Withrow et al, 1993).
Forty-nine dogs were accrued, allowing rapid confirmation
that, with appropriate candidate selection, this was a
suitable treatment option. Interestingly, dogs with infected
limb repairs lived twice as long as dogs without infection,
suggesting that inflammation at the tumor site with the
consequent activation of the immune system has
therapeutic benefit. Another randomized study using the
insulin growth factor-I (IGF-I) inhibitor, OncoLar, accrued
64 dogs in just eight months (Khanna et al, 2002). In this
case, lack of therapeutic benefit of this compound could be
confirmed in less than two years. For comparison, 21
people aged between 16 and 35 years old with advanced
OS were recruited into a Phase-I multi-institutional study
in three years (Mansky et al, 2002). This dose escalation
study was stopped due to lack of drug availability when
the manufacturer decided toxicities seemed to outweigh
clinical benefit. When one considers the accrual rate and
the course of disease progression, it might have taken >10
years to show similar negative results in a clinical trial of
newly diagnosed (virgin) OS patients.

studies are also designed to identify dose-limiting toxicity
or untoward side effects, dog owners recognize there are
risks involved (as is true for any clinical study). If toxic
events were to occur, this process makes translation more
honest and cost-effective because it allows those to be
addressed before a Phase-I clinical trial is instituted in
human patients (for example, see the case of OncoLar
described above).
We have completed preliminary assessments of the
suitability to use FasL gene therapy in dogs in vitro and in
vivo. We have established >60 cell lines derived from
primary canine OS. These cells grow autonomously in
tissue culture, and morphologically they resemble other
established canine OS cells lines (Levine and Fleischli,
2000; Liao et al, 2005). The primary tumors and OS cell
lines show similar molecular profiles to those seen in
humans. For example, they tend to be genetically unstable
and have “chaotic” karyotypes (Figure 1). We have
confirmed the presence of a variety of numerical and
structural cytogenetic abnormalities in these tumors, many
of which localize to regions that harbor potential
oncogenes and tumor suppressor genes (Thomas et al,
2005). In addition, similar gene families seem to be
targeted for aberrant expression (activation or silencing) in
OS of humans and dogs (Table 1).
It is important to remember that a suitable model for
FasL gene therapy must provide samples that are
susceptible to FasL-mediated apoptosis, as well as samples
that are resistant to FasL-mediated apoptosis in order to
provide the means to determine if both mechanisms of
FasL-induced immune activation provide equivalent
clinical benefit, or if case selection would be necessary a
priori (Bianco et al, 2003). For this reason, we first
examined Fas expression in canine OS cells. As was true
for melanoma (Bianco et al, 2003), approximately 50% of
canine OS expressed Fas (for example see Figure 2), and
in some tumors, we detected anomalous transcripts.
Intriguingly, spontaneous metastases of some of the dogs
showed loss of Fas expression, suggesting that, as is true
in humans with OS (Worth et al, 2002), loss of this
pathway might participate in tumor progression and
metastasis.
Previously, we showed that Fas expression by canine
melanoma cells correlated with susceptibility to death
mediated by transduction with Ad-FasL (Bianco et al,
2003). To verify if this was also true for canine OS, we
examined cell viability in culture after transduction with
Ad-FasL or Ad-GFP. Figure 3 shows representative Fas
receptor-positive cells (OSCA.36.1) that were susceptible
to FasL-mediated cell death, and Fas receptor-negative
cells (OSCA2) that were not. The distribution of FasLsensitive and FasL-resistant OS cells from the lines tested
so far is almost exactly 50:50. It is therefore crucial to
reiterate the importance of this observation, as it
establishes canine OS as a suitable model to confirm the
findings in mouse models where tumors that are resistant
to FasL-mediated apoptosis in vitro are still killed
(indirectly) by the inflammation induced by FasL in vivo.
Also significant is that canine endothelial cells are highly
susceptible to adenovirus infection and are killed by AdFasL. This minimizes concerns of systemic distribution by

IV. Molecular features of canine OS
and suitability for FasL gene therapy
As noted above, laboratory animal models have a
number of limitations that can make translation to humans
difficult. Specifically, transplantable tumors or tumors
induced by genetic modifications in mice are not always
representative of natural tumors. In addition, the
homogeneous genetic background in mice strains that can
accept tumors (or that develop tumors when exposed to
chemicals or when genetic modifications are introduced)
do not account for the heterogeneous genetic backgrounds
of humans, which can significantly influence tumor
progression and response to therapy. Development of
better translational models could improve decision-making
algorithms to move new therapeutic agents along the
development process into clinical trials for human
patients. Among all the models available, naturally
occurring tumors of dogs present an unparalleled
opportunity for use as intermediate steps in the drug
development process. Dogs are extensively used in the
laboratory setting to define compound safety. However,
these controlled conditions still do not approximate the
effects that a compound (or a gene) might have in patients
that may be debilitated and who may respond differently
than healthy individuals. More importantly, cancers of
dogs recapitulate the clinical progression of homologous
diseases of people, and these animals benefit from
participation in clinical studies that can improve their
outcome. For studies using canine cancer patients for drug
development, safety of the animal “patient” is a major
consideration, as the intent is to help these animals in the
process of defining a safe (and effective) dose range for
the gene therapy that can be translated to humans. Since
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Figure 1. “Chaotic” Karyotypes in Canine OS Cells. The images on the left show DAPI stained metaphase spreads and the images on
the right show the corresponding inverted DAPI banded preparations. The modal chromosome number in these cells is significantly
reduced (2n=34) compared to normal dog cells (2n=78), and most chromosomes are metacentric, compared to the usual acrocentric
morphology of normal canine chromosomes. This 'chaotic' cytogenetic appearance is typical for the canine OS samples we have
analyzed (Thomas et al, 2005).

Figure 2. Expression of Fas mRNA by Canine OS Cell Lines. Fas expression was examined by RT-PCR in representative canine OS cell
lines established from primary tumor explants. Primers were designed to amplify a 146 bp canine Fas mRNA product. Fas-positive
TLM-1 canine melanoma cells and Kit-225 human leukemia cells were used as positive controls; dH2O without input RNA (in the PCR
reaction) was used as a negative control. Expression of ß-actin was used to verify the integrity of the RNA samples and to control for
loading differences. (OSCA = osteosarcoma cell line-AMC).
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Figure 3. Susceptibility of OS cells to Fas-mediated death. OSCA2 (Fas receptor-negative, top) and OSCA36.1 (Fas receptor-positive,
bottom) cell lines are shown to represent, respectively, Fas-resistant cells and Fas-sensitive cells. Subconfluent cultures were transduced
using 2,000 pfu of Ad-GFP (left) or Ad-FasL (right). After 6 hr, cultures were photographed under phase-contrast microscopy. While
OSCA-2 cells showed virtually no effects of transduction with either adenovirus, more than 90% of OSCA-36 cells showed
characteristic apoptotic changes (condensed chromatin, rounded morphology, and detachment from the plastic substrate). OSCA-2 cells
continued to grow unhindered in the presence of either adenovirus, as did OSCA-36 cells transduced with Ad-GFP. In contrast, no live
cells remained after 24 hr from OSCA-36 cells transduced with Ad-FasL.

the adenovirus after intratumoral administration, as it is
likely to remain within the tumor environment where
reduced blood flow and increased interstitial pressure at
the tumor site (Zachos et al, 2001) will retain the Ad-FasL
at or near the injection (within the tumor), promoting
transduction of malignant osteoblasts, endothelial cells,
and tumor stroma. As also noted previously, we conducted
a preliminary study to determine the safety of FasL gene
therapy in tumor-bearing dogs using naked DNA (Bianco
et al, 2003). No local or systemic toxicity was seen in any
of the five dogs in that study. However, based on the
preclinical data described above, we are more likely to
achieve therapeutic efficacy with Ad-FasL. The safety and
toxicity benchmarks for this product will use a more
refined method of development that will allow for
examination of possible efficacy/toxicity trade-offs if any
local (or systemic) toxic events were identified due to the
greater levels of FasL expression achieved using the
adenovirus delivery system.

preclinical drug development. The strength of these
models is the spontaneous occurrence of tumors with
similar etiology in large animals that (1) are
physiologically similar to humans, (2) share our
environment, (3) can tolerate repeated sampling, and (4)
largely show comparable responses to conventional
treatments. The recent completion of the canine genome
sequence (Lindblad-Toh et al, 2005) provides the
resources needed to assess the conservation of genes and
proteins that can serve as targets for tailored or molecular
approaches to treat cancer. We predict that increasingly,
studies in pet dogs will become a standard component in
the development process of novel therapies for cancer and
other chronic diseases, and that these studies will
streamline the selection process to determine compounds
that have higher a likelihood of success for treatment of
human patients. Unquestionably, these studies will also
benefit the pet population and provide potential new
markets for manufacturers of novel drug and gene-based
therapeutics.

V. Conclusions
Naturally occurring tumors of dogs offer unique
models that can complement traditional laboratory rodent
models for studies of cancer pathogenesis and for
37

Modiano et al: Canine models for cancer gene therapy
Entz-Werle N, Schneider A, Kalifa C, Voegeli AC, Tabone MD,
Marec-Berard P, Marcellin L, Pacquement H, Terrier P,
Boutard P, Meyer N, Gaub MP, Lutz P, Babin A Oudet P
(2003) Genetic alterations in primary osteosarcoma from 54
children and adolescents by targeted allelotyping. Br J
Cancer 88, 1925-1931.
Fellenberg J, Krauthoff A, Pollandt K, Delling G Parsch D
(2004) Evaluation of the predictive value of Her-2/neu gene
expression on osteosarcoma therapy in laser-microdissected
paraffin-embedded tissue. Lab Invest 84, 113-121.
Ferracini R, Angelini P, Cagliero E, Linari A, Martano M,
Wunder J Buracco P (2000) MET oncogene aberrant
expression in canine osteosarcoma. J Orthop Res 18, 253256.
Ferracini R, Di Renzo MF, Scotlandi K, Baldini N, Olivero M,
Lollini P, Cremona O, Campanacci M Comoglio PM (1995)
The Met/HGF receptor is over-expressed in human
osteosarcomas and is activated by either a paracrine or an
autocrine circuit. Oncogene 10, 739-749.
Ferrari S, Bertoni F, Zanella L, Setola E, Bacchini P, Alberghini
M, Versari M Bacci G (2004) Evaluation of P-glycoprotein,
HER-2/ErbB-2, p53, and Bcl-2 in primary tumor and
metachronous lung metastases in patients with high-grade
osteosarcoma. Cancer 100, 1936-1942.
Flint AF, U'Ren L, Legare ME, Withrow SJ, Dernell W
Hanneman WH (2004) Overexpression of the erbB-2 protooncogene in canine osteosarcoma cell lines and tumors. Vet
Pathol 41, 291-296.
Fox MH, Armstrong LW, Withrow SJ, Powers BE, LaRue SM,
Straw RC Gillette EL (1990) Comparison of DNA
aneuploidy of primary and metastatic spontaneous canine
osteosarcomas. Cancer Res 50, 6176-6178.
Friedmann E, Salzberg Y, Weinberger A, Shaltiel S Gerst JE
(2002) YOS9, the putative yeast homolog of a gene
amplified in osteosarcomas, is involved in the endoplasmic
reticulum (ER)-Golgi transport of GPI-anchored proteins. J
Biol Chem 277, 35274-35281.
Gamberi G, Benassi MS, Bohling T, Ragazzini P, Molendini L,
Sollazzo MR, Pompetti F, Merli M, Magagnoli G, Balladelli
A Picci P (1998) C-myc and c-fos in human osteosarcoma:
prognostic value of mRNA and protein expression.
Oncology 55, 556-563.
Gisselsson D, Palsson E, Hoglund M, Domanski H, Mertens F,
Pandis N, Sciot R, Dal Cin P, Bridge JA Mandahl N (2002)
Differentially amplified chromosome 12 sequences in lowand high-grade osteosarcoma. Genes Chromosomes Cancer
33, 133-140.
Gorlick R, Anderson P, Andrulis I, Arndt C, Beardsley GP,
Bernstein M, Bridge J, Cheung NK, Dome JS, Ebb D,
Gardner T, Gebhardt M, Grier H, Hansen M, Healey J,
Helman L, Hock J, Houghton J, Houghton P, Huvos A,
Khanna C, Kieran M, Kleinerman E, Ladanyi M, Lau C,
Malkin D, Marina N, Meltzer P, Meyers P, Schofield D,
Schwartz C, Smith MA, Toretsky J, Tsokos M, Wexler L,
Wigginton J, Withrow S, Schoenfeldt M Anderson B (2003)
Biology of childhood osteogenic sarcoma and potential
targets for therapeutic development: meeting summary. Clin
Cancer Res 9, 5442-5453.
Gurney JG, Swensen AR Bulterys M (1999). Malignant Bone
Tumors. Int Classif Childhood Cancer. NCI SEER Pediatric
Monograph. Washington D.C., National Institutes of Health.
8, 1-12.
Hansen K Khanna C (2004) Spontaneous and genetically
engineered animal models; use in preclinical cancer drug
development. Eur J Cancer 40, 858-880.
Haydon RC, Deyrup A, Ishikawa A, Heck R, Jiang W, Zhou L,
Feng T, King D, Cheng H, Breyer B, Peabody T, Simon MA,
Montag AG He TC (2002) Cytoplasmic and/or nuclear

References
Akatsuka T, Wada T, Kokai Y, Kawaguchi S, Isu K, Yamashiro
K, Yamashita T, Sawada N, Yamawaki S Ishii S (2002)
ErbB2 expression is correlated with increased survival of
patients with osteosarcoma. Cancer 94, 1397-1404.
Al-Romaih K, Bayani J, Vorobyova J, Karaskova J, Park PC,
Zielenska M Squire JA (2003) Chromosomal instability in
osteosarcoma and its association with centrosome
abnormalities. Cancer Genet Cytogenet 144, 91-99.
Anninga JK, van de Vijver MJ, Cleton-Jansen AM, Kristel PM,
Taminiau AH, Nooij M, Egeler RM Hogendoorn PC (2004)
Overexpression of the HER-2 oncogene does not play a role
in high-grade osteosarcomas. Eur J Cancer 40, 963-970.
Antillon-Klussmann F, Garcia-Delgado M, Villa-Elizaga I
Sierrasesumaga L (1995) Mutational activation of ras genes
is absent in pediatric osteosarcoma. Cancer Genet
Cytogenet 79, 49-53.
Araki N, Uchida A, Kimura T, Yoshikawa H, Aoki Y, Ueda T,
Takai S, Miki T Ono K (1991) Involvement of the
retinoblastoma gene in primary osteosarcomas and other
bone and soft-tissue tumors. Clin Orthop 270, 271-277.
Barrios C, Castresana JS, Ruiz J Kreicbergs A (1993)
Amplification of c-myc oncogene and absence of c-Ha-ras
point mutation in human bone sarcoma. J Orthop Res 11,
556-563.
Batanian JR, Cavalli LR, Aldosari NM, Ma E, Sotelo-Avila C,
Ramos MB, Rone JD, Thorpe CM Haddad BR (2002)
Evaluation of paediatric osteosarcomas by classic
cytogenetic and CGH analyses. Mol Pathol 55, 389-393.
Bayani J, Zielenska M, Pandita A, Al-Romaih K, Karaskova J,
Harrison K, Bridge JA, Sorensen P, Thorner P Squire JA
(2003) Spectral karyotyping identifies recurrent complex
rearrangements of chromosomes 8, 17, and 20 in
osteosarcomas. Genes Chromosomes Cancer 36, 7-16.
Benini S, Baldini N, Manara MC, Chano T, Serra M, Rizzi S,
Lollini PL, Picci P Scotlandi K (1999) Redundancy of
autocrine loops in human osteosarcoma cells. Int J Cancer
80, 581-588.
Bianco SR, Sun J, Fosmire SP, Hance K, Padilla ML, Ritt MG,
Getzy DM, Duke RC, Withrow SJ, Lana S, Matthiesen DT,
Dow SW, Bellgrau D, Cutter GR, Helfand SC Modiano JF
(2003) Enhancing anti-melanoma immune responses through
apoptosis. Cancer Gene Ther 10, 726-736.
Bielack SS, Kempf-Bielack B, Delling G, Exner GU, Flege S,
Helmke K, Kotz R, Salzer-Kuntschik M, Werner M,
Winkelmann W, Zoubek A, Jurgens H Winkler K (2002)
Prognostic factors in high-grade osteosarcoma of the
extremities or trunk: an analysis of 1,702 patients treated on
neoadjuvant cooperative osteosarcoma study group
protocols. J Clin Oncol 20, 776-790.
Burrow S, Andrulis IL, Pollak M Bell RS (1998) Expression of
insulin-like growth factor receptor, IGF-1, and IGF-2 in
primary and metastatic osteosarcoma. J Surg Oncol 69, 2127.
Coltella N, Manara MC, Cerisano V, Trusolino L, Di Renzo MF,
Scotlandi K Ferracini R (2003) Role of the MET/HGF
receptor in proliferation and invasive behavior of
osteosarcoma. Faseb J 17, 1162-1164.
Dernell WS, Straw RC Withrow SJ (2001). Tumors of the
skeletal system. Small Animal Clinical Oncology. Withrow
SJ and MacEwen EG. Philadelphia, Lippincott Williams &
Wilkins,, 378-417.
Ehrhart N, Dernell WS, Hoffmann WE, Weigel RM, Powers BE
Withrow SJ (1998) Prognostic importance of alkaline
phosphatase activity in serum from dogs with appendicular
osteosarcoma: 75 cases (1990-1996). J Am Vet Med Assoc
213, 1002-1006.

38

Gene Therapy and Molecular Biology Vol 10, page 39
accumulation of the beta-catenin protein is a frequent event
in human osteosarcoma. Int J Cancer 102, 338-342.
Hohlbaum AM, Gregory MS, Ju ST Marshak-Rothstein A (2001)
Fas ligand engagement of resident peritoneal macrophages in
vivo induces apoptosis and the production of neutrophil
chemotactic factors. J Immunol 167, 6217-6224.
Ikeda S, Sumii H, Akiyama K, Watanabe S, Ito S, Inoue H,
Takechi H, Tanabe G Oda T (1989) Amplification of both cmyc and c-raf-1 oncogenes in a human osteosarcoma. Jpn J
Cancer Res 80, 6-9.
Jemal A, Murray T, Ward E, Samuels A, Tiwari RC, Ghafoor A,
Feuer EJ Thun MJ (2005) Cancer statistics, 2005. CA
Cancer J Clin 55, 10-30.
Kahler RA Westendorf JJ (2003) Lymphoid enhancer factor-1
and beta-catenin inhibit Runx2-dependent transcriptional
activation of the osteocalcin promoter. J Biol Chem 278,
11937-11944.
Kanoe H, Nakayama T, Murakami H, Hosaka T, Yamamoto H,
Nakashima Y, Tsuboyama T, Nakamura T, Sasaki MS
Toguchida J (1998) Amplification of the CDK4 gene in
sarcomas: tumor specificity and relationship with the RB
gene mutation. Anticancer Res 18, 2317-2321.
Khanna C, Prehn J, Hayden D, Cassaday RD, Caylor J, Jacob S,
Bose SM, Hong SH, Hewitt SM Helman LJ (2002) A
randomized controlled trial of octreotide pamoate long-acting
release and carboplatin versus carboplatin alone in dogs with
naturally occurring osteosarcoma: evaluation of insulin-like
growth factor suppression and chemotherapy. Clin Cancer
Res 8, 2406-2412.
Khanna C, Wan X, Bose S, Cassaday R, Olomu O, Mendoza A,
Yeung C, Gorlick R, Hewitt SM Helman LJ (2004) The
membrane-cytoskeleton linker ezrin is necessary for
osteosarcoma metastasis. Nat Med 10, 182-186.
Kochevar DT, Kochevar J Garrett L (1990) Low level
amplification of c-sis and c-myc in a spontaneous
osteosarcoma model. Cancer Lett 53, 213-222.
Ladanyi M, Park CK, Lewis R, Jhanwar SC, Healey JH Huvos
AG (1993) Sporadic amplification of the MYC gene in
human osteosarcomas. Diagn Mol Pathol 2, 163-167.
Lau CC, Harris CP, Lu XY, Perlaky L, Gogineni S,
Chintagumpala M, Hicks J, Johnson ME, Davino NA, Huvos
AG, Meyers PA, Healy JH, Gorlick R Rao PH (2004)
Frequent amplification and rearrangement of chromosomal
bands 6p12-p21 and 17p11.2 in osteosarcoma. Genes
Chromosomes Cancer 39, 11-21.
Leonard P, Sharp T, Henderson S, Hewitt D, Pringle J, Sandison
A, Goodship A, Whelan J Boshoff C ( 2003) Gene expression
array profile of human osteosarcoma. Br J Cancer 89, 22842288.
Levine RA (2002) Overexpression of the sis oncogene in a
canine osteosarcoma cell line. Vet Pathol 39, 411-412.
Levine RA Fleischli MA (2000) Inactivation of p53 and
retinoblastoma family pathways in canine osteosarcoma cell
lines. Vet Pathol 37, 54-61.
Levine RA, Forest T Smith C (2002) Tumor suppressor PTEN is
mutated in canine osteosarcoma cell lines and tumors. Vet
Pathol 39, 372-378.
Liao AT, McMahon M London C (2005) Characterization,
expression and function
of c-Met in canine spontaneous cancers. Vet Comp Oncol 3, 6172.
Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe
DB, Kamal M, Clamp M, Chang JL, Kulbokas III EJ, Zody
MC, Mauceli E, Xie X, Breen M, Wayne RK, Ostrander EA,
Ponting CP, Galibert F, Smith DR, deJong PJ, Kirkness E,
Alvarez P, Biagi T, Brockman W, Butler J, Chin C-W, Cook
A, Cuff J, Daly MJ, DeCaprio D, Gnerre S, Grabherr M,
Kleber M, Bardeleben C, Goodstadt L, Heger A, Hitte C,

Kim L, Koepfli K-P, Parker HG, Pollinger J, Searle SMJ,
Sutter NB, Thomas R, Webber C et al (2005) Genome
sequence, comparative analysis and haplotype structure of
the domestic dog. Nature, 438, 803-819.
Lonardo F, Ueda T, Huvos AG, Healey J Ladanyi M (1997) p53
and MDM2 alterations in osteosarcomas: correlation with
clinicopathologic features and proliferative rate. Cancer 79,
1541-1547.
Lopez-Guerrero JA, Lopez-Gines C, Pellin A, Carda C
Llombart-Bosch A (2004) Deregulation of the G1 to S-phase
cell cycle checkpoint is involved in the pathogenesis of
human osteosarcoma. Diagn Mol Pathol 13, 81-91.
MacEwen EG, Kutzke J, Carew J, Pastor J, Schmidt JA, Tsan R,
Thamm DH Radinsky R (2003) c-Met tyrosine kinase
receptor expression and function in human and canine
osteosarcoma cells. Clin Exp Metastasis 20, 421-430.
Malawer MM, Link MP Donaldson SS (2001). Sarcomas of the
soft tissue and bone. Cancer: Principles and Practice of
Oncology. DeVita VT, Jr., Hellman S, et al, Philadelphia,
Lippincott Williams & Wilkins. 2, 1891-1935.
Man TK, Lu XY, Jaeweon K, Perlaky L, Harris CP, Shah S,
Ladanyi M, Gorlick R, Lau CC Rao PH (2004) Genomewide array comparative genomic hybridization analysis
reveals distinct amplifications in osteosarcoma. BMC
Cancer 4, 45.
Mansky PJ, Liewehr DJ, Steinberg SM, Chrousos GP, Avila NA,
Long L, Bernstein D, Mackall CL, Hawkins DS Helman LJ
(2002) Treatment of metastatic osteosarcoma with the
somatostatin analog OncoLar: significant reduction of
insulin-like growth factor-1 serum levels. J Pediatr Hematol
Oncol 24, 440-446.
Mealey KL, Barhoumi R, Rogers K Kochevar DT (1998)
Doxorubicin induced expression of P-glycoprotein in a
canine osteosarcoma cell line. Cancer Lett 126, 187-192.
Mendoza S, Konishi T, Dernell WS, Withrow SJ Miller CW
(1998) Status of the p53, Rb and MDM2 genes in canine
osteosarcoma. Anticancer Res 18, 4449-4453.
Miller CW, Aslo A, Won A, Tan M, Lampkin B Koeffler HP
(1996) Alterations of the p53, Rb and MDM2 genes in
osteosarcoma. J Cancer Res Clin Oncol 122, 559-565.
Modiano JF, Lamerato-Kozicki AR, Jubala CM, Coffey D,
Borakove M, Schaack J Bellgrau D (2004) Fas ligand gene
transfer for cancer therapy. Cancer Ther 2: 561-570.
Naka T, Iwamoto Y, Shinohara N, Ushijima M, Chuman H
Tsuneyoshi M (1997) Expression of c-met proto-oncogene
product (c-MET) in benign and malignant bone tumors. Mod
Pathol 10, 832-838.
Nardeux PC, Daya-Grosjean L, Landin RM, Andeol Y Suarez
HG (1987) A c-ras-Ki oncogene is activated, amplified and
overexpressed in a human osteosarcoma cell line. Biochem
Biophys Res Commun 146, 395-402.
Nielsen GP, Burns KL, Rosenberg AE Louis DN (1998)
CDKN2A gene deletions and loss of p16 expression occur in
osteosarcomas that lack RB alterations. Am J Pathol 153,
159-163.
Nielsen-Preiss SM, Silva SR Gillette JM (2003) Role of PTEN
and Akt in the regulation of growth and apoptosis in human
osteoblastic cells. J Cell Biochem 90, 964-975.
Oda Y, Naka T, Takeshita M, Iwamoto Y Tsuneyoshi M (2000)
Comparison of histological changes and changes in nm23
and c-MET expression between primary and metastatic sites
in
osteosarcoma:
a
clinicopathologic
and
immunohistochemical study. Hum Pathol 31, 709-716.
Overholtzer M, Rao PH, Favis R, Lu XY, Elowitz MB, Barany
F, Ladanyi M, Gorlick R Levine AJ (2003) The presence of
p53 mutations in human osteosarcomas correlates with high
levels of genomic instability. Proc Natl Acad Sci U S A
100, 11547-11552.

39

Modiano et al: Canine models for cancer gene therapy
Ozaki T, Schaefer KL, Wai D, Buerger H, Flege S, Lindner N,
Kevric M, Diallo R, Bankfalvi A, Brinkschmidt C, Juergens
H, Winkelmann W, Dockhorn-Dworniczak B, Bielack SS
Poremba C (2002) Genetic imbalances revealed by
comparative genomic hybridization in osteosarcomas. Int J
Cancer 102, 355-365.
Ozisik YY, Meloni AM, Peier A, Altungoz O, Spanier SS,
Zalupski MM, Leong SP Sandberg AA (1994) Cytogenetic
findings in 19 malignant bone tumors. Cancer 74, 22682275.
Park YB, Park MJ, Kimura K, Shimizu K, Lee SH Yokota J
(2002) Alterations in the INK4a/ARF locus and their effects
on the growth of human osteosarcoma cell lines. Cancer
Genet Cytogenet 133, 105-111.
Pellin A, Boix-Ferrero J, Carpio D, Lopez-Terrada D, Carda C,
Navarro S, Peydro-Olaya A, Triche TJ Llombart-Bosch A
(1997) Molecular alterations of the RB1, TP53, and MDM2
genes in primary and xenografted human osteosarcomas.
Diagn Mol Pathol 6, 333-341.
Regardsoe EL, McMenamin MM, Charlton HM Wood MJ
(2004) Local adenoviral expression of Fas ligand upregulates
pro-inflammatory immune responses in the CNS. Gene Ther
11, 1462-1474.
Scholz RB, Kabisch H, Weber B, Roser K, Delling G Winkler K
(1992) Studies of the RB1 gene and the p53 gene in human
osteosarcomas. Pediatr Hematol Oncol 9, 125-137.
Scotlandi K, Baldini N, Oliviero M, Di Renzo MF, Martano M,
Serra M, Manara MC, Comoglio PM Ferracini R (1996)
Expression of Met/hepatocyte growth factor receptor gene
and malignant behavior of musculoskeletal tumors. Am J
Pathol 149, 1209-1219.
Setoguchi A, Okuda M, Nishida E, Yazawa M, Ishizaka T, Hong
SH, Hisasue M, Nishimura R, Sasaki N, Yoshikawa Y,
Masuda K, Ohno K Tsujimoto H (2001) Results of
hyperamplification of centrosomes in naturally developing
tumors of dogs. Am J Vet Res 62, 1134-1141.
Shimizu M, Fontana A, Takeda Y, Yoshimoto T, Tsubura A
Matsuzawa A (2001) Fas/Apo-1 (CD95)-mediated apoptosis
of neutrophils with Fas ligand (CD95L)-expressing tumors is
crucial for induction of inflammation by neutrophilic
polymorphonuclear leukocytes associated with antitumor
immunity. Cell Immunol 207, 41-48.
Squire JA, Pei J, Marrano P, Beheshti B, Bayani J, Lim G,
Moldovan L Zielenska M (2003) High-resolution mapping of
amplifications and deletions in pediatric osteosarcoma by use
of CGH analysis of cDNA microarrays. Genes
Chromosomes Cancer 38, 215-225.

Sulzbacher I, Birner P, Trieb K, Traxler M, Lang S Chott A
(2003) Expression of platelet-derived growth factor-AA is
associated with tumor progression in osteosarcoma. Mod
Pathol 16, 66-71.
Sztan M, Papai Z, Szendroi M, Looij M Olah E (1997) Allelic
Losses from Chromosome 17 in Human Osteosarcomas.
Pathol Oncol Res 3, 115-120.
Thomas R, Scott A, Langford C, Fosmire SP, Jubala CM,
Lorentzen TD, Hitte C, Karlsson EK, Kirkness E, Ostrander
EA, Galibert F, Lindblad-Toh K, Modiano JF Breen M
(2005) Construction of a 2Mb resolution BAC-microarray
for CGH analysis of canine tumors. Genome Res 15, 18311837.
van Dartel M Hulsebos TJ (2004) Amplification and
overexpression of genes in 17p11.2 ~ p12 in osteosarcoma.
Cancer Genet Cytogenet 153, 77-80.
van Dartel M, Redeker S, Bras J, Kool M Hulsebos TJ (2004)
Overexpression through amplification of genes in
chromosome region 17p11.2 approximately p12 in highgrade osteosarcoma. Cancer Genet Cytogenet 152, 8-14.
Withrow SJ, Powers BE, Straw RC Wilkins RM (1991)
Comparative aspects of osteosarcoma. Dog versus man. Clin
Orthop 270
Withrow SJ, Thrall DE, Straw RC, Powers BE, Wrigley RH,
Larue SM, Page RL, Richardson DC, Bissonette KW, Betts
CW et al, (1993) Intra-arterial cisplatin with or without
radiation in limb-sparing for canine osteosarcoma. Cancer
71, 2484-2490.
Worth LL, Lafleur EA, Jia SF Kleinerman ES (2002) Fas
expression inversely correlates with metastatic potential in
osteosarcoma cells. Oncol Rep 9, 823-827.
Yokoyama R, Schneider-Stock R, Radig K, Wex T Roessner A
(1998) Clinicopathologic implications of MDM2, p53 and Kras gene alterations in osteosarcomas: MDM2 amplification
and p53 mutations found in progressive tumors. Pathol Res
Pract 194, 615-621.
Zachos TA, Aiken SW, DiResta GR Healey JH (2001) Interstitial
fluid pressure and blood flow in canine osteosarcoma and
other tumors. Clin Orthop 385
Zielenska M, Marrano P, Thorner P, Pei J, Beheshti B, Ho M,
Bayani J, Liu Y, Sun BC, Squire JA Hao XS (2004) Highresolution cDNA microarray CGH mapping of genomic
imbalances in osteosarcoma using formalin-fixed paraffinembedded tissue. Cytogenet Genome Res 107, 77-82.

40

