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Abstract Osteosarcoma is the most common malignant bone tumor affecting children and
adolescents. Currently, the most common treatment is surgery combined with neoadjuvant
chemotherapy. Although the survival rate of patients with osteosarcoma has improved in
recent years, it remains poor when the tumor(s) progress and distant metastases develop.
Therefore, better animal models that more accurately replicate the natural progression of
the disease are needed to develop improved prognostic and diagnostic markers, as well as tar-
geted therapies for both primary and metastatic osteosarcoma. The present review described
animal models currently being used in research investigating osteosarcoma, and their charac-
teristics, advantages, and disadvantages. These models may help elucidate the pathogenic
mechanism(s) of osteosarcoma and provide evidence to support and develop clinical treatment
strategies.
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Introduction

Osteosarcoma (OS) is the most common malignant bone
tumor affecting children and adolescents.1,2 Current
treatments for OS involve surgical resection of the affected
area and multi-agent chemotherapy, although the survival
rate is generally poor for those with ongoing metastases.3

Because the treatment for OS has remained unchanged for
the past few decades, there is a need for further advances
in the understanding of OS biology and therapeutics.4 A
major characteristic of OS is its heterogeneity, both at the
intra-tumoral level and also between individuals. There-
fore, the common genomic initiating biological processes
driving osteosarcomagenesis are still not identified. The
complexity of the somatic genome of OS is a major cause of
intra-tumoral heterogeneity and is characterized by chro-
mosomal aneuploidy, alteration of genes by mutation and/
or variation of copy number, with genomic instability
featured by massive rearrangement through chromo-
thripsis, and the presence of patterns of localized hyper-
mutated regions, named Kataegis.5

Reliable animal models can accurately replicate the dis-
ease.6 To investigate pathogenesis, diagnosis, treatment,
and drug screening, the establishment of animal models
closely replicating the biological behavior and pharmacoki-
netics of human OS is an effective method to develop
effective treatment strategies for OS.7e10 In the present
review, we describe various animal models currently being
used in research investigating OS, their characteristics, and
advantages and disadvantages. This may help elucidate the
mechanism(s) of OS and provide evidence to support and
develop clinical treatment strategies.
Classification of animal models

Cancer models involving experimental animals can be
roughly divided into four categories: spontaneous, induced,
genetically engineered, and transplant (Fig. 1).10 Sponta-
neous OS models occur naturally or are caused by genetic
mutations in experimental animals without any intentional
artificial treatment, and most commonly involve dogs and
mice.11,12 The induced OS model involves the induction of
cancer using physical mutagens, chemical agents, or vi-
ruses.13 Genetically engineered OS animal models are used
to investigate the function and mechanism of specific genes
in primary or metastatic OS by inoculating transgenic can-
cer cells into the bone marrow cavity of animals or creating
animal models by inoculating cancer cells into the bone
marrow cavity of transgenic animals.14e16 Transplantable
OS animal models involve the inoculation of cancer cells
into the bone marrow cavity or other specific parts of
experimental animals to induce cancers. This method has a
high value in studies investigating metastatic OS.17,18
Spontaneous OS model

The spontaneous tumor model is similar to the human OS in
terms of biological characteristics, including genetic and
environmental factors, which makes it an appropriate
choice for investigating the etiology and pathology of
OS.19,20 Spontaneous OS is much more common in large dogs
than in humans, making the dog an attractive candidate
model to study human disease.20 Canine OS is indistin-
guishable from human tumors at the histological and gene
expression levels. Many of the genes involved in human OS
pathogenesis appear to participate in canine OS, including
P53, RB, and PTEN.21e23 Although canine OS serves as an
excellent comparative tumor model for human OS, there
are some limitations to be considered. First, OS affects
skeletally mature, geriatric dogs, which is different from
humans where the peak of incidence occurs during
adolescence. Second, some breeds have specific heritable
germ-line mutations in certain genes that may influence OS
biology, progression, and response to treatment without
driving the initiation of the disease.7 A recent study vali-
dated a spontaneous canine OS model for human disease by
evaluating the expression of driving genes and immunohis-
tochemical markers known to be important in human OS.
The findings were similar to those described previously for
human OS, which suggests that canine OS may represent a
useful model for the study of the human form of the dis-
ease.24 Another study found that co-targeting of DNA, RNA,
and protein molecules can result in optimal outcomes for
treating OS and pulmonary metastasis in spontaneous and
experimental metastasis mouse models.25 Currently, how-
ever, the spontaneous OS model is rarely used due to
several drawbacks, including unstable output caused by
multiple factors, a prolonged period of tumor formation,
and poor homogeneity, which makes it difficult to conduct
comparative studies on a regular basis.26,27 In addition, OS
occurs mostly in children and adolescents, while it is
different in animal models28; more specifically, OS is more
prevalent among middle and old-age canids and, once it
occurs, it progresses rapidly.29e31
Induced OS model

The induced cancer model refers to directly or indirectly
exposing specific parts of animals to carcinogenic factors to
induce cancer in targeted organs.32,33 This method even-
tually results in a high rate of carcinogenesis using simple
procedures, making it easy to establish OS model ani-
mals.34,35 However, the effect of carcinogenic factors is not
completely under control, which may lead to low repeat-
ability (i.e., producing different types of tumors each
time), thus disrupting the tumor microenvironment and
affecting cancer development.36,37
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Figure 1 Classification of animal models of osteosarcoma.
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Physical induction

Radionuclides are strong carcinogens, and virtually all ra-
dionuclides of osteotactic nature can cause OS when ani-
mals are exposed.35e38 OS is induced by radionuclides
either by injecting a saline solution of the radionuclide into
the animal or by irradiating the animal directly with the
radionuclide.39 When a nuclide salt solution is used to
induce cancer, the dose should be appropriate. It is difficult
to induce cancer when the dose is too low, while too much
nuclide can kill cancer cells, which leads to the failure of
the experiment.40 Tinkey et al observed induction of OS in
SpragueeDawley rats 4e8 months after exposing the hind
legs of the animals to 60Co g rays.41 In addition, some
studies have reported that radionuclides, including 241Am,
239Pu, 238Pu, and 237Np, can also induce OS, although the
cancer rate is not 100%.42e44 On the whole, these models
yielded tumors that histologically resembled human cancer
and produced cell lines that complement human OS studies.
Despite the high penetrance of the models, their relevance
remains unclear since the majority of OS in humans is
sporadic, while the carcinogen-induced murine model is
more representative of a therapy-induced disease.7
Chemical induction

Injecting chemical agents into the muscles of animals at a
constant concentration can also induce OS, but usually
takes a long time (typically >40 weeks).45 These chemicals
include beryllium zinc silicate, aflatoxin B1, arsenite, 7,12-
dimethylbenzanthracene, 4-hydroxyaminoquinoline-1-
oxide, beryllium oxide, methylcholanthracene, N-hydroxyl,
copper compound of 2-acetamide fluorene, and diethylni-
trosamine.46,47 However, the chemical-induced cancer
model has low reproducibility, and the chemicals can be
harmful to researchers. As such, to date, this method has
rarely been used to generate animal models. It is undeni-
able that the auxiliary effect of chemical factors can in-
crease the tumorigenesis rate of cancer-inducing and
accelerate the experimental process. Cancer-promoting
agents are involved in the formation of tumors through the
carcinogenic effect of carcinogenic agents. Carcinogenic
agents cause normal cells to become cancerous, while
cancer-promoting agents cause cancerous cells to prolif-
erate.7,48 Therefore, the chemical-induced OS model is of
great significance in the fields of tumorigenic factor
screening, epidemiological investigation, identification of
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high-risk tumor populations, and exploration of tumorigenic
susceptibility genes.
Virus induction

With advances in molecular biology and virology, some vi-
ruses have been found to exert carcinogenic effects.49,50 By
integrating with the host cell genome, viruses activate
proto-oncogenes and induce tumorigenesis.51e53 Such vi-
ruses are known as cancer viruses. Viruses that have been
used to induce OS formation include SV40, Moloney sarcoma
virus (MSV), FBJ, RFB, and FBR OS.54e59 As a double-
stranded DNA virus, SV40 can induce OS when injected into
newborn hamsters.55 Olson et al induced New Zealand rats
using the Moloney sarcoma virus and found that the for-
mation rate of cancer was >80%, and the histological
morphology of the induced tumor was similar to that of
human OS.60 Finkel et al successfully induced an OS model
by injecting cancer cell-removed extract (containing virus)
into neonatal mice.61 In general, virus-induced OS models
take less time than physical and chemical-induced OS
models and are more reproducible.62 Taking MSV as an
example, after the virus strain was injected into the bone
marrow cavity of the proximal tibia of neonatal rats, a
significant mass appeared at the injection site within 14
days, which resembled human OS histologically. Most rats
died within 13e21 days, and lung metastases usually
occurred within 4 weeks of injection.63
Cancer transplantation model

Cancer transplantation involves the transplantation of
tumor tissue (mass or cell line) to specific sites of model
animals.64 Once the primary tumor is formed, it can be
transplanted into the next generation(s) of model ani-
mals.65 The transplanted animal model of OS is currently
one of the most popular methods because it has many ad-
vantages, including clear and stable tumor characteristics,
a short experimental period, and a high tumor formation
rate.66e68 This model remains very useful for studies
investigating drug screening, treatment, invasion, and
metastasis of OS.19 The principal limitation is that the
approach uses fully developed OS cells and therefore does
not provide information about the initiation of the tumor
and its etiology. Furthermore, since the tumor microenvi-
ronment can contribute significantly to the tumor behavior,
such interactions may be lost when establishing the disease
by direct introduction into a recipient animal.22 In certain
circumstances, the injected cell line may not be metastatic
in the rodent context, making it impossible to study the
dissemination of the disease. Despite these limitations,
many groups have successfully used this model to identify
factors involved in OS migration and more importantly for
screening drugs with tumoricidal potential.23 Cancer
transplantation can be classified as homotransplantation or
xenotransplantation, according to whether a tumor tissue
block or cell line is transplanted into homogenous or allo-
geneic animals.69e73 It can also be divided into ectopic and
orthotopic transplantation, according to whether the tumor
tissue is transplanted to the site corresponding to the
primary tumor or other anatomical locations in the recip-
ient animals.74e77

Homotransplantation

Allotransplantation is the transplantation of a tumor tissue
block or cell line into an allogeneic or homologous animal.78

For newborn or immunodeficient animals, the transplant
success rates are satisfactory, while mature animals have a
relatively low rate due to the effects of their immune
systems.79 Sottnik et al inoculated the luciferase-trans-
fected murine OS cell line DLM8 into the medullary cavity of
the proximal tibia of 6-to-8-week-old female C3H mice and
successfully established an animal model of OS in situ. The
earliest time of lung metastasis in all C3H mice was 16 days
after inoculation, and the median survival of all cancer-
bearing mice was 33 days.27

Xenotransplantation

Xenotransplantation involves the transplantation of tumor
tissue or a cell line into another animal species; however,
early xenotransplantation had a low success rate due to
rejection.80 Some researchers transplanted human OS cells
into mice after suppressing the immunity of adult mice with
high-dose X-ray irradiation and immunosuppressive
agents.81 Floersheim et al introduced a method of short-
term immunosuppression, in which host mice were treated
with methylbenzazide, cyclophosphamide, and anti-
lymphocyte serum for 4e6 days, then human OS tumor
tissue was transplanted subcutaneously into mice, which
achieved a tumorigenic rate of 100%.82 Guo et al inoculated
the human OS cell line 143 B transfected with pcDNA3.1
plasmid and dNLRP5 into the left tibial medullary cavity of
4-week-old NCR-nu/nu nude mice to establish the xeno-
graft animal model of OS and studied the anti-cancer and
anti-metastatic activities of dNLRP5 in vivo.83

Heterotopic transplantation

Heterotopic transplantation refers to the transplantation of
OS cells or tissue blocks into sites other than bone,
including subcutaneous and venous grafts.84 Metastasis is
rarely observed in animals that have undergone subcu-
taneous injections. However, Ory et al successfully estab-
lished a lung metastatic model of OS in C3H mice by
intravenously injecting 0.05 mL of the POS-1 cell line at a
concentration of 105/mL; all tumor-bearing mice died after
3 weeks.85 The principal limitation is that the microenvi-
ronment of heterotopic tumors is different from the natural
status, which limits its further applications in studying
etiology and immunology.

Orthotopic transplantation

Orthotopic transplantation refers to an animal model of OS
constructed by inoculating human OS cells or tissue blocks
into the organs corresponding to the original site.86 In recent
years, orthotopic transplantation has attracted increasing
attention with the deepening understanding of OS animal
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models and the biological characteristics of OS cells.
Compared with heterotopic transplantation, orthotopic
transplantation of OS is more suitable for the establishment
of OS animal models owing to its short incubation period,
rapid growth, and high metastasis rate.87e89 Within a rela-
tively native context, orthotopic transplantation enables the
investigation of primary OS formation as well as metastatic
progression, thereby replicating the entire spectrum of bio-
logical behavior of OS.90 Miretti et al selected highly tumor-
igenic KSL cells and injected the cell suspension directly into
the distal femur of nude mice; tumors formed in all mice,
with rapid tumor growth and good tumor cell properties.91

However, the complexity of orthotopic injection and opera-
tion restricts the reproducibility of transplantation.
Genetically engineered models

With the development of epigenetics, it has been shown that
the occurrence and development of cancers are accompa-
nied by changes in the expression of many oncogenes and
tumor suppressor genes.92,93 Transgenic OS animal models
can adequately simulate the physiological and pathological
state of the human body and have good consistency with the
occurrence and development process of OS.94 Moreover,
genetic engineering technology can also simulate precan-
cerous lesions, which is beneficial in revealing the molecular
mechanism(s) of tumors and provides new directions for
human OS research.95 Therefore, transgenic animal models
can simultaneously exhibit gene expression and phenotypic
effects from the perspectives of time and space at the
overall level. These OS-related genes include p53, RB, C-
FOS, TWIST, p14ARF, p16INK4a, NF2, p27, PRKAR1A, and
p21CIP.96e101 These genes belong to the family of cancer
suppressor genes, except C-FOS and TWIST. Silencing cancer
suppressor genes and enhancing the expression of oncogenes
are commonly used methods to construct transgenic models;
among them, silencing p53 and RB is often used to construct
OS models.96 Experiments have confirmed that mouse p53
gene silencing can induce the occurrence of OS, suggesting
that p53mutation plays an important role in the induction of
OS.102 Although silencing RB alone does not induce OS, co-
silencing RB and p53 can significantly accelerate cancer
development.96 However, transgenic animal models also
have shortcomings. Approximately 85% of OS models induced
by genetic engineering occur in the axial bone (jaw, ribs,
vertebrae, skull, and sternum), and only 16% occur in the
limb bones, which does not accurately reflect human OS.103

As such, transgenic animal models require further optimi-
zation. The success rate of building OS animal models may
be improved by silencing cancer suppressor genes, increasing
the expression of multiple oncogenes, or simultaneously
silencing cancer suppressor genes and increasing the
expression of oncogenes.
Establishment of animal models of OS

Animal choice

Presently, the selection of experimental model animals for
OS tends to include dogs, rats, and mice.23,104e106 Dogs can
spontaneously develop OS in a form similar to humans and
are often used as spontaneous cancer models.107 Mice have
the same organ systems as humans and share a high degree
of genetic similarity.102 Nude mice, a type of immunodefi-
cient animal, are widely used as cancer animal models
because they are easy to feed and manage.108 Nude mice
can be inoculated with cancer cells from different sources,
making xenotransplantation possible.109 Severe combined
immunodeficiency (SCID) mice are deficient in both hu-
moral and cellular immunity, and can be used for xenograft
animal models for cancer cells in nude mice after model
failure.110,111 Joseph et al reported that immunoactive
mice, such as C3H, were better than nude mice in xeno-
transplantation of murine-derived tumors; the selection of
immunoactive mice does not disrupt the interaction be-
tween cancer and host microenvironment, and it is more
conducive to the evaluation of drug efficacy.112 Compared
with mice, SpragueeDawley and Wistar rats are larger in
size, easier to operate on and yield more tissue. Therefore,
tumor-bearing models are often prepared in batches for
studying cancer chemotherapy and immunotherapy. In
addition, zebrafish xenotransplantation has also been used
to study the role of specific genes in recent years due to its
rapid OS model construction.9,113 Although zebrafish appear
to be an appealing model to investigate OS due to its sim-
ilarities with human osteogenesis, only a few OS-specific
studies have been conducted.114,115 Regarding etiology, the
high degree of genetic similarity between zebrafish and
human cancers indicates that affected regions are evolu-
tionarily conserved.116 Therefore, as a rapid model system,
zebrafish enable the investigation of multiple candidate
gene defects.

Transplanted OS cells

Transplanted cell lines can be divided into lines of murine
or human origin. Mice-derived cell lines mainly include
Dunn, K7, K8, K12, K14, K37, and UMR106-01, which are
mostly used for homotransplantations, whereas human cell
lines mainly include U2OS, TE85, HOS, MNNG, KRIB, 143 B,
and SaOS-2, which are mostly used for xeno-
transplantation.117,118 Different transplanted cells can in-
fluence the cancer formation rate and lung metastasis rate
in animal cancer models. Yuan et al transplanted seven
different osteosarcoma cell lines (G292, MG-63, TE85,
U2OS, SaOS-2, 143 B, and SaOS-LM7) in situ into the tibial
medullary cavity of NOD/SCID mice at the same cell con-
centration and found that neither G292 nor TE85 developed
tumor or lung metastasis. The lung metastasis rate of U2OS
cells was only 1/7. The tumor formation rates of MG-63 and
SaOS-2 cells were 2/7 and 4/7, respectively; however, no
lung metastasis occurred. The tumor formation rate of
143 B cells was 100%, and the lung metastasis rate was
87.5%. The tumor formation rate of SaOS-LM7 was 100%,
and the lung metastasis rate was 50%.119

Inoculation methods

The raw material for cancer transplantation includes two
forms, cancer cell suspension, and primary tumor
tissue.120e123 Cell suspension inoculation has the
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advantages of simple procedure(s), low cost, and good
reproducibility. However, cells in suspension are relatively
dispersed, and the interaction among cancer cells is
weakened or destroyed, making cancer cells easily cleared
by the body’s immune system.121 Moreover, cancer cells
treated with enzymes before transplantation may lose their
primeval properties, which may alter the biological char-
acteristics of cancer, including tumor formation rate and
metastatic capacity.124 Cell suspensions are mostly inocu-
lated orthotopically in the bone marrow; however, the
medullary cavity of the lower femur in nude mice is narrow,
which easily leads to suspension overflow of the bone
marrow and insufficient number of cancer cells in the
medullary cavity.76 Compared with cell suspension injec-
tion, the method of tissue block transplantation appears to
be significantly superior and yields a higher tumor forma-
tion rate, faster tumor growth, more invasiveness of the
bone cortex and soft tissue, and a higher metastasis rate.125

Therefore, tissue block transplantation can be used as a
reliable method to establish in situ OS animal models.

Application of OS animal models

Morphological observation of cancer

The dynamic observation of transplanted tumors in animal
models includes measuring size, location, and color, and
assessing histological characteristics, animal behavior,
weight, vital signs, and histological sections of important
organs (i.e., heart, liver, spleen, lungs, and kidneys).126

These indicators are helpful for further understanding the
mechanism of OS formation, expansion, invasion, and
metastasis.
Figure 2 Advantages and disadvantages of
Investigating the etiology of OS

The etiology of OS remains unclear, and studying the causes
of OS is one of the primary functions of animal models.127

Dogs can develop OS spontaneously and are similar to
humans in terms of etiology, clinical manifestations, path-
ological imaging features, metastatic rate and site, and
response to treatment.128 Therefore, dogs are ideal models
for studying the causes of OS. The loss of cancer suppressor
function by mutation of the p53 gene is often the cause of
human malignancies, including OS.18,96 Using dogs with
spontaneous OS as the research model, Leeuwena et al
analyzed the relationship between p53 gene mutation and
OS incidence, and found that all tumor-harboring dogs had
p53 gene mutations. The authors also found that the mu-
tation frequency was similar to that of humans.129 Johnson
et al used single-stranded conformational polymorphism to
study the role of p53 in the occurrence of human and
canine OS and found that the mutation sites and types of
p53 gene were virtually identical.130

Mechanism of distant metastasis of OS

Metastasis is the most common cause of death due to OS,
especially in those who develop lung metastasis. Lung
metastasis occurs in approximately 20% of OS patients and
is strongly associated with lower survival rates.131 As such,
it is highly valuable to study the mechanism(s) of metas-
tasis. In the process of observing lung metastasis in animal
models of OS, most studies still use lung specimens ob-
tained from tumor-bearing animals for various tests.132

With the development of fluorescence markers and lucif-
erase imaging technology, the sensitivity and accuracy of in
various animal models of osteosarcoma.
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vivo detection have been improved.133 Sottnik et al trans-
fected RSV-pGL4.17, a plasmid containing the luciferase
gene, into the murine OS cell line DLM8 using electropora-
tion technology, and then collected the transfected DLM8
for orthotopic transplantation. After the intraperitoneal
injection of luciferin, an IVIS100 imaging system (Perki-
nElmer, Waltham, MA, USA) was used for observation.
Subsequently, a series of new methods for non-invasive
dynamic follow-up monitoring of lung metastasis was pro-
posed.27 Silvia et al injected K5L-Luc cells expressing both
green fluorescent protein and luciferase protein into the
femoral end of BALB/c nude mice and monitored lung
metastasis using an in vivo imaging system. On day 38, the
first case of lung metastasis was observed, followed by lung
metastasis in all mice for 3 weeks.91

Evaluation of therapeutic efficacy

Guo et al studied the antitumor activity of the dominant-
negative LRP5 receptor (DNLRP5) in vivo by using an animal
model constructed using the 143 B cell line and found that
DNLRP5 inhibited cancer growth and metastasis in model
animals by blocking the Wnt signaling pathway and, at the
same time, decreased the expression of related markers in
cancer cells.83 Sottnik et al established an in situ murine OS
model with spontaneous metastasis and found that doxo-
rubicin and carboplatin significantly delayed lung metas-
tasis in model animals.27 The anticancer properties of two
different quinolineeplatinum complexes on in vitro (2D and
3D cultured cells) and in vivo (xenograft tumor: human OS
in mice) models were reported and highlighted the impor-
tance of chelation in antitumor properties, suggesting that
the [PtCl (8-O-quinoline) (dmso)] (2) may be a promising
agent for the treatment of human OS cancers resistant to
cisplatin.134 It is worth mentioning that the chorioallantoic
membrane (CAM) model is particularly interesting as the
chick embryo is not considered to be a living animal until
day 17 of development in most countries and therefore
does not fall under animal experiment. Guder et al
analyzed the drug sensitivity of human high-grade OS in a
chick CAM model, and they prove that analysis of drug
sensitivity is possible on the CAM and that the clinical
applicability is justified.135 In the study of preclinical
justification of pbi-shRNA EWS/FLI1 lipoplex (LPX) treat-
ment for Ewing’s sarcoma, toxicology studies in mini-pigs
provide the justification to initiate clinical testing.136

Conclusions

Animal models of OS have various advantages and disad-
vantages (Fig. 2). Ideal animal models are highly valuable
for understanding the occurrence and development of OS,
as well as the research and development of new drugs and
therapeutic methods/strategies. The construction of ani-
mal models provides new ideas and solutions for the study
of OS and, to a certain extent, highlights the biological
characteristics of human OS, which helps explore patho-
genesis, metastasis, and drug-resistance mechanisms. With
advances and developments in molecular biology and ge-
netic engineering, an increasing number of transgenic ani-
mal models have been used in tumor research to further
reveal the molecular mechanisms of tumors. In the future,
more advanced comparative animal models for human OS
will be developed, laying a solid foundation for the final
conquest of OS.
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