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Abstract: The bony skeleton is one of the most common sites of metastatic spread of cancer and is a significant source of morbidity 
in cancer patients, causing pain and pathologic fracture, impaired ambulatory ability, and poorer quality of life. Animal cancer models 
of skeletal metastases are essential for better understanding of the molecular pathways behind metastatic spread and local growth and 
invasion of bone, to enable analysis of host-tumor cell interactions, identify barriers to the metastatic process, and to provide platforms 
to develop and test novel therapies prior to clinical application in human patients. Thus, the ideal model should be clinically relevant, 
reproducible and representative of the human condition. This review summarizes the current in vivo animal models used in the study 
of cancer metastases of the skeleton.
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Introduction
Primary and secondary cancers are amongst the lead-
ing causes of morbidity and mortality. Along with the 
lung and liver, the bony skeleton is one of the most 
common sites for metastases, with most cases occur-
ring in the spine.1–3 Skeletal metastases frequently 
originate from carcinoma of the breast, prostate, and 
lung, and if they continue to grow and destroy bone 
result in pain and pathologic fracture, impaired ambu-
latory ability and poorer quality of life.2–7 The pro-
cess of cancer metastases following tumor growth at 
the primary site of origin involves intravasation and 
survival in the bloodstream, arrest, extravasation and 
finally establishment by invasion and angiogenesis 
at a distant site.2,3,8 The ability of metastatic cancer 
to grow within and invade bone is largely mediated 
by tumor-induced growth factors and cytokines that 
result in imbalance between the bone-forming osteo-
blasts and bone-degrading osteoclasts of bone mar-
row that normally regulate bone turnover.2,3,9

Animal models of cancer metastases are essen-
tial in order to better understand the molecular path-
ways behind metastatic spread and local growth and 
invasion at distant sites, enable analysis of host and 
cancer cell interactions, identify barriers to the meta-
static process, and to provide potential platforms to 
develop and test novel therapeutic agents. The ideal 
model should be clinically relevant, reproducible and 
representative of the human condition. The broad 
approaches to animal model studies include sponta-
neous, chemically or genetically-induced, syngeneic, 
and xenograft cancer models. Although spontaneous 
models resemble what occurs when humans develop 
cancer, the spontaneous development of primary 
and metastatic cancer in animals is extremely rare.10 
Similarly, the metastasis rate of genetically-induced 
tumors, either by inducing expression of oncogenes 
or deletion of tumor suppressor genes, is generally 
very low and too variable and unpredictable in terms 
of spreading to bone to provide useful skeletal metas-
tasis models. Therefore, animal models of skeletal 
metastases typically require physical introduction of 
cancer cells. Syngeneic models are those in which 
tumor cells and host are of the same origin and involve 
introduction of tumor cells isolated from spontane-
ously occurring rodent or small animal cancers, 
whereas xenograft models involve the introduction of 
human tumor cell lines into an immunodeficient host. 

Important considerations include the host animal, 
method of inoculation of tumor cells, type of cancer 
for investigation, analysis of the developing tumors 
and clinical application of the model. This paper 
reviews these considerations, with a specific focus 
on in vivo animal models of cancer metastases to the 
bony skeleton.

Host Animal for Cancer Metastasis 
Models
Considerations for the choice of host animal to be 
used for studying cancer and metastasis include ani-
mal availability, cost, handling, desired cancer type 
for investigation, technique of introduction of cancer 
cells, and whether surgical procedures are required 
for tumor implantation or treatment, as well as how 
the resulting tumors and tissues are to be imaged and 
analyzed. Established animal models used for study-
ing skeletal metastases are summarized in Table 1.

To date, the rodent has been the most popular host 
animal used in the study of bone metastases.8 Rodents 
have a high degree of gene sequence homology with 
humans, similar anatomical organs, are easy to handle 
and maintain, readily available and relatively cheap, 
and can be manipulated for investigation of specific 
cancer pathways by generating knockout, transgenic, 
or over-expressing strains.11,12 Immune-deficient ani-
mals such as Balb/c athymic nude mice and severe 
combined immunodeficiency (SCID) mice are com-
monly used in xenograft models as they are unable 
to immunologically reject transplanted tissue or cells, 
thus enabling the study of human cancer cell lines. As 
SCID mice are more severely immunocompromised 
than nude mice, it has been suggested that some cancer 
cell lines may grow more rapidly or produce a higher 
incidence of metastases in SCID compared with 
nude mice.13 Strube et al described a mouse model 
of human renal cell carcinoma metastasizing to bone 
following intracardiac inoculation of human 786-O/
luciferase cells into nude mice, resulting in aggres-
sive osteolytic bone lesions involving the hindlimbs, 
forelimbs, pelvis, and spine.14 Similarly, Garcia et al 
injected a bone metastasizing-only subclone (B02) 
from the MDA-MB-231 human breast cancer cell line 
into the tail vein of nude mice, resulting in osteolytic 
bone metastases of the hindlimb.5

One of the disadvantages of using immunodefi-
cient animals in models of cancer metastases is that 
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Table 1. Established in vivo animal models of skeletal metastases.

Ref. Animal Cancer cell line Method  
of inoculation

Location 
of skeletal 
metastases

% Success 
rate for 
skeletal 
metastases

Observed 
metastases  
in other 
organs

MOUSE MURINE MELANOMA
21 Female C57BL/6 B16-G3.26 Intracardiac Spine, long 

bones, pelvis
95% Lungs, liver,  

ovaries
33 C57BL/6 B16-F10 Intracardiac Spine, long 

bones, pelvis
100% Visceral

1 Female C57BL/6 B16-G3.26 Intracardiac Spine NS NS
6 Female C57BL/6 B16-F1 Intracardiac Femur 60–100% Visceral

MURINE PROSTATE CA
37 C57BL/6 

(immunocompetent)
RM1
(bone metastasizing 
subclone)

Intracardiac Spine, long 
bones, skull, 
scapula

95% Kidney,  
adrenals, 
other soft 
tissues

HUMAN PROSTATE CA
32 Male SCID PC-3 Orthotopic n/a n/a n/a
10 Nude PC-3

(PC-3M highly metastatic 
sub-line)

Intracardiac Spine, long 
bones

NS NS

9 Male nude IGR-CaP1 Intracardiac
Orthotopic (tibia)

Spine, long 
bones, 
mandible

55%  
(intracardiac)

Liver, lung, 
kidney

HUMAN BREAST CA
22 Female nude MDA-MB-231

(bone-metastasizing 
subclone)

Intracardiac
Tail vein
Orthotopic (tibia)

Spine, long 
bones

100%  
(intracardiac)
Nil from tail 
vein

Brain, lung 
(intracardiac)

31 Female nude MDA-MB-231 Orthotopic  
(tibia)

n/a n/a n/a

25 Female nude MDA-MB-231
MDA-MB-435

Intracardiac
Mammary fat pad

Femur NS Lung

5 Female nude MDA-MB-231
(B02 subclone)

Tail vein Long bones NS Nil

4,29 Female nude MDA-MB-231
(F10 subclone)

Orthotopic  
(femur)

n/a n/a n/a

41 Female nude MDA-MB-435 Intracardiac Spine, long 
bones, pelvis, 
mandible

NS NS

MURINE BREAST CA
15 Female nude 4T1.2

4T1
67NR
66c14

Intracardiac
Tail vein
Mammary fat  
pad

Spine, femur 65% (4T1.2) Lung

35 Female nude 4T1E/M3
4T1E

Tail vein
Subcutaneous

Spine 70% (4T1E/
M3)

Lung

1 Female nude 4526 murine mammary Intracardiac Spine 100% NS
14 Female nude 786–0

(highly metastatic 
subclone)

Intracardiac Spine, long 
bones

100% Nil

42 SCID ACHN Orthotopic 
(lamina)

n/a n/a n/a

(Continued)
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Table 1. (Continued)

Ref. Animal Cancer cell line Method  
of inoculation

Location 
of skeletal 
metastases

% Success 
rate for 
skeletal 
metastases

Observed 
metastases  
in other 
organs

MOUSE HUMAN RCC
HUMAN LUNG CA

12 Nude PC-14 Orthotopic  
(L3 vertebra)

n/a n/a n/a

32 Male SCID H460 Orthotopic n/a n/a n/a
MOUSE LYMPHOMA

23 Female nude A20 Tail vein Spine 80% Liver, lymph 
nodes

HUMAN FOLLICULAR 
THYROID CA

43 Male nude WRO Orthotopic (tibia) n/a 80% n/a
HUMAN 
NEUROEPITHELIOMA

1 Nude SK-N-MC Intracardiac Spine NS NS
HUMAN CERVICAL 
ADENOCA

1 Nude HeLA Intracardiac Spine NS Intradural, 
brain

RAT HUMAN BREAST CA
27 Female nude MDA-MB-231

(RBC3 subclone)
Intracardiac Spine, long 

bones
50–86% NS

28 Female nude MDA-MB-231 Orthotopic  
(L5 vertebra)

n/a n/a n/a

30 Nude MDA-MB-231 Intra-arterial Hindlimb long 
bones

100% Nil

38 Female nude MT-1 Intracardiac Spine 100% NS
39 Nude MT-1 Intracardiac Spine NS NS
40 Nude MT-1 Intracardiac Spine 80% Intradural

RAT MAMMARY CA
36,44 Female nude CRL-1666 Orthotopic  

(L6 vertebra)
n/a n/a n/a

24 Male wistar Walker 256 Intra-arterial Hindlimb long 
bones

90% Nil

RABBIT RABBIT CARCINOMA
17,26 New Zealand white VX2 Orthotopic 

(thoracic 
vertebra, tibia)

n/a n/a n/a

16 Male Japanese 
white

VX2 Orthotopic (L3 
vertebra)

n/a n/a n/a

DOG DOG PROSTATE CA
20 Mongrel dogs DPC-1 Prostate Pelvis 15% Lung, lymph 

nodes

Abbreviations: NS, not specified; n/a, not applicable (given direct inoculation of tumour cells into bone); SCEA, superficial caudal epigastric artery (to 
hindlimb); CA, carcinoma; RCC, renal cell carcinoma.
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they preclude investigation into the important role 
of the immune system in combating cancer.11 This 
may be overcome by the use of syngeneic models, 
in which cancer cell lines of the same species as the 
host are introduced into immunocompetent animals. 
Lelelakis et al described a mouse model of breast 
cancer metastases to bone using a clonal tumor cell 
line from a spontaneously arising murine mammary 
cancer, in which metastases to the femur and spine 
followed intracardiac and mammary pad inoculation 
of the cancer cells.15 Another disadvantage of rodent 
cancer models includes the small size of rodent bone, 
potentially making direct implantation of cancer cells, 
as well as investigation of therapeutic modalities such 
as local drug delivery devices and invasive image-
guided-therapies, more technically challenging.12,16,17

The use of rabbits may be less technically demand-
ing for surgical procedures and may enable easier 
analysis and preclinical testing of skeletal metasta-
ses. However, experimental immunodeficient rab-
bits are currently not available; thus, species-specific 
cancer cell lines are required in rabbit syngeneic 
cancer models and these are extremely limited in 
availability.11,16,17 Despite this, VX2 carcinoma cells 
derived from a virus induced papilloma of the rab-
bit have been used in two rabbit models of spinal 
tumors to successfully replicate the clinical, radio-
logical, and histopathologic characteristics of the 
human condition.16,17 Orthotopic implantation of the 
VX2 carcinoma cells into the third lumbar vertebra 
or the lower thoracic vertebra of healthy rabbits after 
surgical exposure led to lower limb paralysis in most 
rabbits by four weeks post-implantation.

Larger-sized animals that can potentially be used 
in cancer models include the cat and dog. Although 
the cat has not yet been established as a useful synge-
neic or xenograft animal model for the study of skel-
etal metastasis, spontaneous metastases to the digits 
of the bony skeleton and in soft tissues of the proxi-
mal limbs in cats have been observed secondary to 
primary pulmonary adenocarcinoma.18,19 In a larger 
syngeneic orthotopic animal model, a dog model of 
prostate cancer metastasis, Anidjar et al demonstrated 
bone metastases following direct inoculation of 
DPC-1 poorly differentiated canine prostate adeno-
carcinoma cells into the prostate gland.20 Histopathol-
ogy of the mixed osteoblastic and osteolytic pelvic 
bone lesions showed similarities to human prostate 

cancer skeletal metastases.20 A potential advantage of 
the larger canine model over rabbits or rodents is that 
dogs may be more amenable to diagnostic and surgi-
cal procedures with equipment used in human clinical 
practice; however, the cost and restricted availability 
of the animals and species-specific cancer cell lines 
remain limitations.

Inoculation of Cancer Cells
As described above, since the spontaneous devel-
opment of metastatic cancer in animals is rare and 
unpredictable, animal models of skeletal metastases 
typically require physical introduction of cancer cells. 
Commonly used methods of cancer cell inoculation 
include systemic intracardiac or tail vein injection, 
injection into the arterial circulation, direct inocula-
tion into the primary cancer site such as the mammary 
fat pad or prostate gland, or direct orthotopic inocu-
lation into bone, reproducing the secondary skeletal 
deposit in isolation (Table 1).

Models involving systemic dissemination of tumor 
cells permit investigation of the key elements of the 
metastatic cascade from survival within the blood-
stream, to selection of a distal site, and eventually to 
extravasation, establishment and growth of distant 
metastases, thus allowing analysis of the molecular 
mechanisms involved in growth and proliferation, 
migration, invasion and angiogenesis of metastatic 
cancer cells.11,15 Intracardiac injection into the left 
ventricle results in systemic arterial circulatory dis-
semination of tumor cells, with the potential of gener-
ating widespread metastases. Arguello et al described 
a reproducible murine model of skeletal vertebral and 
long bone metastasis following intracardiac injection 
of B16 (sub-line G3.26) murine melanoma cells.21 

However, the sites of metastatic deposition and num-
ber and size of the metastases were unpredictable, 
extremely variable, and dependent on the amount of 
cancer cells administered. The quantity of resultant 
bone metastases increased with increasing number of 
cells injected.

Tail vein inoculation similarly results in hematoge-
nous dissemination of cancer cells, although cells may 
be filtered and cleared by the pulmonary system dur-
ing the first passage through circulation.22 Passineau 
et al described tail vein injection of A20 murine lym-
phoma cells to generate a syngeneic mouse model 
to mimic disseminated human B cell lymphoma, 
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with bony deposits to the femur, pelvis and vertebral 
column, eventually leading to bone destruction and 
nerve compression.23 Biesalski et al described intra-
arterial injection of Walker 256 mammary carcinoma 
cells directly into the circulation of the hindlimbs 
in rats via the superficial caudal epigastric artery, a 
branch of the femoral artery, resulting in metastases 
to the distal femur or proximal tibia/fibula in 9 of 11 
animals at 3 weeks post-inoculation.24 Limitations of 
systemic administration of tumor cells include vari-
ability and unpredictability in site, size, number, and 
time to development of metastasis.10,11 This may also 
lead to excessive tumor burden and morbidity in the 
experimental animal, therefore precluding the ability 
to investigate potential therapeutic interventions.

Direct inoculation of tumor cells into primary sites 
such as the mammary fat pad also has the potential 
to create a complete model of the metastatic process, 
since the tumor must first establish in the primary 
site before seeding to distant sites.15 Schubert et al 
described a mouse model of breast cancer metasta-
sis to the femur and lung after MDA-MB-435 human 
breast cancer cells were injected into the mammary 
fat pad of nude mice.25 The ability of gonadotropin-
releasing hormone (GnRH) analogs to significantly 
reduce formation and growth of breast cancer metas-
tases in this model suggested the multi-focal role of 
GnRH throughout the metastatic process of breast 
cancer, including epithelial-mesenchymal transition, 
migration, invasion, and biology of circulating cells.

Direct orthotopic inoculation into bone has the 
potential to produce reproducible, efficient, and site-
specific models of cancer and metastasis since a 
known quantity of cancer cells can be directly admin-
istered into the target bone of choice. Direct inocula-
tion into bone bypasses the metastatic cascade and is 
not a true model of metastases, nevertheless it per-
mits targeted investigation of the cellular processes 
involved within a particular anatomical site and the 
local effects of the tumor itself. Mann et al described 
a mouse model of tumor-induced osteolysis follow-
ing orthotopic injection of F10 human breast cancer 
cells into the distal femoral metaphysis to assess the 
ability of non-invasive imaging and computational 
techniques for predicting the strength of bones with 
osteolytic lesions.4 Choi et al used direct orthoto-
pic inoculation of VX2 carcinoma tissue fragments 
into the tibial shaft of rabbits to create a model for 

magnetic resonance imaging (MRI) and histopatho-
logic evaluation of the evolution of metastatic bone 
tumor.26 Orthotopic inoculation may be a relatively 
straightforward procedure if prominent and subcu-
taneous bones are selected, such as the distal femur 
or proximal tibia, which are also common sites for 
primary and secondary bone cancers. In our own 
laboratory, we recently established a novel in vivo 
model of spinal cancer that causes a reproducible, 
evolving paraplegia following orthotopic inocula-
tion of MDA-231 human breast cancer cells or PC-3 
human prostate cancer cells into the vertebral body at 
the thoracolumbar junction of Balb-c athymic nude 
mice (Fig. 1). The progressive neurological decline 
in the animals, from gait asymmetry and unilateral 
hindlimb weakness, to complete unilateral hindlimb 
paralysis and finally to complete bilateral hindlimb 
paralysis, closely resembles the natural history of 
untreated metastatic epidural spinal cord compres-
sion and potentially enables closer analysis of the 
temporospatial pattern of cancer growth within the 
spine and the molecular mechanisms behind this dev-
astating condition.

Cancer Cell Lines
Amongst the commonest primary cancers that metas-
tasize to bone are breast, prostate, lung, and renal, car-
cinoma. Since the biological behavior and response 
to therapy of bone metastases is largely dependent on 
the primary cancer type, there is a need to develop 
investigative models of varying cell lines. For exam-
ple, prostate cancer bone metastases in humans are 
generally more osteoblastic or sclerotic in nature, 
while renal cell carcinoma bone metastases are often 
more lytic and vascular compared with other cancer 
types.2,3,14 Indeed, a sub-line of the 786-O human renal 
cell carcinoma cell line with increased bone meta-
static potential showed higher expression of the pro-
angiogenic factors VEGF and basic fibroblast growth 
factor (bFGF) compared with the parental cell line.14

Immortalized cancer cell lines that are generated 
through isolation of tumor cells from these sponta-
neously occurring primary or secondary cancer types 
in humans or animals are ideal for use in in vivo 
cancer models as they have already demonstrated 
ability to form, grow, invade, and spread within the 
primary organ or metastatic site of choice. Human 
cancer cells lines with a propensity for localization to 
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Figure 1. Representative images of established spinal cancer (arrows) following orthotopic injection of PC-3 human prostate cancer cells in the vertebral 
body of the thoracolumbar junction in a nude mouse. A) Dissected spine specimen; B) Sagittal, and C) axial micro-CT images demonstrating lytic bony 
lesion and cortical destruction; D) Histological cross-section showing tumor invasion of vertebral bone marrow and encroachment onto the spinal cord 
(SC); E) Control histological cross-section.

bone and that are well-established for use in animal 
cancer metastasis models of metastases include the 
MDA-MB-231 human breast cancer cell line iso-
lated from the pleural effusion of a patient following 
breast cancer metastasis to the lungs,5,22,27–31 and PC-3 
human prostate cancer cells derived from a bone 
metastasis.8,9,32 The use of cancer cell lines of human 
origin ensures that molecular and histologic analysis 
is as comparable to the human condition as possible; 
however, one important limitation is the requirement 
for use of an immunocompromised animal, which pre-
cludes investigation of the host immune response to 
the development of cancer and metastases.11 The B16 
murine melanoma cell line, derived from a melanoma 
from the skin of a C57BL/6 strain mouse,6,21,33 and 

the VX2 rabbit carcinoma cell line, originated from 
a carcinoma induced by the Shope cottontail rabbit 
papilloma virus,16,17,26 are common animal cell lines 
used in models of skeletal metastasis models that 
exhibit similar molecular characteristics to human 
cancer cells.

Cell sub-lines with site-specific metastatic prop-
erties, such as the propensity to metastasize to the 
skeleton, are often generated from primary cell lines 
through serial culture and repeated injection of cells 
cultured from metastatic lesions at the site of inter-
est. For example, Zadnik et al derived a novel cell 
sub-line, RBC-3, from human MDA-MB-231 breast 
cancer metastatic spinal lesions in a rat.27 Parent 
MDA-MB-231 human breast adenocarcinoma cells 
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were introduced by intracardiac injection into rats 
to induce metastatic spinal lesions that caused neu-
rologic deterioration and were confirmed on imag-
ing. Affected animals were then euthanized, tumor 
tissue was excised, and tumor cells were harvested 
through a process of tissue digestion, cell filtration, 
centrifugation, and incubation. The selected cell sub-
line (RBC-3) was observed to have a growth pattern 
consistent with that of the parent line, and following 
intracardiac injection into a host animal, resulted in 
a statistically significant increase in tumor burden in 
comparison to the parent MDA-MB-231 breast can-
cer cells.27 Similar findings were observed in a mouse 
model of human breast cancer metastasis, whereby 
the selected cell sub-line (B02) injected into the tail 
vein demonstrated a propensity to form rapidly grow-
ing osteolytic hindlimb bone metastases.5 These can-
cer cell lines may potentially be investigated in vitro 
to identify molecular events important in cellular pro-
liferation, survival, paracrine, and autocrine factors 
involved in angiogenesis and bone breakdown as well 
as response to treatment.

Analysis of Animal Cancer Metastasis 
Models
Real-time imaging is useful for the detection, quantifi-
cation, staging, and longitudinal monitoring of estab-
lished tumors and response to treatment in in vivo 
cancer models.10,27 However, accurate delineation of 
tumor shape, size, and relationship to surrounding tis-
sues remains a challenge due to the relatively small 
size of the subject matter. Plain radiographs are cheap, 
easy to use, and readily available, but can only detect 
large osteolytic lesions within bone.16 Nuclear medi-
cine bone scans are sensitive for detecting osteoblas-
tic bone metastases, but may miss small lesions less 
than one centimeter in diameter and lack specificity 
due to tracer accumulation in any area of increased 
bone turnover.33 Optical imaging is a popular imaging 
modality currently used in in vivo cancer models and 
is based on the detection of photon emissions from 
within living tissues. Prior to inoculation, cancer 
cells are transfected with genes encoding fluorescent 
or bioluminescent reporter proteins; however, these 
differ in generating light emitting photons. Fluores-
cent sources emit light at a particular wavelength 
in response to an external excitation light source, 
whereas bioluminescent sources produce light as a 

result of a chemical reaction between a systemically 
distributed substrate, such as injection of luciferin, and 
the enzyme activity of a reporter protein encoded into 
cancer cells, such as the Firefly luciferase protein.10,34 
In a mouse model of breast cancer skeletal metastases 
following intracardiac injection of luciferase trans-
fected MDA-231-B cells, bioluminescence imaging 
detected bone metastases of approximately 0.5 mm3 
in volume.22 Real-time identification of tumors at their 
early stages of growth potentially enables monitoring 
of disease progression and investigation of efficacy of 
therapeutic interventions.

Computed tomography (CT) and MRI provide a 
higher degree of spatial resolution and anatomical 
definition compared with plain radiographs and are 
the gold standard for anatomical imaging of bone 
and soft tissue cancers in human patients. Micro-CT 
provides quantitative analysis of bone volume, den-
sity, and surface area, and has been utilized in vivo 
for longitudinal analysis of tumors in animal mod-
els of skeletal metastases and to monitor the effects 
of potential therapies.4,29,31 Live animal micro-CT 
was capable of performing reproducible quantita-
tive analyses of bone volume in an anti-resorptive 
drug treatment mouse model of breast cancer metas-
tasis to bone.31 Dedicated small animal MRI scan-
ners use higher strength magnetic-field gradients 
and higher-sensitivity radiofrequency coils in order 
to approach the sensitivity and resolution required 
for imaging small animals.33 In a mouse model of 
malignant melanoma, the smallest micro metastasis 
detectable by animal MRI measured 0.3 mm3.6 Fur-
ther advances in imaging technology may enable the 
combination of bioluminescence or fluorescence with 
CT or MRI to create a three-dimensional, quantita-
tive, cancer-specific image. Potential advantages and 
disadvantages of the current imaging modalities used 
for analysis of animal models of skeletal metastasis 
are summarized in Table 2.

Histopathologic assessment may be used in analy-
sis of skeletal metastases models to complement the 
clinical and radiological imaging observations and 
to better understand the pathogenesis of metastasis 
by more specifically defining the location and extent 
of tumor growth, morphologic changes of bone and 
alterations in gene and protein expression.12,28–30 His-
topathologic correlation can be utilized to confirm 
similarities between animal and human cell lines with 
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regards to cytologic appearance of tumor cells and 
progression of tumor growth.9,20,23 Furthermore, the 
mechanisms by which cancer metastases cause clini-
cal symptoms in the experimental animals may be 
determined through histologic correlation. Vertebral 
histologic cross-sections in a rat model of intraosseous 
spinal metastases showed aggressive infiltration and 
marked osteolytic activity of the tumor cells invading 
through the vertebral body and compressing the spi-
nal cord, consistent with the clinically observed pro-
gressive neurological dysfunction.36 In a rabbit model 
of paraplegia caused by spinal tumors, histologic 
analysis of spine tumor cross-sections from animals 
with complete paralysis showed a marked reduction 
in both grey matter and blood vessels to the spinal 
cord, suggesting that paraplegia may be caused by 
both direct compressive and ischemic vascular effects 
to the spinal cord.16

Immunohistochemistry and immunotyping through 
methods such as enzyme-linked immunosorbent assay 
(ELISA), flow cytometry and polymerase chain reac-
tion may be used to identify markers that contribute 
to the metastatic potential of tumor cells.14,30,35 In the 
development of a mouse model of renal cell carci-
noma bone metastases, ELISA analysis of the selected 
cell subline with increased bone metastatic potential 
demonstrated greater production of chemokines and 
growth factors such as vascular endothelial growth 
factor (VEGF) involved in tumor progression and 
osteoclast activation than the parent cell line.14 Further 
detailed molecular analysis of tumor sections at the 
metastatic site will provide improved understanding 
of the temporospatial pattern and pathological mecha-
nisms behind cancer spread to bone and its subsequent 
growth and invasion into surrounding soft tissues.

Clinical Application of Animal Cancer 
Metastasis Models
Animal models are essential for investigating the 
important molecular mechanisms involved in the 
metastatic spread of cancer to bone and the testing of 
promising novel therapies prior to clinical application 
in human patients.10,37 The bone marrow microen-
vironment, incorporating local tissue and tumor-
expressed factors, is known to be important in the 
initial establishment and proliferation of cancer cells 
in bone.10,15 Factors involved in physiological and 
pathological bone turnover and angiogenesis such 

as parathyroid hormone-related protein (PTHrP), 
receptor activator of NFkB ligand (RANKL), VEGF, 
tumor necrosis factor-α, transforming growth factor β,  
prostaglandins, and interleukins, have been shown 
to be expressed in many primary and secondary can-
cers and have been extensively investigated in animal 
models of skeletal metastases.11,14,15 Lelekakis  et  al 
found high expression of PTHrP in both primary 
tumors and bone lesions in a murine breast carci-
noma model.15 Bone metastases induced by parental 
MDA-231 human breast cancer cells in a xenograft 
mouse model were shown to highly express bone 
resorbing and pro-angiogenic factors such as PTHrP, 
macrophage colony stimulating factor, and VEGF, 
highlighting the importance of these factors in the 
bone metastatic cascade.22 Consequently, the angio-
genesis and osteoclastic bone-degradation pathways 
are effective targets for current and emerging thera-
pies for skeletal metastases.

An important pro-osteoclastogenic factor required 
for the development and function of bone-resorbing 
osteoclasts is RANKL. Blocking RANKL has been 
shown to inhibit breast and prostate cancer-induced 
osteoclastogenesis and tumor development, growth 
and progression in bone.14 Bisphosphonates have also 
been shown to potently inhibit osteoclast-mediated 
bone resorption and can reduce skeletal tumor bur-
den and inhibit the formation of bone metastases 
in vivo, as well as demonstrating clinical applica-
tion in the treatment of patients with osteolytic bone 
metastases.31,34,38,39 Photodynamic therapy, which 
causes oxygen toxicity and tumor cell necrosis by light 
activation of an administered photosensitizer accumu-
lated in tumor tissue, has been shown to inhibit tumor 
growth in several rat models of human breast cancer 
vertebral metastases, with additional improvement in 
the structural integrity of vertebral bone when used in 
conjunction with bisphosphonates.38–40

In a metastatic mouse breast cancer model, 
Takahashi et al demonstrated that expression of the 
chemokine CCL2 negatively regulated bone metasta-
sis and that CCL2 may act as a negative upstream regu-
lator of intracellular adhesion molecule-1 expression, 
which is important for determining the capacity for 
growth, invasion, and metastasis.35 Overexpression of 
the avβ3 integrin, a transmembrane protein that inte-
grates intra- and extra-cellular activities and induces 
tumor cell migration, proliferation and differentiation 
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has been observed in several experimental models 
of bone metastasis.30,34 Treatment with cilengitide, a 
small molecule inhibitor of avβ3 and avβ5 integrins, 
resulted in pronounced anti-resorptive and anti-tumor 
effects in a rat model of breast cancer bone metas-
tasis.30, Further development and characterization of 
animal models of skeletal metastasis are necessary to 
provide suitable platforms on which to identify and 
test novel therapies.

Conclusion
Metastatic spread of cancer to the skeleton has the 
potential to cause severe morbidity, deterioration in 
function and mobility, and impaired quality of life. 
To date, there are many established in vivo animal 
models of skeletal metastasis, varying in host animal, 
type of cancer investigated, method of tumor inocu-
lation and metastatic potential. Further characteriza-
tion of these models and development of new, novel 
animal models focusing on specific cancer types and 
metastatic sites are essential for better understand-
ing the mechanisms behind why and how particular 
cancers metastasize to, establish within, and invade 
bone. Ultimately, the identification of key targets for 
therapeutic intervention, development of novel thera-
pies, and testing of these agents in clinically relevant 
animal models may be translated into improved treat-
ment, quality of life, and survival of patients with 
metastatic cancer.
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