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Abstract Bone metastasis is a complication that occurs in
80 % of women with advanced breast cancer. Despite the
prevalence of bone metastatic disease, the avenues for its
clinical management are still restricted to palliative treatment
options. In fact, the underlying mechanisms of breast cancer
osteotropism have not yet been fully elucidated due to a lack
of suitable in vivo models that are able to recapitulate the
human disease. In this work, we review the current
transplantation-based models to investigate breast cancer-
induced bone metastasis and delineate the strengths and lim-
itations of the use of different grafting techniques, tissue
sources, and hosts. We further show that humanized xenograft

models incorporating human cells or tissue grafts at the pri-
mary tumor site or the metastatic site mimic more closely the
human disease. Tissue-engineered constructs are emerging as
a reproducible alternative to recapitulate functional human-
ized tissues in these murine models. The development of
advanced humanized animal models may provide better plat-
forms to investigate the mutual interactions between human
cancer cells and their microenvironment and ultimately im-
prove the translation of preclinical drug trials to the clinic.
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1 Introduction

Breast cancer is the most commonly diagnosed cancer and one
of the leading causes of cancer-related death among women in
the western world [1]. At the first diagnosis, most women do
not show any clinicopathological signs of overt secondary
cancer lesions (metastases), meaning that they can achieve a
state of complete clinical remission after surgical treatment in
combination with individualized first-line treatment such as
chemo-, radio-, and anti-hormonal therapy [2]. The propensity
to develop metastases depends on several prognostic factors,
including tumor size, histopathological grade, and lymph
node status. Development of distant metastases usually occurs
in 10–15 % of all breast cancer patients within 3 years of the
detection of the primary tumor [3]. However, some breast
cancers show a trend for late metastatic recurrence even
10 years or more after initial diagnosis [3]. The skeleton, liver,
lung, and brain account for the most common sites affected by
breast cancer cell colonization. Metastatic lesions are found at
the highest frequency in bone (83 %) whereas liver and lung
are usually affected to a lesser extent (27 %) [4]. The median
survival after diagnosis of bone metastases is 24–40 months,
which is relatively long compared to patients with liver me-
tastasis (3 months) [2]. However, clinical symptoms associat-
ed with metastatic bone disease are highly debilitating. Tumor
expansion and the associated bone degradation (Fig. 1) can
lead to serious morbidity with symptoms such as severe bone
pain, pathological fractures, spinal cord compression, bone
marrow aplasia, and hypercalcemia [5].

Metastasis to bone occurs via a multistep process initiated
by the detachment of single cancer cells from the primary
tumor, followed by their invasion into the circulation, their
dissemination and implantation at a favorable distant site in
bone, and finally the formation of a secondary tumor [6].
Overt bone metastases are classified according to their radio-
graphic appearance as either osteolytic or osteoblastic. Both
types of lesions result from an imbalance of the normal bone
remodeling process. Osteolytic lesions show an increase in
bone resorption caused by activated osteoclasts, while com-
pensatory bone formation is impaired [5]. In contrast, osteo-
blastic lesions are characterized by disorganized new bone
formation and insufficient bone resorption [5]. This classifi-
cation represents two extremes, as patients can have mixed
lesions containing both osteolytic and osteoblastic elements.
The majority of breast cancer-related bone metastases are
characterized as osteolytic, whereas approximately 15 % are
of osteoblastic or mixed entity [5].

Current treatment options for cancer-related bone disease
are rarely curative, and advanced pain management is often
the major treatment avenue. Palliative treatment with anti-
resorptive drugs, such as bisphosphonates and the anti-
receptor activator of nuclear factor kappa-B ligand
(RANKL) antibody Denosumab have been found to reduce

the frequency of skeletal-related events [7, 8]. Additionally,
complications associated with tumor-induced bone destruc-
tion such as pain and morbidity could be diminished, thus
improving the patient’s quality of life but without prolonging
survival [7]. However, the development of new curative treat-
ment options is hampered by the fact that the pathophysiolog-
ical cascade leading to skeletal metastasis is not yet fully
deciphered as a consequence of the lack of appropriate model
systems. In fact, in vitromodels are suitable to answer specific
biological questions, but certainly show limitations in mim-
icking the complex metastatic process. Furthermore, each step
of the development of bone metastasis is intimately regulated
by the microenvironment encountered by the metastatic can-
cer cells; thus, suitable animal models are necessary to closely
mimic these interactions. This article reviews the current
models to investigate breast cancer-induced bone metastases
in vivo and delineates their strengths and limitations. The
focus is placed on the recent advances provided by the devel-
opment of humanized murine models and the translation of
tissue engineering concepts into models for cancer research.

2 Syngeneic and xenograft transplantation models

Mice and rats are the most extensively utilized and well-
characterized species for preclinical research and present ob-
vious practical advantages due to their small size and short
generation time. The most common strategies to induce breast
cancer-relatedmetastasis to bone in rodents are transplantation
models, which can be divided broadly into two categories,
namely, syngeneic models and xenografts.

Syngeneic (i.e., allograft) transplantation models refer to
the inoculation of rodent cancer cell lines or tissues into an
immunocompetent host of the same species and genetic back-
ground, allowing the assessment of species-compatible tumor-
stroma interactions, endocrine signaling, and intact immune
responses during tumor development [9]. Syngeneic models
have a short latency for tumor growth and metastasis to bone
and can provide useful insights into specific mechanisms of
the disease. However, they have a limited potential for direct
translation into clinical application due to species-related dif-
ferences. For example, the clinically proven human monoclo-
nal antibody Denosumab failed to suppress bone resorption in
mouse or rat models due to the species specificity in RANKL
antigen binding of this antibody [8]. Another limitation of
syngeneic models pointed out in the literature is the use of
grafts derived from homozygously inbred mice which may
lack resemblance to clinical tumors in terms of histopatholog-
ical and genetic complexity [9, 10]. Nevertheless, a clear
heterogeneity in drug sensitivity [11], immunogenic character
[12], and metastatic potential [13] has been observed within
subpopulations of cancer cells obtained from a single mouse
mammary tumor.
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Several rodent cancer cell lines have been established
either from spontaneous tumors that developed in a par-
ticular mouse/rat or from carcinogen-induced tumors and
can be applied as syngeneic grafts. Due to recent advances
in genetic engineering, an increasing number of new ro-
dent cell lines expressing specific receptors, growth fac-
tors, or biomarkers have been derived [14, 15]. However,
the use of genetically modified cell lines is not straight-
forward in syngeneic hosts, because an immune rejection
of the exogenously expressed proteins may occur in cer-
tain cases [16].

Xenograft models refer to human cancer cells or tissues
transplanted into immunocompromised hosts. Most of the
mechanistic insights into the process of osteotropic metastasis
as well as the identification of novel prognostic and therapeu-
tic agents have been derived from xenograft studies.
Xenografted human tumor tissue can retain the cell

differentiation, morphology, and molecular signatures of orig-
inal patient tumors following repeated in vivo passages in
mice, making this model relevant for preclinical testing of
new therapeutic agents and a potential platform for individu-
alized therapy [17]. Cell line-derived xenografts, however,
usually exhibit a lack of tissue organization and consist mostly
of proliferating epithelial cells with little associated stroma [9,
17]. Due to prolonged culture in vitro, cell lines lose their
cellular heterogeneity [17, 18]. To circumvent this problem, a
common approach in bone metastasis research is the use of a
panel of cell lines with different organ tropism, metastatic
efficiency, and effect on bone (osteolytic and/or osteoblastic)
in order to represent the cellular diversity of metastatic breast
cancer. Nevertheless, an important limitation of xenograft
models is the need for an immunocompromised host to pre-
vent rejection of the grafted human cells. This has a major
impact on the predictability for clinical translation as tumor-

Fig. 1 Clinical case of a 42-year-old patient who presented with right-
sided hip pain for the previous 3 months. The patient’s history revealed an
ablatio mammae and anti-hormonal therapy due to breast cancer. She was
diagnosed with a single bone metastasis of breast cancer. a Radiographic
examination demonstrated an osteolytic lesion of her right proximal
femur with cortex penetration (Lodwick grade III lesion). b Magnetic
resonance imaging (coronal, T1-weighted) showed a heterogeneous low-
signal intensity lesion with marrow infiltration indicative of a secondary

bone tumor. c Postoperative radiographic imaging after proximal femoral
resection and replacement of the defect with a tumor-prosthesis. d Histo-
logical analysis (H&E) demonstrated infiltrative strands of cancer cells
progressively replacing the bone marrow compartment. e High-power
view showed a typical phalanx of multinucleated cells (osteoclasts) in
resorption pits advancing a front of infiltrative cancer cell clusters and
resulting in the lysis of the bone matrix. White arrow head, metastasis.
Black arrow head, osteoclast. B, bone. T, tumor
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induced immune responses have been shown to mediate crit-
ical steps in the metastatic process [19].

For example, Bidwell et al. identified an Irf7-driven innate
immune pathway intrinsic to breast cancer cells and demonstrat-
ed that its suppression in the primary tumor enables cells to
escape from immunosurveillance and form overt metastases in
the bone [20]. Consequently, due to their impaired immune
system, xenograft models fail to take into account these escape
mechanisms that cancer cells normally have to display in
humans. Furthermore inter-species differences between tumor
and the host organism have been shown to reduce the relevance
and predictive power of the results obtainedwith xenografts [21].

3 Transplantation methods in models of bone metastasis

3.1 End organ bone colonization models: intra-osseous
injections

Depending on the stages of the disease that are being assessed, a
number of different transplantation methods are utilized in
syngeneic and xenograft transplantation models of breast can-
cer metastasis (Fig. 2). While early studies have shown that
intramuscular injection of the Walker 256 rat mammary tumor
cells into syngeneic rats generates local metastases to the adja-
cent bone, the tumors also spread to the kidney, liver, and lungs
and proliferated considerably in those organs [22]. A common
approach in modeling tumor invasion and growth in bone, i.e.,
bone colonization, is the intra-osseous injection of cancer cells
into the host tibia or femur (Online Resource 1).

Direct intra-tibial or intra-femoral implantation of synge-
neic rat mammary tumor cells into female rats resulted in
reproducible localized osteolytic lesions in the bone, and this
method has been utilized in a range of studies investigating
bone pain associated with metastasis, the mechanical changes
in tumor-harboring bones, and the efficacy of therapeutic
agents to reduce tumor burden within the bone [23, 24].
Whereas studies looking at the structural or physiological
consequences of tumor-induced bone degradation have been
generally carried out in syngeneic rat models, more mecha-
nistic studies can be conducted in mouse models due to the
availability of a larger range of cell lines amenable to genetic
manipulation. As an example, injection of an αvβ3 overex-
pressing mouse mammary epithelial cell line 66cl4 through
the proximal tibial metaphysis of female Balb/c mice was used
to demonstrate the effect of integrin αvβ3 expression in
promoting osteoclast recruitment and bone resorption [15].

Similarly, several xenograft models have utilized the injec-
tion of a range of human breast cancer cell lines in the long
bones of immunodeficient rodents to mimic breast cancer-
induced bone colonization. The most common model is the
estrogen-independent MDA-MB-231 human breast cancer
cell line, which reproducibly generates osteolytic lesions upon

intra-osseous inoculation [25, 26]. Depending on the charac-
teristics of the cell line used, the injection of tumor cells into
the mouse skeleton may result in osteolytic, osteoblastic, or
mixed lesions. For example, the effect of vitamin D deficiency
on tumor growth in both osteolytic and osteoblastic bone
metastases was investigated by using intra-tibial injection of
a variant of theMDA-MB-231 cells with enhanced affinity for
bone [27] and the MCF-7 human breast cancer cell line,
respectively [28, 29].

Although most bone colonization studies investigate tumor
development in the long bones, clinically, the axial skeleton and
particularly the spine are the most common target site for bone
metastatic disease. Loss of mechanical stability in the vertebral
column is associated with intractable local pain and life-
threatening complications, including pathological fracture and
spinal cord compression leading to paralysis and neurological
deficits [30]. Therefore, specific approaches have been devel-
oped to reproduce spinal metastatic disease in both syngeneic
[31] and xenograft models [32]. For example, subcutaneous
tumors obtained by injection of a syngeneic rat breast adeno-
carcinoma cell line 13762 into the right hind limb of Fisher 344
rats were resected and used as solid tumor grafts for intra-
osseous implantation into the thoraco-lumbar vertebra of the
rats [31]. Consistent tumor growth in the vertebra as well as the
replication of the natural course of metastatic spinal cord com-
pression syndrome could be achieved by this approach.

A distinctive advantage of inoculating cancer cells directly
into the bone is that tumor growth is localized at the site of
injection; therefore, systemic spread to other organs and the
associated morbidity are reduced. Nevertheless, intra-osseous
injection models are still characterized by the appearance of
paralysis, bone pain, and other debilitating complications that
mimic the situation in patients but also limit the experimental
time course. Nannuru et al. described an ectopic model of
direct breast cancer-bone interactions based on the transplan-
tation of the mouse mammary tumor cell lines 4T1, Cl66, and
Cl66M2 mixed in growth-factor-reduced Matrigel directly
onto the surface of the calvaria of female BALB/c mice [33].
This system allowed the investigation of the molecular mech-
anisms of breast cancer-induced osteolysis with no associated
complications for up to 4 weeks postimplantation.

A general criticism against intra-osseous transplantation
models is that they are a model of primary tumor growth in
bone and do not replicate the dissemination process occurring
in metastasis. Thus, they can only be applied to investigate the
final stage of bone colonization by extravasated cancer cells.
The direct injection of a bolus of cells into the bone does not
replicate the clinical situation in which tumor cells colonize a
distant organ as small aggregates with other cell types [6].
Moreover, the injection itself causes a local bone damage
which may activate a nonspecific immune response and
changes in the bone metabolism thus impacting the investiga-
tion of tumor development [34].
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3.2 Experimental bone metastasis models: systemic injections

Experimental metastasis refers to the injection of tumor cells
directly into the circulatory system of the host, thereby
bypassing the early stages of the metastatic cascade (Online
Resource 2). The intravenous injection of tumor cells in the
rodent tail vein has been the most common inoculation meth-
od in experimental metastasis models, but usually generates
predominantly pulmonary metastases [10, 13]. It has been
reported that injection of the BO2 xenograft cell line in the
tail vein of nude mice led to radiographically detectable
osteolytic bone lesions within 18 days, with no associated
lung metastases [35]. A study by Garcia et al. using whole-
body bioluminescence live imaging demonstrated that B02
cells injected through the lateral tail vein were transiently
detected in the lungs within the first 3 h after injection, but
overt metastases developed only in bones [36]. Although
micrometastases below the detection level of this imaging
technique might still persist in the lungs, this observation
indicates that there is a preferential development of breast
cancer metastases in bone. Thus, the establishment of metas-
tases does not rely solely on the mechanical trapping of cancer
cells in the capillary network, which provides additional sup-
port for Paget’s seed and soil hypothesis [37].

Most studies on experimental bone metastasis have used
alternative routes of inoculation to avoid the trapping of cells
in the lung microvasculature, either via injection into the
arteries or into the left ventricle of the heart. Early studies
using the intra-arterial injection approach to obtain bone me-
tastasis in syngeneic and xenograft models were based on the
systemic delivery of the cancer cells, e.g., via the abdominal
aorta [38]. This method gave rise to extensive osteolytic bone

lesions and hypercalcemia in a high percentage of animals,
and was also associated with dissemination to other peripheral
organs which caused additional morbidity.

Neudert et al. developed a novel model in which localized
tumor growth was achieved by injecting MDA-MB-231 hu-
man breast cancer cells into the femoral artery of athymic rats,
followed by complete vascular ligation [34]. This approach
resulted in a near 100 % take rate and the development of
rapidly expanding osteolytic lesions restricted to the distal
femur and proximal tibia, thus preventing systemic spread.
The delivery of cancer cells via the femoral artery was also
used in a syngeneic model of bone metastasis [39]. The artery
was surgically exposed and threaded through a bone morpho-
genetic protein (BMP)-2-loaded hydroxyapatite scaffold
which promoted the formation of a collagen-rich osteoid
[39]. This study showed that the growth rate of a subsequently
injected mammary tumor cell line was significantly enhanced
in the presence of the tissue-engineered osteoid. Thus, intra-
arterial injection can be utilized either to mimic systemic
spread or achieve the development of targeted bone lesions.
In the latter case, unlike in intra-osseous injection models, the
tumor cells still need to display the ability to extravasate from
the blood vessels to arrest in bone.

The intracardiac injection remains the most widely used
and reliable method to induce bone metastasis in experimental
models. In syngeneic hosts, a number of breast cancer cell
lines have been shown to successfully generate osteolytic
lesions in the skeleton after left ventricular injection and have
been applied in preclinical studies of breast cancer-mediated
bone metastasis [13, 40]. In xenograft models, intracardiac
injection of MDA-MB-231 cells remains the most widely
used system to generate experimental bone metastases from

Fig. 2 Transplantation models recapitulating the bone metastatic cas-
cade. Bone colonization models using intra-osseous injection only mimic
the final tumor-stroma interactions at the bone site, while experimental
metastasis models include earlier steps of the metastatic process. After
systemic injection, the cancer cells first circulate in the bloodstream and
form aggregates with other blood cells before arresting and extravasating
from distant capillaries into bone. Spontaneous metastasis models using

orthotopic transplantation of cancer cells furthermore recapitulate the
initial tumor-host interactions at the primary tumor site and the pheno-
typic changes such as the epithelial tomesenchymal transition (EMT) that
cancer cells undergo before detachment and hematogenous dissemination
(figure produced using the image bank at www.servier.com with
permission from Servier Medical Art)
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breast cancer [27, 41]. Osteolytic lesions occur in the limbs,
vertebrae, pelvis, and maxilla 3 to 5 weeks after cancer cell
inoculation and are often associated with typical bone meta-
static disease-related symptoms such as hind limb paralysis
[41]. However, only few breast cancer cell lines have been
described to generate osteoblastic lesions after intracardiac
injection. For instance, the MCF-7 human breast cancer cells
cause predominantly osteoblastic bonemetastases 20–25weeks
after inoculation into the left cardiac ventricle in female nude
mice [42]. Yi et al. showed that overexpression of the Neu
oncogene in MCF-7 cells resulted in a significantly shorter
latency for the development of osteoblastic bone metastases
(10–12 weeks) and the increased expression of human platelet-
derived growth factor (hPDGF)-BB compared to the parental
cells [42]. Inhibition of hPDGF-BB production in MCF-7/Neu
cells significantly decreased osteoblastic bone metastases
whereas introduction of hPDGF-BB cDNA in the osteolytic
MDA-MB-231 cells induced osteoblastic lesions, therefore
demonstrating the critical role of this growth factor in the
aberrant bone-forming pattern of osteoblastic bone metastases.

Besides providing a system to study the mechanisms by
which tumor cells colonize bones or test new treatment strategies,
one of the important applications of the intracardiac injection
model has been the isolation of breast cancer sublines with
enhanced osteotropism and metastatic potential [27, 35]. The
procedure involves repeated sequential passages in immunodefi-
cient hosts through left ventricular injection, followed by the
in vitro isolation of the metastatic cells from the explanted bone
metastases. This method has been utilized by several groups to
isolate clones of syngeneic or xenograft cell lines with enhanced
bone affinity, and these bone-seeking cell lines have been applied
in numerous studies (Online Resource 3).

3.3 Spontaneous bone metastasis models: orthotopic
injections

Spontaneous models of metastasis provide a more physiolog-
ically relevant system to mimic bone metastasis as they in-
volve the transplantation of cells into an orthotopic site to
form a primary tumor, which may subsequently metastasize
spontaneously to the skeleton (Online Resource 4). Although
many orthotopic transplantation models display metastasis to
distant organs such as the lungs, the number of examples
which reproducibly generate bone metastases from the prima-
ry site is still very limited.

The 4T1 cells belong to a panel of syngeneic tumor lines
which were originally isolated from a spontaneous carcinoma
in a Balb/cfC3H mouse and displayed a spectrum of different
metastatic phenotypes [13, 43]. While some populations me-
tastasized only to the lungs (66cl4) or were nonmetastatic
(67NR), the 4T1 cell line demonstrated dissemination to the
lungs, liver, and bones after injection into the fourthmammary
fat pad (MFP) [13]. Since then, two clonal variants, 4T1.2 and

4T1.13, have been shown to spread to several organs includ-
ing bone following orthotopic inoculation [13, 43]. Mice
bearing 4T1.2 and 4T1.13 tumors developed osteolytic lesions
in the femur and spine as well as signs of partial paralysis of
the hind limbs, hypercalcemia, and elevated parathyroid
hormone-related protein (PTHrP) plasma levels. Thus, the
4T1 cell variants were the first preclinical animal models of
spontaneous breast cancer metastasis which reliably metasta-
sized to bone [13]. These syngeneic models of spontaneous
bone metastasis provided an experimental system that repli-
cated the entire metastatic process from the primary tumor to
the secondary bone site. Moreover the use of genetically
matched cell clones with different metastatic profiles allowed
the investigation of molecular mechanisms underlying site-
specific metastasis. In fact, induction of β3 integrin expres-
sion in the formerly nonosteotropic 66 cl4 cells was shown to
induce metastasis to the long bones and the spine after MFP
implantation, thus indicating the critical role of this integrin in
promoting spontaneous metastasis to bone [15].

To date, there is no reproducible xenograft model of spon-
taneous metastasis to bone. Most human breast cancer cell
lines commonly used in experimental metastasis assays either
fail to reach or establish secondary growths in the bone from
the orthotopic site. Some dissemination to lumbar vertebral
bone but not to long bones was observed for the first time in an
orthotopic model based on theMKL-4 cell line [44]. Recently,
a study by Ghajar et al. demonstrated the presence of dormant
disseminated tumor cells in bone 9 weeks after orthotopic
injection of green fluorescent protein (GFP)-expressing
MDA-MB-231 into the mammary gland of nonobese diabetic
severe combined immunodeficient (NOD/SCID) mice [45].
The small GFP-positive and Ki67-negative cell clusters could
be found residing directly on the microvascular endothelium
of the bone marrow in the femur and tibia [45].

Some groups have investigated the use of fresh patient-
derived tumor cells or tissue for orthotopic implantation, but
with limited success in reproducing spontaneous metastasis to
bone. As an example, one study described the isolation of a
range of cell lines from primary or metastatic tumor samples
from 49 different breast cancer patients [46]. After transplan-
tation into the cleared MFPs of female NOD/SCID mice, only
one primary cell line (HCI-007) developed spontaneous bone
metastases in two animals [46].

The only report to date showing spontaneous bone metas-
tasis of human breast cancer cells from the orthotopic site in
nude mice that led to histologically detectable osteolytic
changes in the bone was described by Hoffman et al. in a
review article [47]. The group developed a surgical orthotopic
implantation approach as an alternative to the injection of cell
suspensions. MDA-MB-435 breast tumor cells, which do not
normally metastasize spontaneously to bone upon injection
into the MFP, were implanted subcutaneously in nude mice to
form hybrid tumors consisting of human cancer cells and
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mouse stroma. Intact tumor fragments were then transplanted
into the MFPs of female nude mice and resulted in tumors that
spread to numerous organs and developed osteolytic skeletal
metastases in 100 % of animals [47]. This technique may
improve reproducibility and metastatic take rates for sponta-
neous bone metastasis models, and these results underline the
importance of the surrounding stroma for tumor progression
and the initiation of metastasis. However, to our knowledge,
the original results have not yet been published elsewhere.

Besides manipulating the tumor cell characteristics or the
implantation technique, another alternative to improve
orthotopic models is the use of more permissive hosts. Using
a highly immunodeficient double knockout mice model,
Rag2−/−;Il2rg−/−, which lacks T, B, and natural killer cell
activity, Nanni et al. showed that intra-mammary or subcuta-
neous injection of the human breast cancer cells MDA-MB-
453 and BT-474 resulted in spontaneous multiorgan metasta-
tic spread to all sites commonly affected in human patients,
including the bones, over a period of 9–59 weeks [48].

In conclusion, spontaneous metastasis models may replicate a
more natural course of metastatic disease compared to experi-
mental models; however, their lower reproducibility and longer
time frame still restricts their potential for high-throughput stud-
ies such as those needed to test new therapeutic drugs.

4 Humanized models of bone metastasis

An accurate recapitulation of the cancer cell-microenvironment
interactions occurring during human cancer progression remains
challenging with traditional xenograft models, as there exist
species-related incompatibilities between the host and tumor. In
particular, different groups have hypothesized that mechanisms
governing the establishment of bonemetastases could be species-
specific [49–51], whichmay explain in part the rare occurrence of
bone metastasis from the orthotopic site in these models. Conse-
quently, recent efforts have beenmade to developmore advanced
humanized xenograft models to overcome these shortcomings.
The term “humanized” encompasses a range of different strate-
gies to mimic more closely the human physiology in mouse
models, including genetic manipulation to insert human genes
into the mouse genome [8], reconstitution of a human
immune system [51], and engraftment of human cells or
functional human stromal tissues in immunodeficient
hosts. In the following section, we will concentrate on the
latter and describe how humanizing the primary tumor site
and/or the target site for bone metastasis may improve xeno-
graft models of breast cancer metastasis.

4.1 Humanized primary tumor site

The tumor microenvironment significantly influences the de-
velopment and progression of carcinomas. Although

orthotopic transplantation models generally replicate a more
natural course of metastasis, there are important microenvi-
ronmental differences between the human and mouse mam-
mary gland in terms of tissue composition or host responses
that may prevent physiological cancer-stroma interactions and
play a role in the low incidence of tumor take rate and
metastasis to distant sites [52]. Several studies have directed
their efforts toward humanizing the mouse mammary micro-
environment to improve the engraftment of normal or malig-
nant human epithelial cells in murine hosts [52, 53]. Partial
humanization of the MFP by co-injecting human fibroblasts
with xenografted cells orthotopically was shown to promote
tumor development [53]. This approach also lead to the in-
creased stromal expression of factors associated with inva-
siveness [53]. Interestingly, the use of carcinoma-associated
fibroblasts extracted from human breast carcinomas has been
shown to promote the growth of xenografted breast cancer
tumors significantly more than normal mammary fibroblasts
derived from the same patients [54].

The first fully humanized mammary gland system was
developed by Kuperwasser et al. In this human-in-mouse
(HIM) model, human epithelium was engrafted into a previ-
ously humanized stromal microenvironment obtained by
injecting irradiated and nonirradiated immortalized human
mammary fibroblasts into the cleared mammary glands of
NOD/SCID mice [55, 56]. After introduction of human mam-
mary epithelial cell organoids into the humanized stroma of
the MFP, epithelial outgrowth with ductal, lobular, and acinar
structures could be observed. The group was able to show that
humanization of the MFP with fibroblasts genetically modi-
fied to overexpress hepatocyte growth factor or transforming
growth factor β resulted in the outgrowth of lesions with
different degrees of malignancy. Furthermore, by introducing
genetically engineered human breast epithelial organoids to
this system, the effect of specific oncogenes on the develop-
ment of human breast cancer could be investigated [57]. Thus,
modulating the humanized stromal environment allowed
mimicking the progressive microenvironmental stages occur-
ring during the early steps of tumor progression. The HIM
model provided species-specific interactions and a physiolog-
ically relevant environment for the development of human
malignant breast tissue, contrary to traditional orthotopic
transplantation models.

The mammary stroma regulates tumor formation, malig-
nancy, and invasiveness; therefore, this approach could poten-
tially be applied to improve spontaneous metastasis models.
Wang et al. developed the first humanized mouse model
integrating orthotopic tumor development and metastasis
[58]. In their breast tissue-derived orthotopic and metastatic
(BOM) mouse model, normal human breast tissues were
implanted subcutaneously in the right and left flank of SCID
mice, and one side was inoculated with the human breast
cancer cell line MDA-MB-231. Orthotopic tumor formation
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occurred in 100 % of injected human breast tissue, and me-
tastasis to the contralateral breast tissues was seen in 72.7% of
animals. As a comparison, cells injected subcutaneously had a
lower tumor take rate and metastasized preferentially to the
mouse tissues. Thus, the BOM model mimicked the species-
specific process of tumor progression in a normal human
mammary microenvironment and demonstrated preferential
metastasis to distant human tissues.

4.2 Humanized metastatic site

The first humanized xenograft models of bone metastatic
disease were developed for lung and prostate cancer. Those
utilized subcutaneous implants of human fetal or adult bone
cores in immunodeficient mice as ectopic target sites for
human cancer cell dissemination and growth [49, 50]. Since
then, human bone cores have been implemented in different
models of breast cancer-related bone metastasis using either a
direct inoculation [59, 60], experimental metastasis [61], or
spontaneous metastasis approach [62].

In one study, MDA-MB-231 cells or primary metastatic
breast tumor tissues from patients were co-implanted with
morcellized human bone in the flank of NOD/SCID mice
and formed large osteolytic tumors [59, 63]. Metastasis from
the initial site of implantation to a second cancer-free human
bone implant was observed for the cell line and for four out of
ten patient tumor samples. An increase in osteoclast number
as well as resorption pits characteristic of osteolytic lesions
could be observed. Metastatic lesions were also detected in
several host soft tissues but not in femurs; thus, the bone
tropism of the human breast tumors was considered to be
species specific (other mouse bones were not analyzed). This
represented the first mouse model to characterize the behavior
and metastatic potential of primary breast cancer tissue from
patients in a human bone microenvironment. However, these
results contradict the findings of a different study in which
MDA-MB-231 cells introduced into human bone implants
formed visible tumors, but failed to metastasize to a second
tumor-free human bone implant in the opposite flank [60].
These discrepancies could be related to experimental differ-
ences in timing for analysis, method of cancer cell injection, or
the use of intact bone cores instead of morcellized bone tissue.

Serial transplantation of small fragments of the xenografted
patient tumor tissues in morcellized human bone implants
resulted in an increased tumor incidence, growth rate, and
metastatic potential as well as the downregulation of insulin-
like growth factor-binding protein 7 expression, a marker
inversely correlated with disease progression in breast cancer
[63, 64]. This indicates the isolation of a more aggressive bone
metastatic cell subpopulation from the heterogeneous patient-
derived breast tumor tissues after repeated in vivo selection in
bone. Serial passaging of tumor cells through direct injection
into the human bone core has also been applied to isolate the

SUM1315-BP2 subline (Online Resource 3) [65]. Compared
to the parental SUM1315 cells this “bone-educated” line
displayed a unique gene expression signature enriched for
genes known to promote metastasis.

The first in vivo model recapitulating the natural bone
metastatic cascade of spontaneous human breast cancer me-
tastasis from the orthotopic site to human bone implants was
developed by Kuperwasser et al. [62]. They tested a panel of
12 breast cancer cell lines for their osteotropic potential, but
only one cell line (SUM1315) gave rise to metastases in
human bone and mouse lung in, respectively, 20 and 30 %
of mice. Irradiation of the mice with a sublethal dose of
radiation 4weeks postimplantation lead to a significant increase
in the number, size, and osteolytic phenotype of the human
bone metastases. Whole body X-ray analysis did not detect any
lesions to the mouse skeleton; thus, researchers concluded that
the SUM1315 cells displayed a species-specific osteotropism
from the orthotopic site. However, in a later study by the same
group, the use of the more sensitive whole-body biolumines-
cent imaging technique revealed that both SUM1315 and
MDA-MB-231 cells metastasized to human bone, mouse bone,
and other organs after MFP injection [66].

Despite the advantages of this humanized model, sourcing
and utilizing patient bone tissue is associated with practical
issues (Table 1). In particular, assuring the quality and main-
taining the functionality of the native bone tissue after implan-
tation is challenging, as the implant may not be vascularized
adequately and undergo necrotic or fibrous remodeling. We
and others have observed the presence of empty bone lacunae
and the frequent infiltration with fibrous tissue effectively
replacing the bone marrow in this model (Fig. 3) [51, 62].
This indicates that subcutaneously implanted human bone
cores do not replicate a viable bone tissue and thus do not
allow studying clinically relevant interactions with tumor cells.

The formation of a bone marrow niche is critical in metas-
tasis models, since it is well known from the recent literature
that osteotropic cancer cells utilize hematopoietic stem cell
homing pathways to reach the bone microenvironment [3]. To
overcome the limitations of the human bone core model, we
have developed a novel approach in which human bone from
the reamed acetabular ground is implanted in NOD/SCID
mice in combination with recombinant human (rh) BMP-7
(Fig. 4) [51]. This cancellous and therefore highly porous
bone can easily be obtained from patients undergoing hip
arthroplasty and provides a tissue rich in proliferative bone
marrow. When combined with osteogenic growth factors, it
leads to a more viable marrow-rich bone implant compared to
the bone core model. Furthermore, we were able to show not
only that the bone matrix is human-derived but also that some
human hematopoietic and mesenchymal cells are retained in
the implant (unpublished data) (Fig. 4).

Incorporation of a bone-tissue engineering strategy has the
potential to overcome some limitations associated with the use

728 Cancer Metastasis Rev (2014) 33:721–735



of patient-derived bone tissue and provide more repro-
ducible, controllable, and functional models [67]. Our
group has focused on the topic over the last 3 years and
shown that new bone tissue formation can be obtained
in an ectopic site in a reproducible manner by combin-
ing the appropriate living cells, biologically active mol-
ecules, and a scaffold in a tissue engineering construct

[68, 69]. However, to date, only few tissue engineering
models have been applied to the investigation of human
diseases, such as bone metastasis [70, 71].

Moreau et al. described the first integration of engineered
tissues in a model system of human breast cancer metastasis
[70]. Silk scaffolds coupled with BMP-2 and seeded with
human bone marrow stromal cells (hBMSCs) were

Table 1 Comparison of different strategies to obtain a humanized bonemicroenvironment in a murine host—advantages and disadvantages of the use of
native human bone tissue or engineered bone constructs

Pros Cons

Human bone implant Recapitulates the structure and
physiology of human bone
in a mouse

Dependence on patient tissue supply,
timing of experiments is difficult

Reconstitution of partial human
immune system through implantation
of a viable human bone marrow

Preserving viability and functionality
of the graft is critical

No scaffold preparation and cell
culture steps required

Donor-related variability in age, gender,
or disease status affects reproducibility

“Graft versus graft” immune reaction
may reduce take rate of metastasis

Engineered bone construct More control on the implant properties
improves reproducibility

Complexity of chimeric human/mouse micro-
and macroenvironment, requires validation

Cultured cells allow to have a more accessible
supply chain

Most studies so far do not demonstrate
the formation of a functional bone “organ”

Fibrous carrier facilitate vascularization
and improve viability of the engineered tissue

Technically more challenging, longer
experimental time course

Genetic manipulation of the cells before
implantation possible

Dissecting the contribution of different components
of the bone microenvironment possible

Fig. 3 Application of the bone
core model does not lead to a
physiologically relevant bone
implant. Bone cores obtained
from the femur head neck of
patients undergoing orthopedic
surgery are implanted
subcutaneously into
immunodeficient mice.
Following implantation, the
trabecular structure and the
mineralized bone matrix are
preserved in the model. However,
hematopoietic cells are missing in
the marrow spaces, which are
filled with fibrous and adipose
tissue, and the absence of
osteocytes in the bone lacunae
indicates that the bone tissue is
not viable. Black circle, empty
bone lacunae. B, bone. FT, fibrous
tissue. AT, adipose tissue
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maintained in culture for 1 day, 4, or 7 weeks under osteogenic
conditions before subcutaneous implantation in NOD/SCID
mice. Four weeks later, SUM1315 cells were injected
orthotopically into the mouse MFP. Metastasis was observed
by bioluminescent imaging within 3 months, but only to the 1-
day scaffolds in two of six animals [70]. This study demon-
strated for the first time that engineered microenvironments
can be applied as homing sites for metastatic spread from the
orthotopic site. However the 4-week and 7-week implants
were negative for metastatic spread although more advanced
bone formation was obtained in these groups [70]. In fact, the
authors described that the 1-day implants conducive to breast

cancer cell dissemination consisted mostly of stromal cells
and fibroblasts actively remodeling the scaffold and deposit-
ing collagen, thus presenting an immature state of bone de-
velopment [70]. To identify the elements of the
engineered construct that contributed to metastatic
spread, the use of scaffolds coupled with BMP-2,
hBMSC, or BMP-2/hBMSC was compared. All scaffold
treatments supported metastasis of SUM1315 but a
higher take rate was observed in the BMP-2-only and
hBMSC-only treatment groups (4/4 mice) as opposed to
the BMP-2/hBMSC combination (1/6) [70]. Thus, me-
tastasis did not occur preferentially to the hBMSC cell

Fig. 4 Developing humanized bone microenvironments in murine hosts.
a Human bone from the acetabular ground obtained from patients under-
going hip arthroplasty is implanted into immunodeficient hosts in com-
bination with rhBMP-7. The model leads to a viable bone “organ”
containing human-derived mineralized and organic bone tissue. Further-
more, residual human hematopoietic (CD34, CD45) and mesenchymal
(CD146) stem cells can be detected in the bone marrow niche using
human-specific antibodies (brown). b hTEBCs designed using primary
human osteoblasts-seeded scaffolds in combination with rhBMP-7 are

implanted into immunodeficient hosts. In addition to a high amount of
mineralized tissue and large host-derived bone marrow spaces, the
hTEBCs lead to a humanized microenvironment containing human-de-
rived bone cells (positive for human nuclear mitotic apparatus protein,
NuMA) and extracellular matrix proteins such as collagen I (Col I) and
osteocalcin (OC), as shown by immunohistochemical analysis with hu-
man-specific antibodies (brown). White arrow head, human hematopoi-
etic or mesenchymal cell. B, bone. BM, bone marrow. BV, blood vessel.
NB, new bone
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groups, which indicates the lack of species-specificity in
this homing process.

Our group has developed a unique approach using human
tissue-engineered bone constructs (hTEBCs) based on melt
electrospun medical grade polycaprolactone scaffolds coated
with calcium phosphate and seeded with primary human oste-
oblastic cells obtained from patients undergoing orthopedic
surgery [72–74]. Seeded scaffolds were cultured in vitro under
osteogenic conditions before subcutaneous implantation in
combination with fibrin glue and rhBMP-7 into NOD/SCID
mice. The hTEBCs lead to the formation of a morphologically
intact and viable “organ” bone incorporating a high amount of
mineralized matrix, human-derived osteoblasts, osteocytes, and
bone matrix proteins as well as a host-derived bone marrow
(Fig. 4). Importantly, we have shown that the hTEBCs provide
a suitable microenvironment for the growth of human breast
cancer cells injected directly into or implanted in close proxim-
ity to the constructs using a hydrogel carrier (unpublished data)
(Fig. 5).We have also demonstrated that hTEBCs can serve as a
target site for the dissemination of breast cancer cells injected
intracardially [72] (Fig. 5). Using either of the above-mentioned
experimental approaches, the osteolytic phenotype

characteristic of breast cancer-induced bone metastases could
be replicated reproducibly in the hTEBCs (Fig. 5).

4.3 Humanized primary and metastatic site

To date, there have been few attempts to combine the two
approaches of a humanized orthotopic site and a humanized
bone site in a xenograft model of metastasis. Kuperwasser
et al. showed that co-injection of human breast cancer cell
lines with hBMSCs in the MFP influenced tumor development
and metastatic potential [65]. Whereas no increase in metastasis
frequency was observed for SUM1315 cells, both SUM1315-
BP2 andMDA-MB-231 cells exhibited a significant increase in
skeletal metastasis to human bone grafts and mouse hind limbs
when co-injected with hBMSCs [65]. These results suggest that
humanization of the primary tumor site may influence tumor
cell proliferation and metastasis to human bone.

This approach was also used by Xia et al. in their BOM
model by incorporating both subcutaneous human bone cores
and breast implants in SCID mice [60, 75]. MDA-MB-231
and MDA-231BO cells exhibited significantly higher tumor-
igenicity upon injection into human tissues (breast and bone)

Fig. 5 Tissue-engineeredmodels of breast cancer-related bonemetastasis.
a Injection of GFP-labeled breast cancer cells into the hTEBCs results in
the colonization of the humanized bone implants detected by whole-body
fluorescent imaging. The tumor cells invade the marrow spaces and induce
extensive osteoclastic bone resorption as shown by tartrate-resistant acid
phosphatase (TRAP) staining (red). b Luciferase-labeled breast cancer
cells implanted next to the hTEBCs using hydrogel carriers mimic the

invasion of the humanized bone by an extra-osseous tumor, as imaged by
whole-body bioluminescent imaging. At the tumor-bone interface,
osteolysis induced by TRAP-positive osteoclasts can be observed. cBreast
cancer cells injected intracardially disseminate to several mouse organs
including reproducibly to the hTEBCs, as detected by fluorescent imaging,
and form osteolytic lesions in the new bone. Black arrow heads, osteo-
clasts. T, tumor. NB, new bone. Sc, scaffold. BM, bone marrow
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compared to mouse tissue (MFP), suggesting that species-
specific microenvironmental factors promote human cancer cell
proliferation; however, metastasis to bone was not observed
[60]. Using the same model, SUM1315 cells were injected into
the human breast implants and demonstrated species-specific
homing to human bone cores in 7/10 mice after 9 weeks [75].
The use of human bone implants is associated with the above-
mentioned issues, such as poor viability and functionality of the
tissue (Fig. 3; Table 1). Nevertheless, this approach might be
classified as the first humanized xenograft model of spontane-
ous breast cancer-induced bone metastasis involving a human-
derived orthotopic site, metastatic site, and cancer cells in a
murine host. Gene expression profiles of the cells isolated from
the primary and metastatic tumors showed significant differ-
ences compared to the parental cells, suggesting that this novel
humanized model is a useful tool for investigating the genetic
requirements for human breast cancer bone metastasis [75].

5 Conclusion

In vivo models allow replicating the reciprocal interactions
between tumor and stroma as well as the complexity of the
metastatic process. They are essential research tools to dissect
the mechanism involved in breast cancer metastasis and test
new therapeutics. In general, transplantation models provide
the best approach tomimic breast cancer metastasis and can be
tailored using a wide range of surgical techniques, cell lines,
and host animals. While syngeneic models are useful to in-
vestigate biomechanical changes in bone or specific molecular
interactions between tumor cells and their species-compatible
microenvironment, translation to human patients is more
straightforward with xenograft models.

Current xenograft models still present major caveats. First-
ly, most preclinical studies still employ immortalized human
cell lines which do not represent the heterogeneity of breast
cancer in terms of histological subtypes and hormone status.
Furthermore, the surrounding stroma at the side of transplan-
tation is normal and not “cancer associated,” which does not
necessarily recapitulate all of the interactions occurring during
tumor initiation and progression. Finally, the requirement for
immunodeficient hosts prevents studies looking at the role of
the immune system during metastasis.

Humanized xenograft models are a promising alternative to
mimic more closely the human disease. Humanization of the
host mammary gland via tissue engineering methods has been
applied previously to replicate the progressive stromal and
epithelial changes occurring at the primary site. Therefore, en-
gineering of the tumor microenvironment may not only provide
a humanized microenvironment but may also be applied to
induce a more natural process of tumor formation. Humaniza-
tion of the target bone site can improve metastatic take rates and
providesmore relevant species-specific tumor-bone interactions.

Another important feature of the use of humanized bone con-
structs is the ability to recapitulate the hematopoietic niche and
thus recreate a partial human immune system in an immunode-
ficient host. Finally, tissue engineering provides a reproducible
approach to recreate functional human tissues in mice and may
potentially be applied to develop fully humanized xenograft
models to investigate the entire cascade of human breast
cancer-induced metastasis to bone in a murine host.

However, future refinements of animal models of bone
metastasis will not solely depend on the improvements in
surgical techniques, gene technology, or tissue engineering
science but also on the implementation with better means of
data acquisition. Combining advanced animal models with
emerging sensitive and noninvasive imaging techniques is
crucial to allow more precise tracking of tumor cell behavior
and enhance the benefit towards clinical translation obtained
from these preclinical animal studies.
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