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•Fact: Sarcomas Display Tremendous 
variability!  

1. Bone/Osteoid 

2. Cartilage/Chondroid  

3. Fibrous matrix 

4. Muscle 

5. Fat 

6. Myxoid matrix 

7. Any possible combination 

8. Minimal/No ECM



 The tremendous STS heterogeneity implies 

Distinct cells of origin 
for each subtype

Multipotent cell of origin  
for all subtypes
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…but which cell could serve as  
the stem of sarcomatogenesis? 



…but which cell could serve as  
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such as neuronal cells, cardiomyocytes, hepatocytes or epithelial
cells (Lee et al., 2004; Paunescu et al., 2007; Quevedo et al., 2009;
Gervois et al., 2015). This plasticity of MSCs confers benefits in
tissue regeneration.

Mesenchymal stem cells have become as the top used stem
cell type for clinical application due to numerous advantages
(Connick et al., 2012; Gotherstrom et al., 2014; Karantalis et al.,
2014; Rushkevich et al., 2015; Thakkar et al., 2015; Vega et al.,
2015; Fernandez et al., 2018) (Figure 1). In addition to di�erent
source and multilineage di�erentiation potential, MSCs also
possess the capacity to migrate to injured sites in response to
environmental signals and promote tissue regeneration mediated
by the release of paracrine factors with pleiotropic e�ects.
Through interaction with the host niche, MSCs are able to inhibit
the immune system, promote cell survival, or induce angiogenesis
among others pleiotropic activities (Salgado et al., 2010). Of these,
the immunosuppressive role of MSCs is particularly interesting
for clinical use since it confers resistance to rejection by the
host immune system after transplantation. Furthermore, MSCs
can be obtained from easily accessible sources by minimally
invasive methods (e.g., peripheral blood, adipose tissue) and can
be rapidly expanded in large-scale for clinical use (Escacena
et al., 2015). This allows to produce a patient-specific medicinal
product (i.e., autologous medicinal product) within a therapeutic

time window. In addition, the possibility of obtainingMSCs from
adult tissue circumvent the ethical issues associated with the
use of embryonic source (Lo and Parham, 2009; Ramos-Zuriga
et al., 2012). All these advantages of MSCs make this cell type a
powerful tool for clinical application in regenerative medicine.

AlthoughMSCs have shown tremendous therapeutic potential
in various diseases, their application for cancer treatment remains
controversial. While some studies indicate that MSCs may
contribute to cancer pathogenesis, emerging data support the
beneficial e�ects of MSCs for oncological treatment. In this
review, we provide an overview on the therapeutic application
of MSCs for regenerative medicine and discuss the double-edged
sword of MSCs for cancer.

THERAPEUTIC POTENTIAL OF MSCs

Over the past decades, a large number of studies have emerged
using MSC-based therapies in preclinical studies to treat many
di�erent pathologies, including neurological disorders, cardiac
ischemia, diabetes and bone and cartilage diseases (Si et al., 2012;
van Velthoven et al., 2013; Jones et al., 2015; Liu et al., 2016;
Ozeki et al., 2016; Capilla-Gonzalez et al., 2018; Chau et al., 2018;
Rehorova et al., 2019; Soria et al., 2019). The therapeutic potential

FIGURE 1 | Advantages of MSCs for clinical use. MSCs possess multiple advantages for clinical application. Among other benefits, MSCs can be isolated from
several sources, are large-scale produced, differentiate into a variety of cell types and have pleiotropic effects. All these advantages make MSCs suitable for clinical
application in different pathological conditions, such as neurological damages, liver disorders, cardiac ischemia, diabetes or skin problems. Abbreviations: HLA-DR,
major histocompatibility complex class II DR; MN, monocyte; iDC, immature dendritic Cell; Treg, Regulatory T cell; NK, natural killer cell; TGFb, transforming growth
factor; INFg, interferon g; IDO, indoleamine 2,3-dioxygenase; IL10, interleukin 10; IL4, interleukin 4; IL12, interleukin 12; iNOS, inducible nitric oxide synthase; TNFa,
tumor necrosis factor a; VEGF, vascular endothelial growth factor; IGF1, insulin like growth factor 1; bFGF, basic fibroblast growth factor; GM-CSF, granulocyte
macrophage colony-stimulating factor; HGF, hepatocyte growth factor; TRAIL, TNF-related apoptosis-inducing ligand; STC1, stanniocalcin 1; SFRP2, secreted
frizzled related protein 2; KGF, keratinocyte growth factor; TF, tissue factor; TIMP, tissue inhibitor of metalloproteinases; MMP, matrix metalloproteinases; IL6,
interleukin 6; MCP1, monocyte chemoatractant protein 1; EPO, erythropoietin; CXCL12, C-X-C motif chemokine 12; MIP, macrophage inflammatory protein.
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…but are MSC the CSC of 
sarcomatogenesis?



The 3 minimal criteria                                    
for MSC characterization (ISCT)

• Plastic-adherent properties in standard culture medium


• CD105+, CD73+, CD90+,                                             
CD45-, CD34-, CD14- or CD11b-, CD19- or CD79a-, HLH-
DR markers-  


• The ability to differentiate into OBL, CHBL, LBL, MyoBL


• Bone Marrow Stromal cells 

• Skeletal stem cells (CD146/MCAM+, and PDGFa+, 
CD45-, CD31-)

Papachristou et al, 2021; Chan et al, 2015; Ambrosi et al, 2020



CSC are characterised by:
• asymmetric division


• high migratory ability


• resistance to systemic Tx


• sarcomatogenesis at high turnover locations (growth 
plate, fascia)


• immuomodulation


• these characteristics fit the “MSC=CSC” model



Hallmarks of cancer
• invasion


• migration


• angiogenesis


• immunosuppression


• homing


• metastasis


• drug resistance
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of MSCs is firstly mediated by their inherent ability to migrate
toward damaged tissues. Then, engrafted cells secrete bioactive
mediators, such as growth factors, cytokines and extracellular
vesicles that exert immunosuppressive, anti-apoptotic, anti-
fibrotic, angiogenic, and anti-inflammatory e�ects (Salgado et al.,
2010). For instance, a study using a neonatal stroke rat model
showed that intranasal delivery of bone marrow MSCs reduces
infarct size, gray-white matter loss, and motor deficits (van
Velthoven et al., 2013). These beneficial e�ects were in part
explained by an increased cell proliferation in the ischemic
hemisphere of transplanted rats. In a mouse model of Friedreich’s
ataxia, intrathecal injections of bone marrow MSCs improved
motor function and delayed neurodegeneration by releasing
the neurotrophic factors Neurotrophin-3, Neurotrophin-4, and
brain-derived neurotrophic factor, which are implicated in
neuronal survival (Jones et al., 2015). Human MSCs derived
from umbilical cord showed benefits by improving ventricular
function in a porcine model of myocardial ischemia (Liu et al.,
2016). In this study, the authors described that MSC-treated pigs
exhibit increased angiogenesis, reduced apoptosis and decreased
fibrosis in the ischemic heart. Bone marrow-derived MSCs have
also shown benefits in improving insulin sensitivity associated
with an increased GLUT4 expression in type 2 diabetic rats (Si
et al., 2012). More recently, the intranasal application of human
adipose-derived MSCs was found to prevent neurocognitive
impairments induced by cranial radiation in mice (Soria et al.,
2019). The neuroprotective role of intranasally delivered MSCs
was mediated by limiting pro-inflammatory processes, restricting
oxidative damage accumulation, and reducing neuronal loss after
radiation. Another study reported beneficial e�ects of umbilical
cord-derived MSC extracts for atopic dermatitis in a murine
model by reducing the T cell response (Song et al., 2019). These
reports uncover two main properties of MSCs that determine
their therapeutic potential; the capacity to migrate toward the
lesion site and the ability to repair damaged tissues.

Migration Toward Damaged Tissues
The success of an advanced therapy medicinal product initially
depends on its ability to reach target tissues. MSCs possess
inherent tropism toward damaged sites that is controlled
by a large number of factors and mechanisms, including
chemoattractant signals. For instance, the C-X-C motif
chemokine ligand 12 (CXCL12) is a frequent triggering
factor at the site of injury. It has been demonstrated that a
subpopulation of MSCs expresses the C-X-C chemokine receptor
type 4 (CXCR4) that binds to its ligand, the CXCL12, to mediate
cell migration (Wynn et al., 2004; Ma et al., 2015). Aside from
CXCR4, MSCs express other chemokine receptors, such as
CCR1, CCR2, CCR4, CCR7, CCR8, CCR9, CCR10, CXCR1,
CXCR2, CXCR3, CXCR4, CXCR5, CXCR6, and CX3CR1 (Sordi
et al., 2005; Von Luttichau et al., 2005; Honczarenko et al., 2006;
Ringe et al., 2007). These receptors are essential to respond to
triggering factors at the site of injury. In addition, MSCs also
express cell adhesion molecules, including CD49d, CD44, CD54,
CD102, and CD106 (De Ugarte et al., 2003). These chemokines
and cell adhesion molecules orchestrate the mobilization of
MSCs to sites of injury, in a similar manner to white blood

cells do (Kolaczkowska and Kubes, 2013). MSC mobilization
is a multistep process that encompasses the attachment of free
circulating MSCs in the blood stream to transmigrate between
endothelial cells with the ultimate goal of migrate and engraft to
the target tissue (Figure 2).

Tissue Repair Ability
Once recruited in the injured site, MSCs contribute to
tissue repair and regeneration through activation of several
mechanisms. A growing body of research has demonstrated that
MSCs display pleiotropic e�ects, which give them an enormous
therapeutic potential (Figure 1). In response to injury signals,
MSCs secrete a variety of mediators of tissue repair, including
anti-apoptotic, anti-inflammatory, immunomodulatory, anti-
fibrotic and angiogenic agents (Caplan and Dennis, 2006;
Meirelles Lda et al., 2009; Maltman et al., 2011; Escacena
et al., 2015). Among pleiotropic e�ects, anti-inflammatory and
immunomodulatory properties are mainly responsible for the
therapeutic benefits of MSCs. As sensors of inflammation, MSCs
release soluble factors, such as transforming growth factor b

(TGFb), Indoleamine 2,3-dioxygenase (IDO), Tumor Necrosis
Factor a (TNFa), Interleukin 10, and Interferon gamma (INFg),
which interfere with the immune system and modify the
inflammatory landscape (Prockop and Oh, 2012). Pivotal studies
showed that MSCs inhibit the proliferation of T and B cells
(Di Nicola et al., 2002; Corcione et al., 2006; Song et al., 2019),
suppress the activation of natural killer cells (Sotiropoulou et al.,
2006), and prevent generation and maturation of monocyte-
derived dendritic cells (English et al., 2008; Spaggiari et al.,
2009). Furthermore, MSCs are able to promote the generation
of regulatory T cells (Maccario et al., 2005), which exert
immunosuppressive e�ects. Although soluble factors play a key
role in the immunosuppressive activity of MSCs, cell-to-cell
contact also influences immune responses (Ren et al., 2010;

FIGURE 2 | Model of chemoattractant-induced MSC migration toward tumor
lesion. Mobilization of MSCs initiates with their incorporation into the
circulation. Then, MSCs migrate via the blood stream to areas of injury in
response to chemoattractant cues. Ligand-receptor bindings allow MSCs to
attach to endothelial cells lining the blood vessels. Subsequently, MSCs
activate and initiate the process to cross the endothelium to move toward the
target tissue, guided by a chemotactic gradient.
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The tumor supportive function of MSC

cancer cell killing preclinically and most recently also clinically
[198,199]. Alternatively, MSCs have been genetically manipulated to
express specific enzymes, such as cytosine deaminase or herpes simplex
virus-thymidine kinase (HSV-TK). These enzymes convert inactive
systemically administrated prodrugs like fluorouracil (5-FU) and gan-
ciclovir into active cytotoxic agents, thereby facilitating tumor-loca-
lized chemotherapy activity hence reducing potential toxicity
[200,201]. In prostate cancer, MSCs have been used to increase drug
specificity by delivering inactive prodrugs that are activated in the
tumor by tumor-specific proteases such as prostate-specific antigen
(PSA) or prostate-specific membrane antigen (PSMA) [202,203]. To-
gether, these treatment approaches position MSCs as effective anti-

cancer delivery agents, characterized by improved tumor-specificity
and reduced systemic toxicity.

An additional therapeutic strategy involves genetic modification of
MSCs such that they overexpress selected immunomodulatory cytokines
that promote cancer cell killing effects. For instance, IL-12-expressing
MSCs enhance anti-tumor T cell responses and decrease tumor growth
when compared to treatment with IL-12-expressing adenovirus [204].
Other studies have reported that MSCs genetically modified to produce
IFNβ induce significant anti-proliferative effects in melanoma cells
[205]. A similar anti-tumor activity of IFNβ-expressing MSCs was also
reported in a metastatic prostate cancer preclinical model [206]. In the
same line, IL-2-expressing MSCs were shown to extensively delay tumor

Fig. 1. Mesenchymal stem cells induce multiple tumor-supportive processes. Angiogenesis – Mesenchymal stem cells (MSCs) secrete pro-angiogenic factors,
induce the recruitment of circulating endothelial progenitor cells (CEPs), and differentiate into pericytes and smooth muscle cells, thereby promoting angiogenesis,
vasculogenesis and the stabilization of blood vessels, respectively. Metastasis – MSCs secrete factors that induce epithelial-to-mesenchymal transition (EMT) of
tumor cells. MSCs also have the ability to differentiate into cancer stems cells (CSCs) or cancer-associated fibroblasts (CAFs) which, in turn, promote the invasive and
metastatic properties of tumor cells. Immunosuppression – MSCs dampen anti-tumor immunity by inhibiting Th1 cells, B cells, and NK cells, activating T regulatory
cells (Treg) and Th2 cells, and skewing macrophages towards the M2 phenotype. Drug resistance –MSCs protect cancer cells from the cytotoxic effects of anti-cancer
drugs. MSCs also enrich and protect the resistant CSC population following therapy or directly transdifferentiate into CSCs.

Table 2
The effect of MSC-derived soluble factors on tumor progression.
Pro-tumorigenic activity Factors secreted by MSCs Interactions with other cells References

Induction of tumor
angiogenesis

VEGFA, VEGFC, βFGF, PDGF, Angiopoietin I,
PDGF, IL-6, IL-8, CXCL12

• Recruitment of CEPs;• Transformation into smooth muscle cells
and pericytes;• Differentiation to CAFs;

[227], [101], [103], [108], [109], [112],
[113] [115],

Stimulation of metastasis and
EMT

CCL5, CCL9, IL-6, EGF, HGF, FGF-10, MMPs,
LOX, CXCL1, CXCL2, CXCL5, CXCL12, TGFβ

• Differentiation to CAFs;• Transformation to CSCs;• Chemoattraction of tumor cells to
metastatic lesions

[118], [121], [122], [123], [124], [125],
[126], [228], [127], [133], [136], [140],
[141], [143] [148],

Immunosuppression CCL2, IDO, PGE2, TGFβ, INFγ, HLA-G, TNFα, IL-
4, IL-6, galectin-9, soluble PD-L1 and PD-L2,
soluble CTLA-4

• T, B, and NK cell inhibition;• Recruitment of MDSCs• Skewing of T cells, macrophages and
neutrophils into the tumor-supportive
state;• Suppression of dendritic cells and APCs;

[37], [152], [153], [156], [157], [158],
[159], [160], [161], [162], [163], [164],
[166], [169], [177] [178],

Promotion of drug resistance CXCL7, CXLC10, CXCL12, polyunsaturated fatty
acids, IL-6, IL-7, IL-8, EGF, IGF

• Enrichment of CSC niche;• Transformation to CSCs; [196], [180], [182], [183], [184], [185],
[186], [190], [191] [193],

MSCs contribute to pro-tumorigenic activities and support several hallmarks of cancer. The factors secreted by MSCs for these activities are mentioned and the type of
cells MSCs interact with in order to promote tumor growth and metastasis.

M. Timaner, et al. 6HPLQDUV�LQ�&DQFHU�%LRORJ\��������������²���

���

Timanen et al, Sem Cancer Biol 2020
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CAFs and Tumor Progression



…there is also anti-tumoral role of 
MSC in cancer
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FIGURE 3 | Pro- and anti-tumor effects of MSCs. The particular properties that make MSCs excellent therapeutic agents, can also influence tumor progression.
MSCs are able to release multiple agents with pro- and anti-tumor effects, which affect survival, proliferation and angiogenesis among other cell functions. These
paracrine agents can be directly secreted into the tumor milieus or secreted via EVs. Furthermore, MSCs can differentiate into CAFs to support tumor progression.
Abbreviations: bFGF, basic fibroblast growth factor; BMP, bone morphogenetic protein; CAF, cancer-associated fibroblasts; HGF, hepatocyte growth factor; EVs,
extracellular vesicles; IGF1, insulin like growth factor 1; IL6, interleukin 6; IL8, interleukin 8; IL10, interleukin 10; INFg, interferon gamma; IDO, indoleamine
2,3-dioxygenase; NK, natural killer; PTEN, phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase; PDGF, platelet derived growth factor; TRAIL, TNF-related
apoptosis-inducing ligand; TGFb, transforming growth factor; VEGF, vascular endothelial growth factor.

in vitro study showed that MSCs isolated from gastric tumors
mediate cancer progression through secretion of Interleukin
8 (IL8) (Li et al., 2015), a pro-inflammatory chemokine
that favors the recruitment of leukocytes. It is known that
recruited leukocytes, such as macrophages and neutrophils,
facilitate cancer initiation and progression (Guo et al., 2017;
Powell et al., 2018). Similarly, MSCs are able to secrete TGFb
that promotes macrophages infiltration at the tumor site and
facilitates tumor escape from immune surveillance (Kim et al.,
2006; Byrne et al., 2008).

Compelling evidences indicate that MSCs can also support
tumor angiogenesis, an essential process in cancer progression
that supplies tumors with oxygen and nutrients. For instance,
MSCs recruited in breast and prostate tumors were found to
increase the expression of angiogenic factors, including TGFb,
VEGF and Interleukin 6, which contribute to tumor growth
and vascularization (Zhang et al., 2013). Similarly, a correlation
between increased expression of TGFb1 and higher microvessel
density was observed in hepatocellular carcinomas of mice
receiving intravenous injections of human MSCs (Li et al., 2016).
This study further supported that MSCs may enhance tumor
angiogenesis via TGFb.

Furthermore, MSCs can also respond to soluble factors
secreted from cancer cells and di�erentiate into CAFs, a cell
type within the tumor microenvironment capable of promoting
tumorigenesis (Mishra et al., 2008). In particular, TGFb secreted
from cancer cells plays a key role in the di�erentiation of MSCs
into CAFs (Jotzu et al., 2011; Barcellos-de-Souza et al., 2016;
Aoto et al., 2018). It is known that the transition of MSCs
into CAFs contributes to tumor progression in part by their

active secretome, which includes immune-modulating agents
(CXCL12, Granulocyte Macrophage Colony-Stimulating Factor),
pro-angiogenic factors (VEGF, TGFb, PDGF), pro-survival
factors (Hepatocyte Growth Factor, Insulin like Growth Factor
1, Interleukin 6), and extracellular matrix modulators (MMP,
Tissue Inhibitor of Metalloproteinases) among others (Kalluri,
2016). Cell engulfment has also been identified as an interaction
process between MSCs and cancer cells that enhances tumor
aggressiveness. A recent report demonstrated that breast cancer
cell engulfment of MSCs leads to changes in the transcriptome
profile of tumor cells, mainly associated with oncogenic pathways
(Chen et al., 2019). This MSC engulfment enhances epithelial-
to-mesenchymal transition, stemness, invasion, and metastasis of
breast cancer (Chen et al., 2019).

Anti-tumor Activity
Although compelling evidences show a pro-tumorigenic role of
MSCs, these cells also have potent tumor suppressive e�ects that
have been exploited as cancer therapeutics. Previous studies have
demonstrated that MSCs release cytotoxic agents, such as TNF-
Related Apoptosis-Inducing Ligand (TRAIL) that selectively
induces apoptosis in di�erent types of cancer (Wiley et al.,
1995; Hao et al., 2001; Takeda et al., 2001; Akimoto et al.,
2013). Recently, a report indicated that bone marrow MSCs
promote apoptosis and suppress growth of glioma U251 cells
through downregulation of the PI3K/AKT signaling pathway (Lu
et al., 2019). Similarly, intravenously transplanted MSCs were
found to suppress tumor growth by blocking AKT activation
in a Kaposi sarcoma mouse model (Khakoo et al., 2006). In
mammary carcinomas, umbilical cord MSCs attenuated cell
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Figure 1. Summary of mechanisms utilised by osteocytes and osteoblasts to respond to mechanical 
cues. Although both osteocytes and osteoblasts utilise similar mechanisms to respond to mechanical 
cues, the primary outcome is not the same. Osteocytes respond to mechanical stimuli by increasing 
secondary messengers and the mechanical signals for neighbouring cells, including osteoblasts. 
Osteoblasts utilise these signals to increase the expression of genes involved in bone formation 
through the translocation of various transcription factors, mediated by signalling pathways and 
mechanically responsive proteins. Upward pointing red arrow indicates increase. 

3. Osteosarcoma 

Osteosarcoma (OSA) is the most common primary cancer of the bone in both humans and 
canines. In humans, the disease most commonly affects adolescents, while middle-to-older aged 
canines are impacted [42–44]. Histologically, OSA is characterised by transformed bone progenitor 
cells that produce immature osteoid, while radiographically, it presents as a ‘sunburst’ appearance 
or triangular appearance (‘Codman’s Triangle’) due to the osteolytic or osteoblastic nature, and the 
bone lesion’s ability to elevate the periosteal surface, respectively [45,46]. The disease most commonly 
presents in the metaphyseal region of long bones of the limb such as the femur, tibia or humerus [47]. 
The most common symptom of OSA is pain and lameness of the impacted limb which can sometimes 
lead to pathological fracture. OSA diagnosis typically includes a combination of radiographic 
evidence, clinical presentation, and histopathology. Histopathological analysis of the bone specimen, 
obtained from open or closed sampling techniques, is performed to confirm diagnosis [48]. Human 
OSA is usually graded and staged using the Enneking/Musculoskeletal Tumour Society (MSTS) and 
American Joint Committee on Cancer (AJCC) systems [49]; while two methods have been proposed 
by Kirpensteijn [50] and Loukopoulos [51] for canine OSA. However, neither method proposed for 
canine OSA adequately predicts outcomes for dogs undergoing standard of care [52]. It is also 
important that patients undergo thoracic radiography to determine the extent of metastatic disease 
[53]. 

Figure 1. Summary of mechanisms utilised by osteocytes and osteoblasts to respond to mechanical cues.
Although both osteocytes and osteoblasts utilise similar mechanisms to respond to mechanical cues, the
primary outcome is not the same. Osteocytes respond to mechanical stimuli by increasing secondary
messengers and the mechanical signals for neighbouring cells, including osteoblasts. Osteoblasts utilise
these signals to increase the expression of genes involved in bone formation through the translocation of
various transcription factors, mediated by signalling pathways and mechanically responsive proteins.
Upward pointing red arrow indicates increase.

3. Osteosarcoma

Osteosarcoma (OSA) is the most common primary cancer of the bone in both humans and canines.
In humans, the disease most commonly a↵ects adolescents, while middle-to-older aged canines are
impacted [42–44]. Histologically, OSA is characterised by transformed bone progenitor cells that
produce immature osteoid, while radiographically, it presents as a ‘sunburst’ appearance or triangular
appearance (‘Codman’s Triangle’) due to the osteolytic or osteoblastic nature, and the bone lesion’s
ability to elevate the periosteal surface, respectively [45,46]. The disease most commonly presents in
the metaphyseal region of long bones of the limb such as the femur, tibia or humerus [47]. The most
common symptom of OSA is pain and lameness of the impacted limb which can sometimes lead to
pathological fracture. OSA diagnosis typically includes a combination of radiographic evidence, clinical
presentation, and histopathology. Histopathological analysis of the bone specimen, obtained from
open or closed sampling techniques, is performed to confirm diagnosis [48]. Human OSA is usually
graded and staged using the Enneking/Musculoskeletal Tumour Society (MSTS) and American Joint
Committee on Cancer (AJCC) systems [49]; while two methods have been proposed by Kirpensteijn [50]
and Loukopoulos [51] for canine OSA. However, neither method proposed for canine OSA adequately
predicts outcomes for dogs undergoing standard of care [52]. It is also important that patients undergo
thoracic radiography to determine the extent of metastatic disease [53].

Treatment for both species includes the surgical removal of the tumour, either through limb
amputation or limb-spare/limb-salvage surgery and adjuvant chemotherapy [54]. The most common
chemotherapy agents used to treat OSA include doxorubicin, cisplatin and carboplatin (for both

Luu et al, IJMS 2020
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Figure 4. Histological section that depicts the cellular and molecular features of fibrocartilaginous 
callus which is formed during the anabolic phase of fracture-healing. Hypoxic conditions and 
mechanical stimulation determine whether SSC will follow the osteoblastic or the chondroblastic 
line of differentiation, giving genesis to bone and cartilage respectively, two cardinal elements of 
this phase of the fracture repair process. At the end of the anabolic phase the fractured bone parts 
are stabilized by hard (boney) callus (original magnification 5×). 

 

Figure 5. This graph illustrates the cells, signaling pathways and transcription factors that regulate 
the late stage of the anabolic phase of fracture-healing that leads to the synthesis of fibrocartilage 
and eventually bone, via a process the recapitulates endochondral ossification (see text for details). 
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The catabolic phase of fracture-healing is accomplished by the bone-resorbing cells 
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Figure 5. This graph illustrates the cells, signaling pathways and transcription factors that regulate
the late stage of the anabolic phase of fracture-healing that leads to the synthesis of fibrocartilage and
eventually bone, via a process the recapitulates endochondral ossification (see text for details).

4. The Catabolic Phase of Fracture-Healing
The catabolic phase of fracture-healing is accomplished by the bone-resorbing cells of

the skeleton, the osteoclasts (OCL) (Figure 6). OCL are “surface cells” and as such, they
must tightly attach bone surfaces, through specialized integrin (mainly ↵⌫�3) adhesions,
to exert their function. Cell membrane infoldings, rich in actin filaments, called ruffled
border, are responsible for the attachment of OCL to bone surfaces and mark the area
to be resorbed. Acid-secreting H+-ATPases [41] assist acid secretion to the resorption
(Howship’s) lacunae, which is further enhanced by chloride-proton exchange and chloride
channels [42,43]. OCL secret specific acid proteinases, namely cathepsins K and matrix
metalloproteases (MMP)-9 and -13 that degrade collagen and other ECM constituents. Bone
debris is removed primarily by vacuolar trafficking [14].

The function of OCL is under the direct and/or indirect control of endocrine/systemic
(calcitonin, PTH) and local (paracrine) factors. It has been previously mentioned that OCL
differentiation, proliferation and maturation relies upon the RANK-RANKL/OPG axis and
m-CSF-dependent pathways [44].

OCL participates in several steps of fracture-healing. More specifically, during the
early, inflammatory phase, osteoclastic activity is peaking due to the need for removal of
excess debris and extracellular matrix from the wounded area. This process is mediated
by neutrophil-derived pro-inflammatory cytokines such as TNF-a, IL-6, CCl-2, which
recruit macrophages and activate signaling pathways that promote osteoclastic activity [44].
During indirect fracture-healing, OCL remove calcified cartilage from the injured area
paving the way towards bone synthesis. Some authors use the term “chondroclasts” to
describe these cartilage-destroying multinucleate giant cells; nonetheless it is now widely
accepted that these cells share the same morphological and molecular feature with their
bone-resorbing counterparts, the OCL. Finally, during the catabolic phase of fracture repair,
OCL degrade and remove the excess of bony (hard) callus, reshape bone and eventually
restore the pre-fracture architectural and functional features of the bones. Even though the
anabolic phase of fracture-healing is completed in about 10–12 days, the catabolic phase
lasts from 1 month to 2 years [45]. Interestingly, several studies and animal models have
shown that inhibition of OCL has minor effect on cartilage but major effect on bone callus
remodeling [46].
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Figure 5. This graph illustrates the cells, signaling pathways and transcription factors that regulate
the late stage of the anabolic phase of fracture-healing that leads to the synthesis of fibrocartilage and
eventually bone, via a process the recapitulates endochondral ossification (see text for details).

4. The Catabolic Phase of Fracture-Healing
The catabolic phase of fracture-healing is accomplished by the bone-resorbing cells of

the skeleton, the osteoclasts (OCL) (Figure 6). OCL are “surface cells” and as such, they
must tightly attach bone surfaces, through specialized integrin (mainly ↵⌫�3) adhesions,
to exert their function. Cell membrane infoldings, rich in actin filaments, called ruffled
border, are responsible for the attachment of OCL to bone surfaces and mark the area
to be resorbed. Acid-secreting H+-ATPases [41] assist acid secretion to the resorption
(Howship’s) lacunae, which is further enhanced by chloride-proton exchange and chloride
channels [42,43]. OCL secret specific acid proteinases, namely cathepsins K and matrix
metalloproteases (MMP)-9 and -13 that degrade collagen and other ECM constituents. Bone
debris is removed primarily by vacuolar trafficking [14].

The function of OCL is under the direct and/or indirect control of endocrine/systemic
(calcitonin, PTH) and local (paracrine) factors. It has been previously mentioned that OCL
differentiation, proliferation and maturation relies upon the RANK-RANKL/OPG axis and
m-CSF-dependent pathways [44].

OCL participates in several steps of fracture-healing. More specifically, during the
early, inflammatory phase, osteoclastic activity is peaking due to the need for removal of
excess debris and extracellular matrix from the wounded area. This process is mediated
by neutrophil-derived pro-inflammatory cytokines such as TNF-a, IL-6, CCl-2, which
recruit macrophages and activate signaling pathways that promote osteoclastic activity [44].
During indirect fracture-healing, OCL remove calcified cartilage from the injured area
paving the way towards bone synthesis. Some authors use the term “chondroclasts” to
describe these cartilage-destroying multinucleate giant cells; nonetheless it is now widely
accepted that these cells share the same morphological and molecular feature with their
bone-resorbing counterparts, the OCL. Finally, during the catabolic phase of fracture repair,
OCL degrade and remove the excess of bony (hard) callus, reshape bone and eventually
restore the pre-fracture architectural and functional features of the bones. Even though the
anabolic phase of fracture-healing is completed in about 10–12 days, the catabolic phase
lasts from 1 month to 2 years [45]. Interestingly, several studies and animal models have
shown that inhibition of OCL has minor effect on cartilage but major effect on bone callus
remodeling [46].
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several YAP/TAZ-TEAD target genes, including Ctgf, ankyrin repeat domain 1 (Ankrd1), AXL receptor
tyrosine kinase (Axl), Dickkopf 1 (Dkk1) and Cyr61 [137]. On the other hand, YAP physical interaction
switches ZEB1 from a transcriptional repressor to a co-activator, promoting stemness, proliferation and
the metastatic ability of breast cancer cells [138,139]. Taken together, YAP and TAZ appear to act as a
central signaling hub, and a complex upstream regulatory network integrating diverse biophysical
and biochemical inputs fine-tunes the phosphorylation status, activity, and e↵ector spectrum of YAP
and TAZ during EMT/MET.

4. YAP and TAZ in Osteogenesis

It is likely that the function of YAP/TAZ in the metastasis of bone cancers at least partially
recapitulates their role during normal development of the respective tissues of the origin. Although
the exact developmental histogenesis for most malignant bone cancers has still not fully been resolved,
they are considered to derive from mesenchymal cells arrested at some point of the endochondral bone
formation (Figure 3).
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Figure 3. YAP and TAZ in endochondral bone development and most frequent bone cancers.
(A) Mesoderm and neural crest-derived mesenchymal stem cells (MSC) (dark blue ovals) migrate
to the site of limb bud formation. Here, TBX5 plays a pivotal role, for which YAP and/or TAZ (red
squares) serve as co-activators. (B) MSC condense. Nothing is known about the status and activity
of YAP/TAZ at this stage of bone development. (C) Condensed MSC di↵erentiate to proliferating
chondrocytes (small light blue circles), which produce parathyroid hormone related protein (PTHrP):
peripheral MSC form perichondrium. Proliferating chondrocytes express active (nuclear) YAP (red
stars). (D) Central chondrocytes arrest and become hypertrophic (large blue circles), which express
Ser-phosphorylated, active YAP (red stars with inscribed white P) and Indian hedgehog (IHH).
(E) Hypertrophic chondrocytes generate primary spongiosa (grey rectangles). Sti↵ extracellular matrix
of primary spongiosa promotes the di↵erentiation of perichondrial MSC into osteoblasts (turquois
circles). YAP stabilizes nuclear �-catenin, and TAZ (red triangles) binds to SMAD4 co-activating
RUNX2 to drive the osteoblastic di↵erentiation program of perichondrial MSC and suppress adipogenic
di↵erentiation. These osteoblasts form the bone collar and invade the primary spongiosa to calcify the
trabecular bone. (F) Growth plate forms columns of proliferating flat chondrocytes (light blue ovals),
which express nuclear YAP (red stars), promoting SOX6 and suppressing SOX9 and Col10a1 expression,
thus preventing chondrocyte maturation.
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YAP and TAZ are mainly regulated on the post-translational level (Figure 1), but little is known about
the transcriptional regulation of their expression.
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Figure 1. YAP/TAZ activity is tightly regulated—Hippo signaling and beyond. YAP/TAZ subcellular
localization and transcriptional co-activator activity in specific contexts are mainly regulated by
phosphorylation events. When core Hippo kinases are active (“on”), YAP/TAZ inactivating
Ser-phosphorylation events promote cytoplasmic retention and/or degradation, whereas an inactive
Hippo kinase cascade (“o↵”) and Tyr-phosphorylation results in their nuclear accumulation. YAP/TAZ
act as prominent links between and integrators of several other signal pathways, such as Notch, GPCR,
Wnt, BMP or TGF� signaling, to name only a few well-studied examples.

2.1. Transcriptional and Post-Transcriptional Regulators of YAP and TAZ

YAP is relatively uniformly expressed in most normal tissues except lymphoblastoid and myeloid
cell types, whereas TAZ expression varies, with the lowest expression in blood. The TAZ promoter
region contains binding sites for E26 (ETS), forkhead box (FOXO) and serum response factor (SRF)
transcription factors and has been previously reported bound by ETS transcription factor variants ETV1,
4, and 5 in prostate cancer [43]. It is therefore possible, though not yet investigated, that aberrantly
expressed ETS transcription factors in bone sarcomas (i.e., Ewing sarcoma) may a↵ect TAZ transcription.
TGF� signaling was shown to selectively upregulate TAZ transcription through p38/MAPK-mediated
activation of the transcriptional SRF co-activator myocardin-related transcription factor (MRTF) [44].
Finally, YAP in complex with �-catenin and the transcription factor TBX5 was demonstrated to regulate
TAZ transcription [45]. For YAP, the only upstream regulatory transcription factor reported so far
is cyclic adenosine monophosphate response element-binding protein (CREB) [46]. In cancer, both
YAP and TAZ RNA are frequently increased, but the mechanisms behind this upregulation remain
largely elusive and may involve both transcriptional and post-transcriptional mechanisms through
suppression of the YAP/TAZ regulatory microRNAs, including miR-15a, miR-141-3p, mir-194, miR-195,
miR-375, miR-381, miR-584, miR-125, miR-185, miR-9-3p and miR-129-5p, to name a few [47–57].

2.2. Serine and Tyrosine Phosphorylations Regulate YAP and TAZ Activity

The core Hippo pathway is initiated by activation of the serine/threonine protein kinases 4 and 3
(STK4/MST1 and STK3/MST2), the mammalian homologues of fruit fly Hippo, in complex with the
MST1/2-activating sca↵olding proteins Salvador family WW domain-containing protein 1 (SAV1) or
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Figure 2. Summary of pathways that OSA cells used to respond to mechanical cues and therapeutic
targets discussed in this manuscript. TAZ/YAP, MRTF-A/B and ezrin have all been demonstrated to be
important for mechanical signalling in OSA. Upward pointing red arrow indicates increase, downward
pointing red arrow indicates decrease.

6. Hippo Pathway Mediators—TAZ/YAP

The Hippo pathway plays key roles in almost all organ systems—from embryonic development
to adult tissue homeostasis and regeneration, as well as the development and advance of pathologies
such as cancer [108,109]. Canonical Hippo signalling includes upstream kinases MST1/2 and LATS1/2,
which ultimately mediate the localisation and function of downstream transcription factors TAZ and
YAP (herein referred to as TAZ/YAP). The pathway itself is tumour suppressive as when this pathway is
active, in which case LATS1/2 phosphorylate TAZ/YAP thus facilitating their retention in the cytoplasm,
where they bind to 14-3-3 proteins and are subsequently degraded. Conversely, when this pathway
is inactive, TAZ/YAP are able to translocate to the nucleus, where they bind to TEAD transcription
factors to active gene transcription. In OSA, similar to other cancers, the TAZ/YAP-TEAD interaction
has been shown to be essential for cell proliferation, invasion and survival [110]. Both TAZ and YAP
are frequently upregulated in sarcoma malignancies [111]. In human OSA cell lines specifically, TAZ
was shown to promote metastasis through miR224 [112], while YAP was demonstrated to mediate
chemoresistance [113], and promote a cancer stem cell phenotype [114]. In addition, the nuclear
expression of TAZ/YAP in human OSA tissue was shown to associate with a reduced progression-free
survival [115]. The role of TAZ/YAP is similar in canine OSA, as depletion of TAZ or YAP in canine
OSA cell lines significantly decreases cell migration and viability, and depletion of YAP enhances
sensitivity to doxorubicin [116].

6.1. TAZ and YAP in OSA Mechanotransduction

Aside from upstream kinases MST1/2 and LATS1/2, several other mediators and environmental
factors have been demonstrated to modulate TAZ/YAP expression, localisation and activity (see recent
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tied exclusively to bone remodeling, an unsurprising 90% of patients 
afflicted with MM present with osteolytic bone disease. 

Systemic effects of the primary cancer on bone are exacerbated once 
the disease metastasizes to other tissues but become distinctly perturbed 
upon colonization of the marrow. Bone metastases are a devastating 
complication in the treatment of the primary disease [12] and remain 
largely incurable [13]. Potential metastatic tumor cells confound bone 
remodeling while establishing the pre-metastatic niche, and once tu-
mors colonize the marrow microenvironment, efforts to retain balanced 
bone turnover is futile without intervention. Lung [14], endocrine, 
gastrointestinal, and genitourinal cancers also exhibit an affinity to bone 
but at far lower rates than breast or prostate metastases. Despite ad-
vancements in treatments improving disease-free survival in patients 
with metastatic bone disease, new bone is not readily formed. Acute 
osteolysis that is indicative of metastatic bone disease, outpaces the 
protracted, chronic bone loss attributed to age-related osteopenia from 
non-metastatic cancer. 

Differences in bone composition can be attributed to age [15], sex 
[16], and lifestyle-associated circumstances. Age-related bone loss 
compounds the net bone imbalances due to cancer: immature bone is 
susceptible to long-term bone complications, while adults from early- 
middle age and onwards exhibit diminished sex steroid synthesis and 
reduced physical activity. Combined with poor dietary choices, these 
can also lead to obesity, further accelerating skeletal decline [17,18]. 
The multitude of imaging and therapeutic modalities further compli-
cates treatment efforts. Taken together, these aspects negatively impact 
skeletal endpoints, often presenting as osteopenia and increased fracture 
incidence. 

Pharmacological agents are prescribed to inhibit osteoclast activity 
and restore balance to bone remodeling. Anti-resorptive drugs are highly 

effective and are the clinical gold standard-of-care to treat patients with 
compromised bone mass. Oral bisphosphonates suppress the heightened 
lytic activity of osteoclast-mediated resorption by deterring osteoclast 
adherence to the bone surface [19], reducing fracture incidence in 
osteoporotic patients [20,21] and eliciting anti-tumor properties in pa-
tients with breast cancer bone metastasis [22,23]. While significantly 
improving patient survival, long-term use can lead to osteonecrosis of 
the jaw [24] and atypical femoral fractures [25]. Denosumab (anti-re-
ceptor-activator of nuclear-factor Kappa-β ligand: α-RANKL) suppresses 
osteoclast activity [26] by inhibiting endogenous RANKL from binding 
to osteoclast-bound RANK, decreasing bone resorption and reducing 
fracture incidence [27,28] in osteoporotic women [29]. Adverse effects 
derived from either treatment have limited their prolonged use. Agents 
designed to inhibit bone resorption will continue as a clinical mainstay 
for osteoporosis or cancer-related bone loss; however, alternative ap-
proaches to preserving bone are desired to expand treatment options. 

2. Mechanical signals are anabolic to bone 

Bone is a malleable tissue that responds to mechanical load and 
altered metabolism. The skeleton transduces mechanical energy that 
regulates bone maintenance, and adapts to loads, or lack thereof, to 
withstand future mechanical challenges [30]. Bone maintenance is 
governed by a complex signaling network, processing and facilitating 
feedback from the mechanical environment and conditions tied to 
metabolism and molecular dynamics (Fig. 1). 

Intrinsic and extrinsic physical forces exerted on the skeleton and at 
the cellular level vary in magnitude, frequency, and duration. Responses 
of bone to mechanical signals are dependent on the magnitude of the 
strain, engagement of the muscle, as well as the location and frequency 

Fig. 1. The quantity and quality of bone can be maintained through daily activity and improved through exercise. Exercise has been clearly demonstrated to improve 
quality of life by providing adequate mechanical stimuli to maintain steady bone remodeling cues. Conversely, the absence of mechanical signals leads to significant 
and swift interruption of the bone remodeling pathway in favor of resorption, which highlights the reliance of musculoskeletal tissue on mechanical signals. Clinical 
settings that lack sufficient mechanical loading, which in turn elicit a catabolic response in bone, consist of chronic bedrest, disuse, sedentary behavior. Said 
conditions also arise subsequent to altered metabolism as a byproduct of diseases ranging from type-II diabetes and high-fat diet to cancer-associated bone loss. The 
subsequent degradation bone quantity and quality undermines its mechanical integrity by elevating fracture risk and systemic adiposity, thereby decreasing quality- 
of-life. To counter these effects, the introduction of dynamic mechanical stimuli, whether tolerated through high-impact exercises or through low magnitude, high- 
frequency mechanical signals, can translate to improved bone indices, suppression of elevated bone resorption, and reduced accrual of adipose tissue. At the level of 
the cell, actin fiber assemblies connect to focal adhesions at the cell membrane and to the nuclear membrane via LINC complex proteins, creating a more rigid 
cytoskeletal architecture that enables increased transmission of mechanical signals into the nucleus. As a result, mesenchymal stem cells undergo osteogenic dif-
ferentiation and metastatic breast cancer cells exhibit decreased migratory and proliferative capacity. 
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cancer cells [124]. Flow cytometry data indicated that LIV suppressed 
cancer cell proliferation and viability, reflecting cell cycle arrest in 
contrast to unchanged, non-cancerous cells. 

More recently, our group expanded on these studies, demonstrating 
that treating MDA-MB-231 cells with LIV (90 Hz at 0.3 g for 20 min/ 
treatment, 2×/d) suppressed their invasive capacity [125]. Further-
more, twice-daily exposure to LIV increased expression of the Fas death 
receptor and subsequent Fas-ligand (FASL)-mediated cell death. This 
suggested that LIV increases the susceptibility of breast cancer cells to 
cell death via immune cell responses, as immune cells release FASL. We 
also demonstrated that LIV increased actin stress fiber assembly, which 
resulted in increased stiffness of the cell membrane, a phenomenon 
associated with decreased metastatic properties [125]. Further, 
RAW264.7 macrophages exposed to LIV-treated conditioned media from 
MDA-MB-231 cells formed fewer resorptive pits and decreased fusion 
into mature osteoclasts, compared to cells exposed to media from non- 
LIV-treated breast cancer cells. Importantly, LIV-mediated suppression 
of invasion, decreases in signaling to osteoclast precursors, and increases 
in cell stiffness were dependent on physical connections between the 
nucleus and the actin cytoskeleton (Fig. 2C). Disconnecting the nucleus 
from the structural actin fibers by knockdown of key nuclear membrane 
proteins including SUN1 and SUN2, impaired the beneficial responses of 
LIV (Fig. 2D). These data demonstrate that the mechanical signals 
imparted by LIV use the nucleus as a mechanosensory apparatus, similar 
to what has been shown in MSCs [119]. Furthermore, expression of 
Nesprin and SUN nuclear proteins are suppressed in tumors compared to 
non-tumor epithelial tissue from the same patients [126]. This suggest 
that loss of LINC complex function contributes to a metastatic pheno-
type. Our recent work shows that mechanical signals enhance expression 
of LINC complex proteins and suppress the metastatic phenotype of 

breast cancer cells (Fig. 3). These mechanistic findings align with earlier 
in vivo studies which showed decreased tumor burden and preservation 
of bone by mitigating bone resorption [100,101]. Other studies have 
shown that applied fluid shear stress overcomes the negative effects of 
myeloma on osteocytes, in turn downregulating osteoclast related 
events [127]. 

Mechanical forces direct MSC differentiation towards the osteoblast 
phenotype [128,129]. This provides a net increase in available cells to 
facilitate bone formation. LIV appears to exert a multifactorial response 
in the marrow microenvironment, directing stem cell fate along the 
osteoblast lineage while inhibiting osteoclast activation. Coupled, these 
effects pervade the microenvironment to improve bone and reduce 
inflammation in the marrow. While advantageous to retaining bone this 
also serves to disengage the localized effects of tumor on the bone 
remodeling pathway (Fig. 4). Surmised from the downregulated cancer 
cell growth and restriction of their migratory capacity, mechanical sig-
nals appear to distress their activities, perhaps by allowing the matrix- 
bound and tumor-derived inflammatory cytokines to remain seques-
tered and through initiation of apoptosis. 

6. Mechanical signals preserve cancer-associated bone loss in 
the clinic 

As discussed, patients diagnosed with cancer characteristically 
exhibit compromised bone microarchitecture, which can continue far 
after elimination or control of the disease. That cancer patients are 
already at an increased risk for fracture places them under a cautionary 
lens, but this is accelerated by inactivity and damage to the regenerative 
components within the marrow. Certainly, the young, bearing immature 
skeletal composition, and the elderly, who lack robust sex hormone 

Fig. 3. (Left) Mesenchymal stem cells are essential to sustaining the bone marrow progenitor pool. Uncommitted progenitor cells in the marrow subject to dynamic 
mechanical loads are driven towards osteogenesis through increased focal adhesions, which are driven by upregulated FAK expression. Increased adherence to the 
substrate enables further transmission of mechanical signals across cytoskeletal actin assemblies that are anchored to the nuclear membrane. Transmission of the 
mechanical signal into the nucleus is achieved through the LINC protein complex, facilitating the translocation of β-catenin into the nucleus to initiate Wnt pathways 
central to bone formation. (Right) LINC proteins are not as prevalent in metastatic cancer cells. An intact LINC complex tethering cytoskeletal proteins to the bone 
ensures effective reception of mechanical stimuli, resulting in downregulation of inflammatory cytokines (Parathyroid hormone-like protein: PTHLH; IL-11; and 
RANKL) that fuel tumor activity and osteoclast-mediated bone resorption. As a result, administration of low magnitude mechanical loads slows metastatic cancer cell 
migratory capacity and proliferation. 
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synthesis, are two populations at increased risk for skeletal damage. 
Bombarding fragile bone with imaging radiation [130–132], chemo-
therapies, and reduced physical activity detract from healthy bone 
outcomes later in life which further decreases quality-of-life. Adminis-
tering anti-resorptive agents is controversial for pediatric osteoporosis 
cases [133–136], and their long-term use is marred by toxicities in 
adults. Additionally, while osteoanabolic treatments hold promise as a 
means to build bone following radiation therapy [137], their use in the 
setting of cancer has been hampered by their potential to further drive 
tumorigenesis. 

Bearing in mind the ability to preserve bone volume under me-
chanical loading in the setting of cancer-associated bone loss in mice, 
translating these findings to patients could demonstrate meaningful 
improvements in quality-of-life. Exercise is well-recognized to decrease 
the risk for developing cancer [138], while additional efforts have 
focused on incorporating exercise as an adjuvant to existing cancer 
treatment protocols [139,140] with the objective to decrease mortality 
rates [141]. Integrating exercise of different fashions to deter cancer- 
related skeletal atrophy and improve quality-of-life has elicited posi-
tive outcomes, reinforcing its continued practice [142]. From the 
standpoint of prevention, American Cancer Society guidance recom-
mends 150 min of moderate intensity workout per week for adults, 2d of 
which consist of strength training, to supplement general physical ac-
tivity. Evidence is emerging that, by incorporating exercise into their 
treatment regimens, breast [143] and prostate [144] cancer patients 
have ~33–42% lower risk of disease-associated mortality. Certainly, the 
beneficial effects of exercise have been demonstrated in survivors of 
childhood cancer [145,146]. 

Despite the benefits of exercise to deter the onset of cancer [147] and 

for rehabilitative efforts during cancer treatment [148], the ability to 
partake in rigorous physical activity in this regard can be challenging. 
Most patients are willing to exercise, but fatigue, weakness, or bone 
fragility can restrict adherence [149–151]. Using whole body vibration 
devices that exert safe, low strain forces that are well-tolerated and can 
provide an alternative vehicle for loading the skeleton. Low magnitude 
mechanical signals in the form of LIV are osteogenic in disabled children 
[152]. In this study QCT-measured trabecular BMD was significantly 
increased in the proximal tibia of the LIV-treated cohort while having 
decreased in placebo-treated children. Adolescent girls with debilitating 
idiopathic scoliosis treated with LIV over 1y exhibited marked 
improvement in femoral BMD and vertebral bone mineral content [153]. 
That no adverse effects were observed to detract from the increased bone 
mass, demonstrated the anabolic utility of LIV on bone young children 
with skeletal fragility. 

Pediatric cancers represent a clinically vulnerable population, with 
debilitating skeletal deficiencies that persist well into adulthood even 
once evidence of the cancer has been eliminated. Researchers at St. Jude 
Children’s Research Hospital administered LIV to young pediatric can-
cer survivors [154] in a double-blind clinical study. Following 1y of 
twice-daily administration of LIV (32-37 Hz at 0.3 g for 10 min/treat-
ment, 7d/w), patients had significantly higher BMD z-scores by DXA 
scanning, exhibiting increased trabecular bone. In contrast, BMD scores 
in the placebo group decreased by 20%. Both groups correlated with 
respective changes in OCN levels. Serum-RANKL was greater in the LIV- 
treated group, aligning with data from our previous findings. These data 
suggest that exposure to the mechanical signals normalized bone 
remodeling via decreased resorption and increased bone formation. 
While in remission, it is important to note that these pediatric patients 

Fig. 4. Contrasting the impact of metastatic cancer cells and mechanical signals on the bone marrow microenvironment. A) Mechanosensitive osteocytes help initiate 
healthy bone remodeling. Osteoclast recruitment functions to resorb weak or diseased tissue. Activated osteoblasts follow, inducing bone apposition and mineral-
ization at the site of previously resorbed bone. The cyclical remodeling results in a net zero balance in bone. B) Myeloma or metastatic cancer cells invade the marrow 
microenvironment, uncoupling the tight bone remodeling signaling pathway to favor bone resorption. Osteocytes secrete elevated SOST, suppressing the formation of 
new bone while RANKL and matrix-metalloproteinases that induce osteoclastogenesis are unchanged. Heightened bone resorption releases matrix-bound growth 
factors that perpetuate tumor growth and drive increased osteoclast activity. Alternatively, metastatic prostate cancer stimulates woven bone formation, which 
negatively impacts the structural integrity of the bone. In either osteolytic or osteoblastic bone metastases, factors within the bone matrix drive proliferation of tumor 
cells that further bone loss, increasing vascularization to the tumor via VEGF expression, and upregulation in SOST which further suppresses bone formation. C) 
Mechanically-stimulating bone elicit multiple positive effects within the bone-tumor microenvironment. Decreased expression of osteoclast markers slow bone 
formation, osteocytes decrease secretion of SOST to engage osteoblasts, which then increase their expression of bone formation markers. Osteolytic cancer cells are 
both directly and indirectly affected by the influence of mechanical loads: reduced release of bone matrix factors limit tumor growth and an intrinsic response to 
mechanical signals increases Fas, rendering the tumor more susceptible to apoptosis. 

G.M. Pagnotti et al.                                                                                                                                                                                                                            

Pagnotti , Bone 150 (2021) 



Is there a role of 
MSC in sarcoma Tx?
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FIGURE 1 | Mesenchymal stem cells and tumor cells interaction as an MSC-based approach for cancer therapy. The chemotactic movement of MSCs toward a
tumor niche is driven by soluble factors, such as VEGF, PDGF, IL-8, IL-6, bFGF or FGF2, SDF-1, G-CSF, GM-CSF, MCP1, HGF, TGF-b, and UPAR. Genetic
modification of MSCs can be used to deliver a range of tumor-suppressing cargos directly into the tumor niche. These cargos include tumor suppressor (TRAIL,
PTEN, HSV-TK/GCV, CD/5-FC, NK4, PEDF, apoptin, HNF4-a), oncolytic viruses, immune-modulating agents (IFN-a, IFN-g, IL-2, IL-12, IL-21, IFN-b, CX3CL1), and
regulators of gene expression (miRNAs and other non-coding RNAs). MSCs are also capable of delivering therapeutic drugs such as DOX, PTX, GCB, and CDDP
within the tumor site. In addition to using MSCs directly, microvesicles (MVs) isolated from MSCs represent an alternative approach to delivering these agents.

(MSCs-PTX) demonstrate strong antitumor activity inhibiting
the growth of tumor cells and vascularization of the tumor
in a MOLT-4 (leukemia) xenograft mouse model (Pessina
et al., 2013). The anti-tumor activity of primed MSCs is
currently being investigated on the di�erent types of tumor
cells. For instance, Bonomi et al. (2017b) showed that MSCs-
PTX suppress the proliferation of human myeloma cells RPMI
8226 in in vitro 3D dynamic culture system. The anti-
cancer activity of MSCs-PTX has been further shown in
relation to pancreatic carcinoma cells in vitro (Brini et al.,
2016).

Nicolay et al. (2016) showed that cisplatin (CDDP) had no
significant e�ect on cell morphology, adhesion or induction of
apoptosis in MSCs, nor does it a�ect their immunophenotype
or di�erentiation potential of MSCs once primed with CDDP.
This has been confirmed using CDDP at concentrations of
2.5 µg/ml and 5.0 µg/ml (Gilazieva et al., 2016). Thus, MSCs
are promising vectors for CDDP delivery toward the tumor
sites.

Beside chemical drugs in soluble form, MSCs can absorb
nanomaterials containing chemotherapeutic agents. For instance,
MSCs primed with silica nanoparticle-encapsulated DOX
promoted a significant increase in the apoptosis of U251 glioma
cells in vivo (Li et al., 2011).

Bonomi et al. (2017a) in their work used MSCs from two
sources: dog adipose tissue and bone marrow, to study MSCs-
PTX antitumor activity on human glioma cells (T98G and
U87MG). The investigation once again showed the pronounced
antitumor e�ect of MSCs-PTX and opens new perspectives for
oncological disease therapy not only in humans but also in
animals (Bonomi et al., 2017a).

MSC-DERIVED MICROVESICLES

Extracellular vesicles (EVs) [microvesicles (MVs) and exosomes]
released by a large number of cells play an important role
in intercellular communication. MVs from di�erent cell types
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MSCs: the “Trojan Horse”  for the battle against 
Cancer
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TABLE 1 | Clinical studies using MSC-based therapies for cancer treatment.

NCT Number Purpose Condition Therapeutic
agent

Phase Start date Status Locations

NCT03896568 To determine the maximal tolerated
and toxicity of allogeneic bone
marrow-derived MSCs loaded with
the oncolytic adenovirus DNX-2401
(BM-MSCs-DNX2401)

Glioma BM-MSCs-
DNX2401

I 2019 Recruiting United States

NCT03608631 To determine the maximal tolerated
and toxicity of MSC-derived
exosomes loaded with KrasG12D
siRNA (iExosomes)

Pancreatic cancer iExosomes I 2019 Not yet
recruiting

United States

NCT03298763 To evaluate the safety and
anti-tumor activity of MSCs
genetically modified to express
TRAIL (MSC-TRAIL)

Adenocarcinoma of
lung

MSC-TRAIL I, II 2019 Recruiting United Kingdom

NCT03184935 To determine the safety and
efficacy of human umbilical
cord-derived MSCs (UC-MSC)

Myelodysplastic
syndromes

UC-MSC I, II 2017 Unknown China

NCT02530047 To find the highest tolerable dose of
bone marrow-derived MSCs
expressing INFb (BM-MSC-INFb)
that can be given To patients with
ovarian cancer and to test their
safety

Ovarian cancer BM-MSC-INFb I 2016 Active, not
recruiting

United States

NCT02181478 To evaluate feasibility and safety of
combining intra-osseous umbilical
cord blood hematopoietic stem
cells (UC-HSC) and MSC

Hematologic
malignancies

MSCs UC-HSC I 2015 Recruiting United States

NCT02068794 To study the side effects and best
dose of adipose tissue-derived
MSCs infected with oncolytic
measles virus encoding thyroidal
sodium iodide symporter
(AdMSC-MV-NIS)

Ovarian cancer AdMSC-MV-NIS I, II 2014 Recruiting United States

NCT02079324 To determine maximum tolerable
dose, safety and efficacy of
intratumoral injected GX-051

Head and neck
cancer

GX-051 I 2014 Unknown Korea

NCT02270307 To evaluate the effectiveness of the
use of MSCs and
cyclophosphamide

Hematological
malignancies

MSCs and
cyclophosphamide

II, III 2014 Unknown Russian
Federation

NCT01983709 To evaluate home of bone
marrow-derived MSCs (BM-MSCs)
to sites of prostate cancer after
systemic administration

Prostate cancer BM-MSCs I 2013 Terminated United States

NCT01844661 To evaluate the safety of bone
marrow-derived autologous MSCs
infected with ICOVIR5 (CELYVIR) in
children and adults with metastatic
and refractory solid tumors

Solid tumors
metastases

CELYVIR I, II 2013 Completed Spain

NCT01129739 To evaluate the safety and efficacy
of MSCs derived from human
umbilical cord/placenta
(UC/PL-MSC) at a dose of
1.0E + 6 MSC/kg

Myelodysplastic
syndromes

UC/PL-MSC II 2010 Unknown China

NCT01092026 To determine the feasibility of
umbilical cord blood hematopoietic
stem cell (UCB-HSC)
transplantation with co-infusion of
third party MSCs

Hematological
malignancies

UCB-HSC with
MSCs

I, II 2010 Unknown Belgium

NCT01045382 To evaluate the capacity of MSCs
to improve 1-year overall survival of
patients transplanted with
HLA-mismatched allogeneic
hematopoietic cells

Hematological
malignancies

MSCs II 2010 Recruiting Belgium
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…conclusions and perspective

• MSC are a heterogenous mix of distinct cell subtypes with different morphology, 
function and immunoregulatory properties !


• Have we identified the true MSC? NO!!! 


• Beware of the extraordinary pleomorphism of sarcoma esp. in small Bx                         
(…sampling error)


• The significant heterogeneity of these cells strongly affects sarcoma Tx 
strategies and their response to Tx 

• wide surgical/oncologic excision is needed! 


• Promising role in sarcoma Tx (Trojan horses)


• Full characterisation of MSC is vital!—> another reclassification of sarcomas?



Thank you!


