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H I G H L I G H T S  

• Mesenchymal stem cells (MSCs) play significant roles in driving cancer-induced bone disease. 
• New studies demonstrate MSC activities in cancer dormancy, metabolism, and immune-oncology. 
• Identifying novel MSC contributions to bone metastasis could improve current and future therapies.  
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A B S T R A C T   

The skeleton is a common site of cancer metastasis and malignancy with the resultant lesions often being 
incurable. Interactions between metastatic cancer cells and the bone microenvironment are critical for cancer 
cell survival, outgrowth, and progression. Mesenchymal Stem Cells (MSCs) are an essential stromal cell type in 
bone that are appreciated for their impacts on cancer-induced bone disease, however, newer evidence suggests 
that MSCs possess extensive roles in cancer-bone crosstalk, including cancer cell dormancy, metabolic demands, 
and immune-oncology. Emerging evidence has also identified the importance of MSC tissue source and the in
fluence of ageing when studying MSC biology. Combining these considerations together with developing tech
nologies such as spatial transcriptomics will contribute to defining the molecular mechanisms underlying 
complex stroma-cancer interactions in bone and assist with identification of therapeutically tractable targets.   

1. Introduction 

Solid malignancies such as breast and prostate cancer frequently 
metastasize to bone. The resultant lesions often become refractory to 
treatment leading to incurable disease that greatly contributes to patient 
morbidity and mortality [1]. The metastatic process to bone involves 
cancer cell seeding to favorable niches within the soil of the bone 
marrow. The surrounding bone marrow microenvironment is key for 
what happens next – either promoting cancer cell entry into dormancy 
for long periods of time or contributing to metastatic outgrowth. 
Defining the underlying molecular mechanisms that govern cancer-bone 
stroma interaction can reveal key biology that is therapeutically trac
table. In this context, novel roles for stromal cells, in particular MSCs 
have recently been described. 

MSCs are multipotent cells capable of differentiating toward chon
droblast, osteoblast, and adipocyte lineages and can be defined by sur
face markers including but not limited to CD105, CD73, CD90, neural/ 
glial 2(NG2), Nestin and leptin receptor (LepR) while negative for CD45, 

CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR (Table 1) [2,3]. 
Although they can be derived from multiple tissues, bone is considered 
the natural reservoir for MSCs where they comprise 0.001 to 0.01 % of 
the total cell population [4]. MSCs can be localized in the bone marrow 
stem cell niche, perivascular niche, or endosteal niche. Functionally, 
MSCs are best characterized by their contribution to homeostatic bone 
turnover by differentiating into bone forming osteoblasts that in turn 
contribute to niche functions such as hematopoietic stem cell (HSC) 
maintenance and regulation of osteoclast bone resorbing activity [4]. Of 
note, the tissue origin of MSCs may affect their function [5]. The po
tential divergence and plasticity of MSCs is illustrated by a comparison 
of MSCs from adipose, umbilical cord blood, and bone marrow which 
found that all sources could differentiate to osteogenic and adipogenic 
lineages under specific culture conditions, and while there was a shared 
gene expression profile between MSCs from all three sources, many 
other genes were differentially expressed [6]. 

In the context of primary cancer, MSCs contribute to tumorigenesis 
and metastasis, but their engagement of cancer cells that have 
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disseminated to the bone marrow and their subsequent roles in the 
establishment of bone metastases is less clear. However, new studies 
have begun to address this gap in knowledge [3,7]. For example, MSCs 
can promote the chemoattraction and migration of cancer cells via the 
production of chemokines such as C-X-C chemokine motif 12 (CXCL12) 
[8]. Further, MSCs can protect against the establishment of bone met
astatic prostate cancer by inducing apoptosis via Fas ligand (FasL) and 
Interleukin-28 (IL-28). In doing so, MSCs drive the selection of apoptotic 
resistant cancer cells that are also cross-resistant to conventional che
motherapies such as docetaxel [9]. Following cues from cancer cells, 
MSCs contribute to aberrant bone formation in diseases like bone met
astatic prostate cancer or can suppress bone formation in skeletal ma
lignancies such as multiple myeloma [10]. Emerging areas of cancer 

research, such as dormancy, metabolism, ageing, and immune modu
lation have allowed us to delve deeper into how MSCs contribute to the 
fate of bone metastatic cancer cells (Fig. 1). 

2. Dormancy 

Upon arriving in the metastatic site, disseminated tumor cells (DTCs) 
may enter a period of dormancy until specific signals initiate awakening 
and outgrowth [11]. Formative studies have shown that stromal cells 
influence this process. For example, contact between DTCs and endo
thelial cells induces dormancy until transforming growth factor-beta-1 
(TGFβ1) and periostin from sprouting vasculature promote awakening. 
Interestingly, interrupting integrin-mediated interactions with the per
ivascular niche offers a strategy to sensitize dormant breast cancer cells 
to chemotherapy [12,13]. Further, osteoblasts have known implications 
in prostate cancer dormancy via a growth arrest-specific 6 (GAS6)/Axl 
and transforming growth factor-beta-2 (TGFβ2) dependent mechanisms 
[14]. Multipotent MSCs also impact dormancy, by secretion of factors 
such as TGFβ2, CXCL12, GAS6, and bone morphogenetic proteins 
(BMPs) [15–17]. Specifically, NG2/Nestin positive MSCs in the peri
vascular niche provide TGFβ2 and BMP7 to maintain dormancy of 
E0771 cells via TGFβR3 and BMPRII and subsequent signaling through 
SMAD, p38, and p27 signaling [16]. Interestingly, although osteoblasts 
are also a source of TGFβ2, they did not compensate for loss of TGFβ2 

Table 1 
List of select surface markers used for MSC characterization.  

Positive Negative 

CD105 CD45 
CD73 CD34 
CD90 CD14 or CD11b 
Neural/Glial 2 (NG2)* CD79a or CD19 
Nestin* HLA-DR 
Leptin receptor (LepR)*  

* Bone marrow-derived MSC specific. 

Fig. 1. Emerging areas for mesenchymal stem cells (MSCs) in bone metastasis. 1) MSCs can maintain dormancy in breast cancer cells via TGFβ2 and BMP7, but also 
induce proliferation of dormant cancer cells via N-cadherin. 2) Cancer cells rewire metabolism of MSCs and other stromal cells, impairing normal hematopoiesis 
while facilitating cancer cell survival, proliferation, and chemoresistance via transfer of reactive oxygen species (ROS), organelles, and amino acids such as gluta
mine. 3) Age-related changes in MSCs have profound effects on cancer progression by increased senescence, secretion of senescence associated secretory phenotypes 
(SASP) factors, and increased bone marrow adipocytes. 4) Immunomodulatory roles of MSCs include inhibitory effects via adhesion molecules and release of TGFβ 
and HGF, but engineering MSCs to deliver cargo, such as IL-7 and IL-12, offers improved efficacy of CAR-T cells. Figure created with BioRender.com. 
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when it was ablated in the MSC compartment. Additional studies uti
lizing hanging drop co-cultures of bone marrow derived MSC and MDA- 
MB-231 breast cancer cells led to MSCs surrounding the breast cancer 
cells and the formation of cancer cell spheroids. MSCs were subse
quently internalized and degraded which resulted in the breast cancer 
cells acquiring a unique molecular signature indicative of dormancy 
[18]. Bone fracture and repair have been hypothesized to contribute to 
skeletal metastasis and dormancy reawakening. Recent studies show 
that pathologic bone remodeling can provoke outgrowth of dissemi
nated cancer cells from primary tumors via interactions mediated 
through N-cadherin and that Cre-mediated depletion of NG2 positive 
MSCs abrogated this effect, suggesting that MSC control of dormancy 
entry/awakening acts in concert with additional microenvironmental 
cues [3]. Nevertheless, understanding MSC-derived dormancy mecha
nisms may aid in developing strategies to sustain dormancy or awaken 
the cancer cells so that they are susceptible to systemic therapy and are 
eradicated, thus preventing metastatic relapse. 

3. Metabolism 

The bone marrow niche harbors a highly dynamic metabolic 
microenvironment exemplified by energy-intensive processes such as 
bone resorption and formation. These processes are exploited by cancer 
cells, causing metabolic reprogramming that facilitates survival and 
progression [19,20]. Reciprocally, proliferating cancer cells can rewire 
the metabolism of MSCs and other cells in the stroma which in turn 
impairs normal hematopoiesis and bone formation. For example, breast 
cancer cells exhibit elevated enzymes for serine synthesis and release 
lactate which promotes osteoclast differentiation and osteolysis [21] 
while multiple myeloma cells deplete amino acids such as glutamine 
leading to activation of glutamine synthetase in bone marrow-MSCs 
[22]. This has been linked to decreased bone mass in MM patients, as 
glutamine is key for osteoblast mediated bone formation [19,23]. In the 
stroma, metabolic reprogramming can also influence cancer cell 
behavior via transfer of reactive oxygen species (ROS), dysfunctional 
mitochondria, and amino acids. In acute myeloid leukemia (AML), 
increased glycolysis in the cancer cell promotes the transfer of ROS to 
the MSC cell line MS5 via gap junctions, triggering the conversion of 
pyruvate to acetate that can then be utilized by the cancer cells to fuel 
the TCA cycle and lipid biosynthesis [24]. MSCs can also transfer 
mitochondrial content to cancer cells to support tumor growth and 
chemotherapy resistance via the genesis of tunneling nanotubules 
(TnTs), gap junctions or partial cell fusions [25,26]. The resultant 
transfer leads to increased oxidative metabolism, ATP levels and low
ered ROS as well as chemoresistance [22,27]. Further, MSCs can protect 
leukemic cancer cells from cell death by maintaining low ROS levels and 
by supplying cysteine and asparagine [28,29]. In bone metastatic breast 
cancer, malignant cells have an increased dependency on extracellular 
glutamine for survival which is linked with serine biosynthesis, allowing 
cells to overcome the low glucose levels in the metastatic niche [30]. 
Given the rapidly emerging data regarding metabolic demands of cancer 
cells and their dependance on a supporting stromal microenvironment, 
it is clear that these vulnerabilities can be exploited therapeutically for 
the treatment of skeletal malignancies. 

4. Ageing 

Cellular damage and genomic changes at both transcriptional and 
epigenetic levels increase with ageing and consequently the risk of 
developing cancer becomes greater. Studies also show that age-related 
changes in the stroma, including MSCs, can have profound effects on 
cancer progression. These changes include decreased extracellular ma
trix integrity, inflamm-ageing, immune suppression, induction of 
senescence, and senescence associated secretory phenotype (SASP) [31]. 
In senescent osteoblasts, IL-6 driven SASP secretion promotes osteoclast 
mediated bone resorption. This, in turn, fosters the formation of 

premetastatic niches, increasing the likelihood of successful breast 
cancer seeding in the bone marrow [32]. However, MSC SASP can have 
opposing effects on cancer cells and may be cancer-stage dependent. For 
example, SASP from bone marrow MSCs impairs the growth of immor
talized primary prostate cancer cells in vitro but not that of metastatic 
prostate cancer cells [33]. Further senescence-related abnormalities in 
MSCs from multiple myeloma patients have been reported. When 
comparing myeloma patients MSC secretome to healthy donors, there 
was increased interleukin-1 beta (IL-1β), IL-6 and Tumor Necrosis Factor 
alpha (TNF-α). These can function as growth factors for MM cells and 
induce migration, adhesion, and osteoclastogenesis [34]. The presented 
evidence suggests that stromal, senescent, and age-related alterations 
are sufficient to instigate changes favoring tumor cell-seeding and 
growth. 

Of note, ageing also impacts MSC function with evidence supporting 
a shift towards adipogenic rather than osteogenic differentiation and 
resultant adipocytes contributing to cancer progression in bone. For 
example, peroxisome proliferators-activated receptor γ (PPARγ) is 
upregulated in MSCs with advancing age, leading to increased adipo
genesis while the co-factors core-binding factor subunit beta (CBFβ) and 
minor allele frequency (MAF) that promote Runt-related transcription 
factor 2 (RUNX2) expression, a key driver of the osteogenic program, are 
downregulated [35]. Furthermore, ageing has been shown to alter the 
miRNA content of MSCs and extracellular vesicles [36]. miR-31a-5p 
levels are increased in aged MSCs and this again can promote a shift 
in differentiation towards the adipogenic lineage [37]. This is reflected 
in elderly individuals where expanded populations of bone marrow 
adipocytes (BMAs) are seen [35]. BMAs store energy in the form of lipids 
and release triglycerides and fatty acids to respond to energy demands 
and in doing so promote cancer cell proliferation, migration and inva
sion. For example, adipocytes in proximity to breast cancer cells 
contribute to growth and drug resistance which is in part mediated by 
adipokines such as leptin and adiponectin [38]. Additionally, IL-6, TNF- 
⍺, and CXCL12 secreted from BMA are shown to promote cell prolifer
ation, inhibit apoptosis and activate autophagy as a form of chemo
resistance in multiple myeloma [39]. In summary, considering that 
cancer is primarily a disease in older patients, understanding how 
ageing impacts MSC differentiation/function could reveal novel thera
peutic opportunities to treat skeletal malignancies. 

5. Immunomodulation 

Bone marrow is home to many subsets of immune cells which is 
unsurprising given it is the cradle of hematopoiesis. MSCs have long 
been described as having immunomodulatory roles that are often sup
pressive. For example, studies have shown that MSCs can restrict 
CD4 + and CD8 + cytotoxic T cell proliferation in a TGFβ1 and HGF 
dependent manner with other key players such as Fas/FasL, Jagged-1/ 
Notch-1, and TNFα signaling also having described roles [40,41]. 
Recent studies reveal that MSCs can also express ICAM-1 and VCAM-1 
much like endothelial cells, thereby facilitating T cell adhesion that in 
turn can exert immunosuppressive effects on the T cell compartment 
[42]. In the setting of skeletal malignancy, MSCs could therefore have 
profound effects on the efficacy of T-cell based therapies like TIL and 
CAR-T that are currently being trialed (NCT05732948, NCT05022849, 
NCT01140373, NCT06094842, NCT05805371, NCT03089203). New in 
vitro evidence suggests that bone marrow derived MSCs potently 
diminished the efficacy of lower affinity, moderately lytic BCMA, CD38, 
and CD138 targeting CAR-T cells. But surprisingly, the suppressive effect 
of MSCs was not noted in CAR-T cells that had a higher affinity for these 
myeloma presenting antigens suggesting that CAR design and choice of 
T-cell vehicle will be critical for the efficacy of these approaches in 
treating bone metastatic and skeletal malignancies[43]. 

While these studies imply that MSCs may negatively impact CAR-T 
cell activity overall, it is possible that the therapeutic potential of 
MSCs may be exploited to improve their efficacy. Case in point, MSCs 
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engineered to release IL-7 and IL-12 were shown to improve CAR-T cell 
activation leading to elimination of colorectal adenocarcinoma cells 
when co-injected in a xenograft mouse model [44]. In addition to 
significantly enhanced tumor regression, MSC derived IL-7 and IL-12 
also increased CAR-T cell amplification and decreased activation 
induced cell death (AICD). Clearly, we are at the beginning of our un
derstanding of how MSCs may influence the efficacy of molecular and 
cellular based immunotherapies that are geared toward the treatment of 
bone metastatic disease and other skeletal malignancies, especially in 
the context of ageing where MSC biology is notably altered as described. 
However, further studies may reveal how to overcome the potentially 
immunosuppressive MSC effects and either facilitate or enhance the 
cytotoxic effect of these game-changing therapies. 

6. Conclusion and future directions 

The establishment and outgrowth of metastatic cancers or skeletal 
malignancies in bone is critically dependent on surrounding stromal 
cells, many of which are MSC derived. While MSCs were traditionally 
studied as a component of cancer induced bone disease, either through 
their osteogenic suppression or enhanced osteoblast differentiation in 
lytic or blastic lesions respectively, newer evidence suggests that they 
are far more involved in cancer-bone crosstalk. These new roles include, 
but are by no means limited to, dormancy, facilitating cancer cell 
metabolic demand and potentially protecting cancer cells from immune 
eradication given the reported immunosuppressive roles of MSCs. 
Further, emerging evidence is beginning to reveal the importance of 
studying MSC-cancer interactions in an age-appropriate manner as MSCs 
derived from older adults (cancer naïve or cancer bearing) are pro
foundly different (epigenetically/genetically) to those derived from 
their younger counterparts. Emerging technologies such as spatial 
transcriptomics may allow us to unravel some of these complex issues 
but there is no doubt that further resolution of MSC roles in cancer 
progression in bone can identify new therapeutic targets or strategies to 
enhance the efficacy of applied therapies such as those being employed 
by the immuno-oncology field. 

7. Outstanding questions  

1) How do bone stromal MSCs contribute to dormant and active cancer 
cell metabolism?  

2) Can we define how the ageing bone stroma shapes the progression 
and drug response of skeletal metastases and malignancies?  

3) What is the impact of bone stromal MSCs on the efficacy of immune- 
oncology based therapies for the treatment of skeletal metastases and 
malignancies? 
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