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Abstract: In post-natal life, stem cells contribute to the preservation of many tissues. In adults, stem
cells remain localized, in particular, specialized microanatomical areas named as niches, which are
crucial in the control of stem cell quiescence and activity through the production of many regulatory
signals. Bone physiologically includes both the endosteal niche and the vascular niche, which are
involved in the attraction, retention and release of the residing stem cells during the formation of new
vessels as well as in the control of the differentiation of bone-forming osteoblasts and bone-resorbing
osteoclasts. In tumors, cancer cells are able to take control of the niches to support all the stages of the
tumorigenesis, transforming them in the so-called pre-metastatic and metastatic niches. Hence, there
is emerging importance of the interactions between cancer cells, bone cells and niches in driving
metastatic progression. This review article summarizes the literature data concerning the role of bone
vascular and endosteal niches in the regulation of bone metastasis, focusing on their cellular and
molecular interactions and the potential therapeutic approaches.
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1. Introduction

Metastasis is a multi-phase process that requires the detachment of cancer cells from the primary
tumor, their migration through the adjacent tissue, then entering the bloodstream and reaching the
distant organs where they find the microenvironment suitable for surviving and proliferating [1,2].
Currently it is believed that metastatic process is responsible for a great percentage of cancer-related
death [3].

Bone is the third most common site of metastatic occurrence after lung and liver. Solid tumors
more frequently metastasize to the bone [4]. Most bone metastases originate from prostate, breast
and lung cancer. It is estimated that nearly 70% of breast cancer patients and 90% of prostate cancer
patients that die from disease have bone metastases but other common bone metastasizing cancers
include the bladder, renal, thyroid, sarcoma and lymphomas [5].

In this short review article, we try to elucidate some aspects about the interactions between
metastatic cells and the microenvironment present in bone staminal niches because this could
be very useful to elaborate strategies that can target these interactions and prevent or eradicate
metastatic disease.

2. Pre-Metastatic Niche

Kaplan and coworkers were the first to demonstrate that sites in which a metastasis occurs are
pre-conditioned for colonization of circulating tumor cells. These sites are supportive to the survival

and outgrowth of tumor cells before their arrival at these sites and are termed as pre-metastatic niches
(PMNs) [6].
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Itis well-known that the tumor microenvironment (TME) and metastatic process are interconnected.
TME is complex tissue environments in which the tumor cells are surrounded by various types of cells,
extracellular matrix (ECM) components and a vascular network involved in the regulation of tumor
initiation, progression and metastasis [7,8].

The process leading to organ tropism in tumor metastasis has been extensively investigated. Up
to now the “seed and soil” hypothesis elaborated by Stephen Paget remain valid. He proposed that
metastasis is the result of favorable interactions between metastatic tumor cells (“seed”) and the target
organ microenvironment (the “soil”) [9,10].

In addition to inducing tumor growth, these interactions can impair the function of bone cells,
leading to increased osteoclast-mediated bone resorption or excessive increased bone formation.
In this context, bone metastases can be classified into osteolytic, osteoblastic and a mixed phenotype
of both [11,12]. The osteolytic lesions are characterized by the destruction of normal bone by
osteoclasts and not due to the direct involvement of tumor cells. During this process, parathyroid
hormone-related peptide (PTHrP) and the receptor activator of nuclear factor-«B ligand (RANKL) play
a crucial role in osteolytic bone metastasis [13]. It is not clear if the bone microenvironment induces
cancer cells to express PTHrP or the latter have an intrinsic higher PTHrP expression. Osteoblastic
metastasis is characterized by deposition of new bone. Many factors are involved during osteoblastic
metastasis, in particular, transforming growth factor (TGF), bone morphogenetic proteins (BMPs) and
endothelin-1 [14]. In mixed metastasis, present in breast cancer [13,15], gastrointestinal cancer and
squamous cancer [16,17], both types of lesions are present.

The most common skeleton metastases are the osteolytic bone lesions that are typical of breast and
lung carcinoma as well as hematological malignancies such as multiple myeloma. Although some cancer
cells such as the breast cancer cells exert osteoclast-like activities and are able to resorb bone [18], the
bone resorption process caused by osteolytic metastases is due to the positive modulation of osteoclasts
by cancer cells [19]. It has been established that the secretion of ECM-modifying enzyme lysyl oxidase
(LOX) in osteolytic lesions is correlated to the hypoxia, which is essential for the formation of PMN [20].
Moreover, PTHrP [21], interleukin-6 (IL-6) [22] and matrix metalloproteinases (MMPs) [22] are known
to stimulate osteoblasts to release RANKL, which in turn induces osteoclast differentiation. Literature
data has shown that these factors stimulate the survival, the growth and continued pro-osteolytic
signaling of cancer cells [23]. Osteoblastic bone metastasis is often associated with prostate cancer,
although it can occur in breast cancer and rarely in a sclerotic variant of myeloma [24], as well as in
other malignancies [25]. These types of metastasis may induce bone fractures mainly in the vertebral
bodies and in the proximal ends of the long bones due to both alteration of bone architecture and the
activation of osteoclasts [26]. In osteoblastic metastases occurring in prostate cancer, it is thought that
primary tumor-secreted factors such as wingless-type mouse mammary tumor virus integration site
family, member 1 (WNT), BMPs, fibroblast growth factor (FGF), insulin-like growth factor 1 and 2
(IGF1 and IGF2), endothelin-1, prostate-specific antigen (PSA) and vascular endothelial growth factor
A (VEGFA) may be involved in the regulation of the osteoblastic pre-metastatic niche [27].

3. Bone Staminal Niche and Metastasis

The bone marrow (BM) cell microenvironment includes stem and progenitor cells, differentiated
hematopoietic lineage cells, vascular cells and bone cells like osteoblasts [28]. Moreover, physiologically
bone contains two staminal niches localized in the BM cavity, including the endosteal and the vascular
niches [29].

The endosteal niche is localized in the internal bone shell surface [30], in particular, close to the
endocortical and trabecular surfaces [29], and include two types of osteoblastic cells, the actively
bone-producing osteoblasts and a type of early osteoblast termed spindle-shaped N-cadherin+ CD45-
osteoblastic cells (SNO) [31]. There is a crosstalk between SNO cells and hematopoietic stem cells
(HSCs), which regulate the cycle, the fate and activity of both SNO and HSC [29] (Figure 1a).
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Figure 1. Bone staminal niches (adapted with permission from [29], MDPI, 2017). (a) The endosteal
niche includes two types of osteoblastic cells, the actively bone-producing osteoblasts (OB) and a
type of early osteoblast termed spindle-shaped N-cadherin+ CD45- osteoblastic cells (SNO). The
intercommunication existing between SNO cells and hematopoietic stem cells (HSCs) regulate the
cycle, the fate and activity of both SNO and HSC. In the endosteal niche, stem cells, progenitor cells,
stromal cells, growth factors and extracellular matrix (ECM) molecules participate to the regulation of
hematopoiesis. (b) HSC niche is localized in the center of the bone marrow (BM) cavity close to the
sinusoidal endothelium to form the so-called vascular niche. The blood vessels of the BM participate in
the regulation of hematopoiesis as well as stem cell mobilization and homing. Endothelial cells are
surrounded by adventitial cells, also called CXCL12-abundant reticular (CAR) cells. The closeness
between sinusoidal endothelial cells and HSCs is very important for their maturation and for the
hematopoietic process.

30f12

During tumor metastasis, cancer cells that arrive and establish at a pre-metastatic niche take

control of the physiological functions exerted by the staminal niches in order to support their own

functions, varying from tumor cell dissemination to dormancy, relapse and growth [32]. Kapland et al.
demonstrated that VEGF receptor 1 (VEGFR1)-positive BM-derived hematopoietic progenitor cells

migrate and form cellular clusters in tumor-specific pre-metastatic sites [33] (Figure 2).
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Figure 2. Cross talk signaling in bone niches during bone metastasis. Immature osteoblasts express
higher levels of stromal-derived factor 1 (SDF-1) and support HSC maintenance. SDF-1 is involved in
the bone tropism of bone metastasizing cancers. Cancer cells expressing C-X-C chemokine receptor type
4 (CXCR4) home to bone and reside in the pre-metastatic niche. SDF-1 induces cancer cell dormancy
after it anchors the cancer cells in the niche. Cancer-associated fibroblasts (CAFs) release numerous
factors such hepatocyte growth factor (HGF), TGF-3, SDF-1, VEGF, IL-6 and MMPs, affecting tumor
growth, invasion, metastasis and therapy resistance. TRAP-positive osteoclasts express C-C motif
chemokine ligand 22 (CCL22) which promotes bone metastasis, attracting cancer cells expressing its
ligand C-C chemokine receptor type 4 (CCR4). Osteopontin (OPN) binds the extracellular matrix and
stimulates HSC and osteoclast adherence to the bone matrix. OPN is a negative regulator of HSC
cycling. High OPN expression has been found within metastatic cells and in the surrounding tissue
stroma. Thrombospondin (TSP1) assists the cancer cell invasion. It strongly stimulates cancer cell
migration, and this effect is correlated to the expression of its cellular ligand CD36, also involved in
TSP1 antiangiogenic activity.

Many leukemia cells, including acute myeloid leukemia (AML), chronic myeloid leukemia (CML)
and acute lymphoblastic leukemia (ALL), produce high levels of VEGF and express VEGF receptors
(VEGEFRs) [34,35]. VEGEFR1 is involved in targeting of these cells within the BM, and in the regulation
of their survival, as well as their passage into the circulation [36].

Cancer cells secrete numerous factors, including VEGF and placental growth factor (P1GF), that
induce local changes in tumor stroma, and activate the BM-derived cells to support angiogenesis.
VEGEFR signaling leads to the recruitment of hematopoietic stem cells (HS5Cs) and endothelial precursor
cells (EPCs) expressing VEGFR?2 to neoangiogenic sites in the tumor [36].

We have previously discussed the crucial role of osteoblasts located in the endosteal niche in
the regulation of the activity and fate of HSCs [29]. HSCs which adhere to osteoblasts express
angiopoietin receptor-2 (Tie-2), while the lining cells in BM synthesize Ang-1. The activation of Tie-2
by Ang-1 induces the adhesion of the two cell types and Ang-1 enhances the survival of HSCs [37].
In addition, it has been demonstrated that another mesenchymal-derived cell-type resident in the
endosteal niche involved in the formation and progression of bone metastasis includes fibroblasts.
CAFs form a supportive microenvironment that promotes tumor progression by regulating ECM
deposition, recruitment of inflammatory mediators and epithelial differentiation [38,39]. CAFs are one
of the most abundant stromal cell types in breast cancer and are associated with poor prognosis [40].
They release numerous factors that include hepatocyte growth factor (HGF), TGF-f3, stromal-derived
factor 1 (SDF-1), VEGE, interleukin-6 (IL-6), in addition to MMPs that affect several hallmarks of cancer,



Appl. Sci. 2020, 10, 7713 50f 12

including tumor growth, invasion, metastasis and therapy resistance [41,42]. Human BM-derived
mesenchymal stem cells (MSCs) stimulated with conditioned medium from breast cancer cells can
acquire a CAF-like phenotype [43] (Figure 2). SDEF-1 signaling seems to be implicated in tumor
metastasis tropism. SDEF-1 gradients regulate HSC retention within BM niches, and cancer cells
expressing SDF-1 receptor (CXCR4) home to bone and reside in the pre-metastatic niche.

Immature osteoblasts in the endosteal niche express higher levels of SDF-1 and support HSC
maintenance [29]. SDF-1 is involved in the bone tropism of bone metastasizing cancers such as
breast, ovarian, prostate and brain. Interestingly, neutralization of the SDF-1/CXCR4 axis can block
prostate metastasis [44—47]. It is well-known that osteoblasts produce osteopontin (OPN), that bind the
extracellular matrix at the endosteal surface and stimulate HSC and osteoclast adherence to the bone
matrix. In the endosteal niche, OPN is a negative regulator of HSC cycling. Increased OPN expression
has been found within metastatic cells and in surrounding tissue stroma. It is thought that OPN is
involved in metastatic spread of breast, prostate, colon and liver cancers [48,49] (Figure 2).

It has been well-evidenced that SDF-1 induces pro-survival signaling in CXCR4-positive AML
cells. The inhibition of the SDF-1a/CXCR4 pathway led to chemo-sensitization of AML cells [50].

A relationship between SDF-1 and Notch has been found [51]. Cell surface, total protein and
mRNA levels of CXCR4, the principal signaling receptor for SDF-1, were significantly decreased in
Notch ligand or Delta-like ligand 4 (DIl4)-transduced endothelial cells, which is attributable to a
significant reduction of CXCR4 promoter activity [40]. In addition, HSC quiescence and retention
in the marrow niche is facilitated by the interaction between Notchl and jagged canonical Notch
ligand 1 (JAG1) or Delta-like ligand 4 (Dl14), expressed by niche cells [52]. Notch has been linked to
-catenin-dependent tumorigenesis. The expression of JAG1 in HSC is correlated to the mutation in
the -catenin gene in osteoblasts [53], and the expression levels of 3-catenin in osteoblasts is considered
as a marker for the prognosis of hematological malignancies [54,55].

SDF-1 expression is also induced by osteopontin (OPN). OPN expressed by osteoblasts is highly
concentrated at the endosteal interface of bone and hematopoietic tissue [45,49], and is essential for the
trans-marrow migration and lodgment of HSC [56]. OPN is involved in the regulation of each critical
step of the process of metastasis [57,58], and correlation has been established between OPN and the
metastatic spread of breast, prostate, colon and liver cancers [48,49] (Figure 2). In this context, the role
of HSC in metastatic cells recruitment and in the regulation of dormancy of disseminated tumor cells is
becoming of increasing importance in the formulation of new prostate cancer-targeted therapies [59].

Osteoclasts contribute to cancer cells tropism. It has been demonstrated that differentiating
TRAP-positive osteoclasts produces the C-C motif chemokine ligand 22 (CCL22) that promotes bone
metastasis of lung cancer cells expressing its ligand C-C chemokine receptor type 4 (CCR4) (Figure 2).
As discussed in our previous work, the HSC niche is localized in the center of the BM cavity close
to the sinusoidal endothelium to form the so-called vascular niche. The blood vessels of the BM not
only constitute the wall that separates the hematopoietic compartment from the peripheral circulation
but are able to regulate hematopoiesis as well as stem cell mobilization and homing. It has been
hypothesized that when cancer cells arrive to bone, in the vascular niche they compete with HSCs for
their niche [29,60].

Adhesion of cancer cells to the endothelium seems to be crucial in metastatic process [61]. In this
context, the vascular niche has been proposed to function as a “pro-dormancy” niche, maintaining
the cancer cells quiescent. Notch2 signaling seems to regulate cellular activity in breast cancer bone
metastasis, inducing their dormancy. The medullary vascular sinuses are lined with endothelial cells
and surrounded by adventitial cells, a small population of cells with long processes, expressing high
amounts of CXCL12 (SDF-1), called CXCL12-abundant reticular (CAR) cells (Figure 1b).

SDEF-1 also seems to induce cancer cell dormancy after it anchors the cancer cells in the niche.
Moreover, endothelial cells surrounding the microvasculature also express thrombospondin (TSP1),
which seems to induce breast cancer cell quiescence, and lung metastatic cells express high TSP1
levels [44]. TSP1 induced cell migration in several tumor cell lines, suggesting its function in assisting
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the cancer cell invasion in different tumor types [62,63], and this effect is correlated to the expression of
CD36, which is also involved in TSP1 antiangiogenic activity [64] (Figure 2). While a stable vasculature
promotes dormancy, the active sprouting neovasculature has been proposed to release cancer cells
from the dormant state and support micrometastases growth via TGF-3 and periostin [65].

Periostin was initially isolated from a mouse calvaria-derived osteoblast cell line. In bone,
it modulates cell adhesion and is involved in bone formation and reparation [66]. In addition, periostin
is considered a prognostic marker of many kinds of tumors, including non-small-cell lung carcinomas,
ovarian carcinoma, oral cancer and head and neck squamous cell carcinoma [67].

A molecular mechanism to metastasis initiation involves cellular plasticity mediated by
epithelial-to-mesenchymal and mesenchymal-to-epithelial transitions (EMT and MET) [68]. EMT
lead to the acquisition of mesenchymal features and is considered essential for metastasis [69].
Metastatic tumors often reflect the epithelial state of the primary ones and EMT is required during
metastatic colonization [68,70]. In prostate cancer, the EMT plays an important role in osteblastic
metastases [2,71]. The interactions between prostate cancer cells and osteoblasts and metastasis
formation are mediated by many factors, including TGF-3, BMP, insulin growth factor (IGF), FGFs and
WNTs [72,73]. Factors inducing osteoclastic bone resorption, including PTHrP, lead to EMT in prostate
cancer and subsequently an aggressive and bone metastatic phenotype [74,75]. MET is involved in
the colonization of disseminate tumor cells belonging to primary tumors at the secondary site. Breast
cancer downregulation of the E-cadherin gene (CDH1) due to the methylation of its promoter is
associated with poor prognosis and metastasis [76]. It has been demonstrated that MET is involved
in the demethylation of the CDH1 promoter at the secondary site [77]. It is suggested that the bone
vascular niche could contain stromal signals used by cancer cells during bone metastasis [65,78].
In this context, the binding of bone vascular niche E-selectin to cancer cells promotes bone metastasis
by inducing MET and activating Wnt signaling. These results underline the role of E-selectin as a
component of the vascular niche critical for metastatic colonization in bone [79].

4. Concluding Remarks and Therapeutic Perspectives

Mortality during metastatic disease is mainly associated with the lack of effective treatments.
Moreover, chemotherapy could also be involved in the promotion of metastasis formation. Bone
is the third most common site of metastatic occurrence. BM microenvironment cell components
include vascular and bone cells, stem cells, progenitor cells and differentiated hematopoietic lineage
cells. In addition, the BM comprises two staminal niches called the endosteal and vascular niche
that are involved in the regulation of activities of the residing stem cells during both angiogenesis
and bone cell differentiation [80]. Endosteal and vascular niches are also correlated to predetermined
microenvironments in which metastasis frequently occurs and corresponds to “pre-metastatic niches’.

The deepening of study of the BM microenvironment and the signals influencing it could be
useful for the recognition of progress, prognosis, relapse and treatment of bone metastases [81].

For example, the inhibition of the CXCL12/CXCR4 pathway resulted in blockage of pro-survival
signaling between the leukemic cells and its stroma and increases the mobilization of leukemic cells
from their protective niches, making them more sensitive to conventional chemotherapy [82,83]. On
the other hand, cancer treatments like chemotherapy and radiotherapy induce an impairment of the
hematopoietic stem/progenitor cells and BM stromal cells [84,85]. In hematological malignancies,
including leukemia and lymphoma, the rearrangements of BM niches that lead to the induction
of chemoresistance have been observed [86,87]. As previously discussed, the pre-metastatic niche
draws VEGFR1-positive myeloid cells and, consequently, cancer cells to initiate metastasis. Recent
studies have demonstrated that molecules inducing the blockage of VEGF in PMN could prevent
metastasis [88]. Moreover, TSU68, an inhibitor of vascular endothelial growth factor receptor 2,
platelet-derived growth factor receptor beta (PDGFB) and fibroblast growth factor receptor 1 (FGFR1)
modulated the PMN and decreased the incidence of metastasis in animal models of colon cancer [89].
This scenario constitutes an interesting stimulus to further investigate the alterations in bone metastatic
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niches induced by cancer therapies and their influence on bone metastatic relapse. This could lead to
deepening the mechanisms involved in the control of cancer progression and could be very helpful in
elaborating new clinical strategies of cancer therapies.
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Abbreviations

ALL acute lymphoblastic leukemia

AML acute myeloid leukemia

Ang-1 angiopoietin-1

BM bone marrow

BMP bone morphogenetic protein

CAFs cancer-associated fibroblasts

CAR CXCL12-abundant reticular cells
CCL22 C-C motif chemokine ligand 22

CCR4 C-C chemokine receptor type 4
CDH1 E-cadherin gene

CML chronic myeloid leukemia

CXCR-4 C-X-C chemokine receptor type 4
Dll4 Delta-like ligand 4

EC endothelial cells

ECM extracellular matrix

EMT epithelial-to mesenchymal transition
EPCs endothelial precursor cells

FGFR1 fibroblast growth factor receptor 1
G-CSF granulocyte colony-stimulating factor
HA hyaluronic acid

HGF hepatocyte growth factor

HSC hematopoietic stem cells

IGF1 and IGF2 insulin-like growth factor 1 and 2
IL-6 interleukin-6

JAG1 jagged canonical Notch ligand 1

LOX lysyl oxidase

MET mesenchymal-to-epithelial transitions
MMPs matrix metalloproteinases

MSCs mesenchymal stem cells

OBs osteoblasts

OPN osteopontin

PDGFB platelet-derived growth factor receptor beta
PIGF placental growth factor

PMNs pre-metastatic niches

PSA prostate-specific antigen

PSGL-1 glycoprotein ligand-1

PTH parathyroid hormone

PTHrP parathyroid hormone-related peptide
RANKL receptor activator of nuclear factor-«B ligand
SDF-1 stromal cell-derived factor-1

SNO spindle-shaped N-cadherin+ CD45 osteoblastic cells
TGEF-p transforming growth factor-3

TSP1 thrombospondin
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VEGFA vascular endothelial growth factor A

VEGFR1 VEGEF receptor 1

VEGFR2 VEGEF receptor 2

WNT wingless-type MMTYV integration site family, member 1
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