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Bone metastasis is a debilitating complication that frequently occurs in the

advanced stages of breast cancer. However, the underlying molecular and

cellular mechanisms of the bone metastasis remain unclear. Here, we

elucidate how bone metastasis arises from tumor cells that detach from the

primary lesions and infiltrate into the surrounding tissue, as well as how these

cells disseminate to distant sites. Specifically, we elaborate how tumor cells

preferentially grow within the bone micro-environment and interact with bone

cells to facilitate bone destruction, characterized as osteoclastic bone

metastasis, as well as new bone matrix deposition, characterized as

osteoblastic bone metastasis. We also updated the current understanding of

themolecular mechanisms underlying bonemetastasis and reasons for relapse in

breast cancer, and also opportunities of developing novel diagnostic approaches

and treatment.
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1 Introduction

Breast cancer is the leading malignant tumor in females that seriously threatens

women’s health. In recent years, the number of patients suffering from this disease has

been increasing year by year. In 2020, it has surpassed lung cancer for the first time and

become the most frequently diagnosed cancer globally in the entire population, males and

females combined (1). The global morbidity of breast cancer has been rising since the late

1970s. Although the mortality has decreased by 35% since the early 1970s owing to the

progress in early diagnosis and advanced therapy, it is estimated that 10% to 12.5% of

females may be attacked by this disease during their lifetime and the incidence is estimated

to increase by 2% in the United Kingdom by 2035 (2).

Breast cancer metastasis is a multi-step complex process which originates from the local

infiltration to the surrounding tissues by the primary breast cancer cells. The tumor cells

detach from the primary tumor, infiltrate the surrounding tissues and penetrate into the
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blood or lymph vessels (3, 4). Then they spread to regional site and

subsequent distant organs via lymphatic circulation and the blood

circulation,respectively. Before settling down in the distant sites,

disseminated breast cancer cells undergo cell cycle arrest and adhere

to the capillary bed in the target organ. Once the number of the cell

reach a certain amount, there is still no unified or definite standard,

these dormant cancer cells may be woken up by the inflammation、

stress hormones、estrogen deprivation、stromal injury, etc. to

proliferate again (5). Meanwhile, tumor cells must escape from

immune surveillance and apoptosis signals. After conquering these

barriers, the tumor cells will achieve successful colonisation (4).
2 Molecular mechanism of distant
dissemination of BC

2.1 Invasion

Invasion of breast cancer cells into surrounding tissues arises

from alterations of intercellular adhesion and the adhesion

between cells and the extracellular matrix (ECM). The role of

the cadherin family is prominent in this process (6). E-Cadherin is

vital in mediating cell-to-cell adhesion, and the downregulation of

E-Cadherin leads to attenuated intracellular adhesion of breast

cancer cells, leading to the detachment of cancer cells from the

primary lesion (7). Therefore, downregulated E-cadherin is closely

correlated with advanced invasion and poor prognosis of breast

cancer (8). N-cadherin is closely associated with epithelial-

mesenchymal transition (EMT) in breast cancer cells and

proved to be another vital factor for tumor invasion (9). High

expression of N-cadherin increases the adhesion of tumor cells to

stromal cells which facilitates tumor cells to colonize the matrix

(10). Cluster of differentiation(CD) 44 is also an important marker

of EMT which exerts pivotal role in metastasis of breast cancer.

Variant CD44 was detected from the standard isoform during

EMT (11). Another EMT marker, a-smooth muscle actin (a-
SMA), was highly expressed in carcinoma cells and associated

with invasion of tumor invasion (12). EMT induces the

production of proteases involved in ECM degradation to

enhance the tumor invasion (13). ECM degradation enhances

tissue penetration, which is also an essential step in tumor

invasion. The degradation of ECM is mainly accomplished by

Matrix Metallopeptidase (MMP) and urokinase plasminogen

activator (uPA) (14). In breast cancer patients, uPA levels are

closely related to the risk of distant metastasis (15). Inhibition of

uPA by small interfering RNA (siRNA) can inhibit tumor

invasion, and the expressions of MMPs are suppressed

simultaneously (16). MMP-mediated degradation of ECM

proteins is a prerequisite for breast cancer cell infiltration (17).

Increased expression of heparan sulphate proteoglycans (such

as Glypican-1 and syndecan-1) has been observed in the advanced

stages of breast cancer (18). Heparan sulphate proteoglycan is the

proteoglycan in ECM or cell surface, which helps to maintain the

integrity of ECM and mediate the interaction between cell matrix

adhesion and growth factor receptor (19). Heparinase (a type of b-
glucosidase) can promote ECM degradation by decomposing
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heparan sulphate proteoglycans (20). tumor cells can synthesize

heparinase to degrade heparan sulphate to increase tumor cell

invasiveness. Studies have confirmed that overexpression of

heparinase in MCF7 cell-lines in vitro and in vivo promote cell

proliferation and matrix invasion (21).
2.2 Migration and vitality

The migration of tumor cells can be accomplished individually

or in a coordinated manner. Moderately and highly differentiated

breast lobular carcinoma cells prefer to coordinate migration whilst

poorly differentiated tumors are inclined to undergo single cell

migration due to the abnormal structure and function of

intercellular adhesion proteins (22). The co-migration of tumor

cells requires a firm intracellular connection in case of being

scattered. As a result, they usually aggregate as emboli after

invasion in blood vessels (23). EMT is a key process in the

mesenchymal movement of a single migrating cell. During EMT,

tumor cells lose their epithelial phenotype (E-cadherin expression)

and express mesenchymal markers, such as N-cadherin, SNAI1,

SLUG (SNAI2), TWIST, vimentin, fibronectin (24). Breast tumor

cells that undergo EMT are more aggressive. They can remodel their

shapes to move through the degraded ECM with the least resistance

(25). The transcriptional repressors of E-cadherin include E-box-

binding homeobox 1 (ZEB1), zinc finger E-box-binding homeobox

2 (ZEB2), twist related protein (Twist), zinc Finger proteins, Snail

and Slug, etc., which initiate EMT through TGF-b, Wnt, and

phosphatidylinositol 3’kinase serine/threonine kinase (PI3K/AKT)

pathway and indicate poor prognosis of breast cancer (26).

Tumor stromal cells promote tumor cell migration. Most

stromal cells in breast cancer are fibroblasts, commonly referred

to as cancer-associated fibroblasts (CAF). Conditioned medium

collected from CAF can promote breast cancer cell motility and

invasion in vitro (25).
2.3 Tumor microenvironment

The tumor microenvironment (TME) is composed of

fibroblasts, immune cells, blood vessels and the extracellular

matrix (ECM) (27, 28) and exerts crucial effect in tumor

metastasis. The complexity of the TME means that tumor

development and progression rely not only on the tumor cells

themselves but also on stromal and immune cells. CAFs can provide

both the physical support and direct the intracellular

communications (29). CAFs undergo the Reverse Warburg effect

and provide cancer cells with glycolytic metabolites (30), and CAF-

derived exosomes can reprogram the metabolic pathway of cancer

cells (31). ECM also provide the architectural support to faciliate the

cell adhesion、water and growth factors preservation for the cancer

cells. During the tumor progression, cancer cells lead to the stiffness

of ECM, and the stiffen ECM contributes to abnormal

proliferation、enhanced metastasis、immuno-suppression、

resistance to theraputics in return (32). Macrophages in the

tumor environment can interact with breast cancer cells and
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endothelial cells to form a niche to facilitate tumor colonization,

proliferation, and escape from immune surveillance (33). T cells,

neutrophils, and other immune cells also play crucial roles in breast

cancer metastasis, influencing both the progression of the disease

and the response to treatment. T cells are a critical component of

the adaptive immune system and can infiltrate the TME where they

exert anti-tumor effects. However, their function can be impaired

within the TME due to various immunosuppressive mechanisms.

Induced by IL1b, gd T cells were capable of producing IL17, which

leads to the systemic expansion and polarization of neutrophils

dependent on G-CSF(Colony Stimulating Factor) in mice with

mammary tumors. These tumor-generated neutrophils gain the

capacity to suppress cytotoxic CD8+ T cells, which are crucial for

controlling metastasis. Neutralizing IL17 or G-CSF, as well as the

absence of gd T cells, prevented the accumulation of neutrophils

and reduced their T cell-suppressive characteristics. Furthermore,

the lack of gd T cells or neutrophils significantly diminished

metastases in the lungs and lymph nodes without affecting the

progression of the primary tumor. These findings suggest that

targeting the newly identified immune pathway involving gd T

cells, IL17, and neutrophils could be a promising strategy to prevent

metastatic disease (34). IL-22 induced by T cell helps to elevate

CD155 expression by cancer cells, which interrupts NK cell

function and activates immunosuppressive circuit to enhance

lung metastasis (35). Increased CD8+ T cell infiltration with

promoted T cell immunity infiltration was associated with

reduced breast cancer distant recurrence (36). Activation of GM-

CSF-JAK/STAT5-C/EBPb pathway helps TINs to defense against

ferroptosis via the Acod1-dependent immunometabolism, which

inflicts antitumor T cell immunity and enhances metastasis (37).

MHCIIhi neutrophils were shown to facilitate the metastasis of

breast cancer to the lung, which were recruited by C-C Motif

Chemokine Ligand 2 (CCL2) from lung tissues with chronic

pulmonary infection, acts as the vital bacterial-immune mediator

to bridge chronic infection and lung metastasis of breast cancer in a

cell-intrinsic manner in a mouse model (38). Co-cultured BC cells

with mesenchymal stem cells increased the expression of the

receptor activator of nuclear factor kB (RANK) and epidermal

growth factor receptor (EGFR) to facilitate osteoclastogenesis,

which also indicated EGFR signalling could be a promising

strategy to intercept bone metastasis (39). However, involvement

of immunity and therapeutic opportunities in bone metastasis of

breast cancer provoke more investment and intensive research.

Tumor cells themselves may affect the microenvironment of the

secondary site before metastasis, establishing a “pre-metastasis

niche” (40). Vascular endothelial growth factor receptor 1

(VEGFR-1)-positive clusters of hematopoietic progenitor cells are

observed in the pre-metastatic lymph nodes of breast cancer

patients before the tumor cells spread to the distant site (40).

Chemokines are involved in the colonization of tumor cells to

target organs. Chemokine receptor 4 (CXCR4) is highly expressed

by breast cancer tissues, and its ligand, chemokine ligand 12

(CXCL12), is mainly in the lymph nodes. Organs with high

CXCL12 expression are associated with some sites of metastatic

breast cancer, such as the lung, bones and lymph nodes (41). The

interaction of CXCR4-CXCL12 promotes the migration of breast
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cancer cells to the common site (41). Another important aspect of

metastasis is neovascularisation, which provides nutrition and

oxygen for metastases (42). Tumors grow faster than normal

tissues and this easily leads to hypoxia in the lesions. Hypoxia

stimulates production of pro-angiogenic factors in tumor cells and

promote the formation of new blood vessels. For example, hypoxia-

inducible factor-1 (HIF-1) triggers the production of an angiogenic

protein vascular endothelial growth factor (VEGF) (42, 43).

Through binding with specific VEGF receptors, VEGF can

enhance the proliferation of vascular endothelial cells and

increased the permeability of micro-vessels to induce

neovascularisation (44). However, the new rapidly formed tumor

vessels are excessively branched with varying shunts and diameters,

which are different from the normal vessel both in structure and

function. Abnormal blood vessels do not provide sufficient oxygen

for the tumor, leading to a vicious cycle of tumor hypoxia (45). In

breast cancer, the expression of VEGF indicates a poor prognosis

and the tumor is prone to metastasis (46).
3 Bone metastasis of breast cancer

Bone metastasis is one of the most serious complications, which

often occurs in the advanced stage of solid tumors such as lung,

breast, prostate, colon-rectal, thyroid, gynecologic, and melanoma

(47). Bone is one the most frequent sites for metastases and the

morbidity of bone metastasis is about 70% in all metastatic breast

cancer (48). As the advanced phase of breast cancer, bone

metastasis is incurable and often leads to a debilitating disease

with many other skeletal related events (SREs) including

pathological fracture caused by osteolysis, dysfunction of the limb

and bone marrow aplasia (49). Bone metastasis not only minimizes

the life quality but also decreases the overall survival of the patients.

Mortality in patients with bone metastases was significantly higher,

especially for bone metastasis complicated by SREs (50).
3.1 Bone remodelling and the bone
metastasis of breast cancer

Normal bone metabolism is the process within dynamic balance

of bone remodeling which is well orchestrated by osteoblasts,

osteoclasts and osteocytes. Bone remodeling is a continuous

process where old bone is removed (bone resorption) and new

bone is formed (bone formation). Bone remodeling, a process in

which osteoclasts and osteoblasts coordinate with each other, can

regulate calcium homeostasis, repair bone damage to resist stress

and maintain skeletal system function. The remodeling process is

initiated by various signals, including mechanical stress and

hormonal changes (51). Osteoclasts are large, multinucleated cells

responsible for the resorption of bone. Once the pre-osteoclasts are

stimulated and differentiate into mature osteoclasts, osteoclasts

attach to the bone matrix and form resorption lacunae by

secreting enzymes and acids to dissolve the mineral matrix and

collagen fibers.This process releases minerals like calcium and

phosphate into the bloodstream (52). After resorption, the area
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undergoes a transitional phase where the resorbed bone surface is

prepared for new bone formation. Osteoblasts, known as

mesenchymal stem cells differentiate from precursor cells, are

responsible for the formation of new bone. They produce new

bone matrix and initiate its mineralization (53). Osteocytes are

mature bone cells that originate from osteoblasts. They become

embedded in the bone matrix and help maintain the bone tissue.

Osteocytes communicate with other bone cells to regulate the

remodeling process (54). Studies revealed that several molecular

mechanisms promote the bone resorption process, in which the

receptor activator of nuclear factor kB (RANK) and its ligand

(RANKL) are critical in regulating osteoclast function (55).

Osteoclast precursors (monocytes/macrophages lineage) express a

receptor called RANK (Receptor Activator of Nuclear factor Kappa-

B). RANKL binds to RANK on the surface of these osteoclast

precursors The binding of RANKL to RANK initiates a cascade of

intracellular signaling events within the osteoclast precursor,

primarily involving the activation of the NF-kB (Nuclear Factor

Kappa-B) pathway and other downstream signaling pathways like

MAPK (Mitogen-Activated Protein Kinase) (55, 56). These

signaling pathways promote the differentiation and maturation of

osteoclast precursors into fully functional multinucleated

osteoclasts. Mature osteoclasts attach to the bone matrix and

secrete hydrochloric acid (HCl) and lysosomal enzymes, like

cathepsin K, which degrade the organic matrix and dissolve the

mineral components of bone (57).This activity creates small pits or

resorption lacunae on the bone surface, effectively re-absorbing

bone tissue. Osteoblasts and other cells also produce OPG

(osteoprotegerin), a decoy receptor that binds to RANKL,

preventing it from interacting with RANK. This serves as a

natural inhibitor of RANKL-mediated osteoclastogenesis and

bone resorption (58). Besides RANKL pathway, hormones,

cytokines and growth factors influence the proliferation of

osteoclasts and osteoblast progenitor cells. Parathyroid hormone

(PTH) induced the generation of osteoclast to enhance osteoclast

mediated bone resorption (59). IL-6, IL-8, TGF-b, and other

molecules are also involved in stimulating osteoclast activity and

supporting cancer cell survival and growth in bone (Table 1). Sex

steroids inhibited maturation of osteoclasts, and reduced secretion

of sex hormone enhanced the activity of osteoclasts, which may lead

to apoptosis of bone cells to promote bone resorption (60).

The process of bone metastasis of breast cancer is a multiple-

step cascade which contains four main steps: (1) invasion,

proliferation and dissociation of cancer cells from the primary

lesion, (2) intravasation and dissemination in the circulation (3)

extravasation of cancer cells (4) colonization in the bone,

disseminated tumor cells settle down in the bone niche, where it

is normally hosted by hematopoietic stem cells (HSCs), followed by

a survival under dormancy, reactivation and ultimate outgrowth

(61, 62).

The bone matrix itself provides a physical barrier which may

impede the colonization of cancer cells. Bone marrow is an

immunological niche where immune cells like T-cells and natural

killer (NK) cells can survey and eliminate aberrant cells (63),

including cancer cells. Osteoblasts and other bone marrow

stromal cells can out-compete cancer cells for space and
Frontiers in Oncology 04
nutrients, limiting their growth. The bone matrix releases anti-

angiogenic factors including angiostatin, interferons (a, b and g),
endostatin, interleukin-12 and retinoids that can suppress the

formation of new blood vessels that are required during tumor
TABLE 1 Signalling pathways associated with the bone metastasis in
breast cancer.

Cytokines/
Pathways

Roles

TGF-b TGF-b is released by cancer cells and bone matrix
during bone resorption. It promotes the epithelial-
mesenchymal transition (EMT) in cancer cells,
enhancing their migratory and invasive
capabilities (123).

BMPs BMPs are involved in bone formation and are also
implicated in promoting the survival and growth of
metastatic cancer cells in the bone (124, 125).

ILs IL-6: Supports cancer cell proliferation and survival; also
promotes osteoclast differentiation, which leads to bone
resorption (126).
IL-8: Enhances the invasiveness and migration of breast
cancer cells (127).
IL-11: Contributes to osteoclastogenesis and bone
resorption (128).

PTHrP PTHrP is secreted by breast cancer cells and stimulates
osteoclast activity indirectly by enhancing RANKL
expression, leading to bone resorption (59).

M-CSF Supports the formation and survival of osteoclasts,
contributing to bone resorption (129).

Prostaglandin E2 Promotes the maturation and activity of osteoclasts via
inducing RANKL expression ro facilitate bone
resorption (130).

OPN/BSP Induces the proliferation of osteoblast, to promotes
bone resorption (131).

RANK/RANKL/
OPG Pathway:

RANK is osteoclast precursors (132).
RANKL is expressed by osteoblasts and stromal cells,
which binds to RANK to promote osteoclast
differentiation and activation (67, 68) (133).
OPG: A decoy receptor for RANKL, inhibiting its
interaction with RANK and thus decreasing
osteoclastogenesis (132).

Integrins and Focal
Adhesion Kinase
(FAK) Pathway:

Integrins facilitate the attachment of cancer cells to the
bone matrix (134).
FAK signaling promotes cell survival, proliferation, and
migration (134).

PI3K/AKT/
mTOR Pathway:

Key pathway for cell survival and proliferation.
Activation leads to cancer cell growth and resistance to
apoptosis (135).

Wnt/b-
catenin Pathway:

Wnt signaling is involved in bone formation and cancer
progression (136), whilst b-catenin accumulation can
lead to increased cancer cell proliferation and
survival (136).

MCP-1/
CCR2 Pathway:

Monocyte chemoattractant protein-1 (MCP-1) and its
receptor CCR2 are important for recruiting monocytes/
macrophages, which can differentiate into osteoclasts
and promote bone resorption (137).

VEGF: VEGF enhances angiogenesis, providing nutrients and
oxygen to metastatic cancer cells, and is also implicated
in promoting osteoclastogenesis and bone
resorption (138).
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growth (64). However, once the dynamic balance is destroyed, it

may lead to osteolytic lesions, presenting lower bone density or

osteoblastic lesions, with excessive bone deposition. After

menopause, due to the rapid decline in oestrogen levels,

osteoclasts are active and bone loss is accelerated. After breast

cancer patients received chemotherapy or hormone adjuvant

therapy, the risk of low bone density and osteoporosis has been

found to be increased (65). When breast cancer cells spread to the

bones, they will gradually adapt to the bone microenvironment,

destroy the bone homeostasis, then, start a vicious cycle of bone

metastasis under various mechanisms.
3.2 Predilection to metastasis to the bone

Although it is lacking in understanding, characteristics of bone

environment and properties of breast cancer cells certainly bear

traits at levels of tissues, cells and genes for the predisposition of

bone metastasis from breast cancer. The inorganic phase of bone is

mainly composed of the mineral hydroxyapatite nanocrystals (HA).

High HA induced the secretion of pro-osteoclastic interleukin-8

(IL-8) by MDA-MB-231 cells to facilitate bone colonization (66).

The extracellular bone matrix is enriched with type-I collagen,

osteopontin (OPN), and bone sialoprotein (BSP). Elevated

expression of OPN and BSP can facilitate tumor cell adhesion to

collagen and increase metastatic propensity to bone (67, 68). The

skeletal microenvironment is known to be a highly hypoxic

environment and the pressure of oxygen (pO2) in mouse bone

marrow is significantly lower than other tissues or organs (69).

Hypoxia is known to be involved in various steps of bone

metastasis, including the premetastatic niches, dormancy and

osteolytic vicious cycles (70, 71). Bone marrow hypoxia can

promote the expression of HIF-1 (72), which subsequently induce

the secretion of C-X-C motif chemokine 12 (CXCL12) (73). Upon

binding with Ca2+ and chemokine receptor 4 (CXCR-4), CXCL12

activate multiple signalling pathways such as PI3K/Akt, ERK/

MAPK pathway to facilitate the colonisation of disseminated

tumor cells in bone tissue (74). Hypoxia could also enhance the

activity of osteoclasts and suppress the differentiation of osteoblasts

(70). The bone environment contains a lot of alkaline minerals

(hydroxyapatite) and the buffer system to maintain a normal pH

value. In the early stage of bone metastasis, due to the hypoxia and

excess secretion of H+ both inside and outside of the cell

membrane, caused by a high glycolysis status in the tumor cells,

the bone microenvironment is maintained in a state of acidosis.

Among this process, vacuolar H+-ATPase (V-ATPase) performed

actively for bone microenvironment acidosis, which was expressed

in both tumor cells and osteoclasts (75). Acidosis significantly

enhanced the activity of osteoclasts with elevated secretion of

cytokines, leading to bone loss, such as activated T-cell nuclear

factor 1 in activated osteoclasts (76). Acidosis could also inhibit the

biological functions of osteoblasts, leading to impaired trabecular

bone formation and promoted the expression of osteoclast RANKL

(77). In addition, the acidosis environment activated NF-kB signal

transduction pathway in mesenchymal stromal cell can promote the

secretion of inflammatory factors, chemokines and growth factors,
Frontiers in Oncology 05
such as IL-1, IL-6 and CXCL2, which can subsequently induce

tumor-induced nociception and hyperalgesia to facilitate invasion

and immune escape (75).

Trabecular of cancellous bone is fenestrated which contains rich

blood vessels with slow blood flow and is suitable for breast cancer cells

to colonise after successfully spreading through blood circulation (78).

Various kinds of tumor cells including ovarian, gastric and

colorectal cancers can be detected in the bone marrow (79–81),

which indicates that the bone metastasis of breast cancer at the

initial stage is passive. However, only a few kinds of cancer cells

including breast cancer cells can form overt metastatic bone lesions

(49), which indicates that passive dissemination of breast tumor

cells to the bone marrow is an early step in forming bone metastasis,

but it is not the critical driving event of bone metastasis. Apart from

the passive transportation, the properties of breast cancer cells are

essential in bone metastasis. The bone environment is a reservoir

for minerals, especially for calcium ions. Breast cancer cells highly

express calcium-sensing receptor (CaSR), which could bind with

Ca2+, and promote breast tumor cell spread to the bone tissue with

high Ca2+ concentration. In vitro studies have shown that

extracellular Ca2+ combined with CaSR expressed by tumor cells

activate AKT and MAPK pathways to enhance migration and

proliferation of cancer cells, whilst application of CaSR

antagonists to interfere with renal cancer in mice significantly

reduced the incidence of bone metastasis (82).

RANK was highly expressed on the surface of breast cancer cells,

while RANKL was overexpressed in bone tissues (83, 84). In addition,

the chemokine receptor CXCR4 was highly expressed in breast cancer

tissues, and its ligand CXCL12 was overexpressed in common

metastatic sites of breast cancer including bone marrow (41).

Interaction mediated by these molecules between cancer cells and

bone microenvironment may account for at least partially for the

predisposition of breast cancer to metastasize to the bone (Figure 1).
3.3 Biological character of bone metastasis
in breast cancer

Bone metastasis is preferential in poorly differentiated and ER-

positive breast tumors (85), upregulated trefoil factor-1 (pS2 or

TFF1) was reported as the potential biomarker for the predilection

of bone metastasis in early stage of ER-positive breast carcinoma

rather than the advanced stage (86). Notably, although the early

incidence of bone metastasis in ER-negative cancers is higher, the

frequency of bone recurrence is higher in ER-positive cancers (87),

which may caused by the reduced ER expression and activities by

osteogenic niche in bone micrometastases, leading to the endocrine

resistance (88). Lymph circulation plays a vital role in the invasion

of breast cancer and the lymph node status is very important in

predicting the prognosis of breast cancers. Generally, the

assessment of the risk of developing bone metastasis in breast

cancer includes the number of positive lymph nodes, the size of

the tumor, and age of the patient. If the numbers of positive lymph

nodes are more than 4, and the size of the tumor is larger than 2cm

and the patient is younger than 35 years, the patients are usually

associated with higher risk of bone metastasis (87).
frontiersin.org

https://doi.org/10.3389/fonc.2024.1401113
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sui et al. 10.3389/fonc.2024.1401113
3.3.1 Dormancy
After disseminating and settling in the bone, breast cancer cells

often enter a quiescent state to evade host immunosurveillance and

adapt to the bone environment. This state is characterized by cell

cycle arrest at the G0/G1 phase, thus lacking obvious proliferative

features (89, 90). The duration of dormancy is subtype-dependent.

In luminal A/B breast cancers, dormancy can last up to 10 years,

maintaining a steady probability of metastatic relapse. Conversely,

in triple-negative breast cancer (TNBC), bone metastases are

typically developed within 5 years following diagnosis (91).

The hypoxic environment of the primary tumor influences the

dormancy of metastatic cells in bones. Hypoxia in primary tumors

induces a dormant gene program mediated by NR2F1 (Nuclear

Receptor Subfamily 2 Group F Member 1), leading to dormancy in

the bone microenvironment (92). Bone marrow, the site of

hematopoietic stem cell (HSC) production, consists of the

perivascular and endosteal niches. Both niches involve cells such

as endothelial cells and osteoblast lineage cells that secrete growth

and apoptosis signals to maintain the HSC population (93). Tumor

cells interacts with different niche cells to achieve bone colonization.

Chemokines like CXCL12 and E-selectin are abundantly present in

the bone microenvironment, attracting breast cancer cells to the

perivascular niche to faciltate mesenchymal-to-epithelial transition

(MET), stemness and survival (94). CXCL12 interacts with CXCR4,

a receptor expressed on breast cancer cells, to guide their migration

toward high-CXCL12 areas. After MET, distant breast cancer cells

present a more static and epithelial state with to facilitate the

subsequent metastatic outgrowth (95). E-selectin, an adhesion
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molecule on endothelial cells, facilitates initial tethering and

rolling of cancer cells to active the Wnt signaling pathway—a

crucial process for metastasis in distant organs (94, 96). It is

worth mentioning that although epithelial markers such as

EpCam and Keratin-14 increased in cancer cells, traditional EMT

regulators (Snail, Twist and Zeb) remained unchanged after MET

(97). Moreover, endothelial cells in the bone microenvironment can

secrete angiogenesis inhibitors such as thrombospondin-1 (TSP1),

which promote dormancy in disseminated breast cancer cells (98).

The collaboration between the endosteal niche and the HSC niche

provides a supportive microenvironment for metastatic cancer cell

dormancy (99, 100). In the endosteal niche, tumor cells are also

capable of expressing the Notch ligand Jagged1、vascular cell

adhesion molecule (VCAM)1 or by inducing osteogenic cells to

produce the osteoclast-stimulating factors macrophage colony

stimulating factor (M-CSF) and RANKL to inducing osteoclastic

bone formation, which facilitates the renowned ‘vicious cycle’ of

osteolytic bone metastasis (94).

Internal tumor signaling also influences metastatic dormancy.

The p38 MAPK pathway is instrumental in regulating tumor

dormancy. Bone morphogenetic proteins (BMPs) in the bone

microenvironment upregulate p38 and downregulate ERK

expression, thereby inducing dormancy (101). The TGF-b2
cytokine, enriched in bone marrow, also contributes to inducing

dormancy (90). Mitogen- and stress-activated kinase 1 (MSK1), a

downstream effector of p38 MAPK, modulates breast cancer

dormancy by altering chromatin structure and reducing luminal

differentiation gene expression (e.g., GATA3, FOXA1) (102).
FIGURE 1

Mechanism of bone metastasis in breast cancer. Osteolytic factors such as PTHrP, TGFb, IL11, IL6 etc. secreted from the tumor cells induce the
maturation of osteoclast from precusers, leading to the bone destruction. tumor cells also secrete osteoblastic factors including VEGF, PDGF etc. to
promote the maturation of osteoblast to induce bone formation. CXCR4 was highly expressed in breast cancer tissues, and its ligand CXCL12 was
overexpressed in bone marrow induced by HIF. RANKL produced by the osteoblast also contributes to the maturation of osteoclast to lyse the bone
matrix. Released growth factors due to the bone destruction support the expansion of tumor cells in turn and aggravate the bone destruction. This
process is named vicious cycle.
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Downregulation of MSK1 enhances the proliferation of bone-

disseminated breast cancers, correlating with advanced metastasis

in patients (102, 103). The orphan nuclear receptor NR2F1, another

mediator of p38 MAPK, can initiate dormancy in several cancer

types, including breast cancer (104). Clinical evidence associates

NR2F1 expression with early breast cancer recurrence (105).

Moreover, autophagy, independent of Beclin 1 (BECN1), is a

survival mechanism inducing dormancy in breast cancer cells (106).

3.3.2 Outgrowth
Upon adapting to the bone microenvironment, the balance

between proliferation and apoptosis in breast cancer cells is

disrupted, initiating a positive feedback loop involving tumor cells,

osteoclasts, osteoblasts, and the bone matrix, termed “the vicious cycle

of bone metastasis” (107). Disseminated breast cancer cells can

undergo EMT to acquire an osteoblast-like phenotype, a process

known as osteomimicry, characterized by the upregulation of pro-

osteoblastic genes (108). Osteomimicry enables these cancer cells to

functionally mimic osteoblasts and act as paracrine regulators of

osteoclasts. Cytokines such as the receptor activator of nuclear

factor-kB (RANK), interleukin-1 (IL-1), IL-6, IL-11, macrophage

inflammatory protein 1a (MIP1a), M-CSF, and parathyroid

hormone-related peptide (PTHrP) are secreted by osteo-mimicking

tumor cells to enhance osteoclast formation and activity, leading to

excessive bone resorption (109). These cells also upregulate RANKL

expression on osteoblasts, stimulating osteoclast activity (110).

Osteoblasts secrete osteoprotegerin (OPG), a decoy receptor that

inhibits RANKL-induced osteoclastogenesis by competitively binding

RANKL (111). PTHrP, released by osteoblasts, is a key regulator of the

vicious cycle, enhancing osteoclastogenesis via RANKL and inhibiting

OPG (112, 113). The resulting bone resorption provides new niches for

cancer cell colonization and releases cytokines like BMP, transforming

growth factor-b (TGF-b), fibroblast growth factor (FGF), and platelet-

derived growth factor (PDGF) from the bone matrix, further

promoting tumor proliferation and PTHrP production, thus

perpetuating bone destruction (109). The subsequent calcium release

during osteolysis can induce hypercalcemia. Breast cancer cells express

calcium-sensing receptors that interact with released calcium ions to

promote cell proliferation and survival (114). The Wnt signaling

pathway also plays a role in enhancing osteoclast differentiation

while inhibiting osteoblast activity (115). Dickkopf-1 (DKK-1), highly

expressed in breast cancer patients with bone metastasis, inhibits Wnt

signaling, promoting osteoclastogenesis and suppressing osteoblast

function (116).

Breast cancer bone metastases predominantly exhibit osteolytic

lesions, although osteogenic (osteoblastic) lesions are seen in about

12-50% of cases (117). Bone destruction in osteolytic lesions can

induce reactive osteogenesis, leading to mixed lesions (109). The

molecular mechanisms underlying osteoblastic lesions remain

underexplored, yet Cbfa1 (Runx-2) is associated with osteoblastic

differentiation and essential metastatic processes (118). Bone

resorption biomarkers such as NTX (N-telopeptide of type I

collagen) are elevated in osteoblastic disease, with the NTX/

creatinine ratio used to monitor bone resorption (119). Osteoblast

cadherin (CDH11) is another stromal interaction protein linked to
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osteoblastic metastasis (120). PDGF, FGF, TGF-b, BMP, and

endothelin-1 are cytokines enhancing osteoblast activity (121).

Endothelin-1 inhibits DKK-1 expression in bone marrow stromal

cells, promoting osteoblast production and osteoblastic lesion

development when Wnt signaling inhibition is alleviated (122).

Signalling pathways associated with the bone metastasis in breast

cancer were summarised in Table 1.
4 Conclusions and perspectives

In summary, the occurrence of bone metastasis is related to the

biological behavior of tumor cells and the bone microenvironment.

During bone metastasis, tumor cells and osteoblasts remotely

regulate each other, and the bone microenvironment undergoes

significant changes at the cellular and cytokine levels. However,

further research is required to unveil the relationship between

osteoclasts, osteoblasts and tumor cells, as well as the involvement

of cytokines. It is believed that with the improvement of molecular

and genetic technology, the molecular mechanism of bone

metastasis will be clarified gradually, which will shed light on a

theoretical basis for the earlier diagnosis and exploration of and

novel anti-bone metastasis drugs.
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Rodrıǵuez R, Lara-Padilla E, Enrıq́uez-Rincón F, et al. Overexpression of MMP-3
and uPA with diminished PAI-1 related to metastasis in ductal breast cancer patients
attending a public hospital in Mexico city. J Immunol Res 2016. (2016) p:8519648.
doi: 10.1155/2016/8519648

16. Huang HY, Jiang ZF, Li QX, Liu JY, Wang T, Zhang R, et al. Inhibition of human
breast cancer cell invasion by siRNA against urokinase-type plasminogen activator.
Cancer Invest. (2010) 28:689–97. doi: 10.3109/07357901003735642

17. Kelly T, Yan Y, Osborne RL, Athota AB, Rozypal TL, Colclasure JC, et al.
Proteolysis of extracellular matrix by invadopodia facilitates human breast cancer cell
invasion and is mediated by matrix metalloproteinases. Clin Exp Metastasis. (1998)
16:501–12. doi: 10.1023/A:1006538200886

18. Matsuda K, Maruyama H, Guo F, Kleeff J, Itakura J, Matsumoto Y, et al.
Glypican-1 is overexpressed in human breast cancer and modulates the mitogenic
effects of multiple heparin-binding growth factors in breast cancer cells. Cancer Res.
(2001) 61:5562–9.

19. Arvatz G, Shafat I, Levy-Adam F, Ilan N, Vlodavsky I. The heparanase system
and tumor metastasis: is heparanase the seed and soil? Cancer Metastasis Rev. (2011)
30:253–68. doi: 10.1007/s10555-011-9288-x

20. Gotte M, Yip GW.Heparanase, hyaluronan, and CD44 in cancers: a breast carcinoma
perspective. Cancer Res. (2006) 66:10233–7. doi: 10.1158/0008-5472.CAN-06-1464

21. Cohen I, Pappo O, Elkin M, San T, Bar-Shavit R, Hazan R, et al. Heparanase
promotes growth, angiogenesis and survival of primary breast tumors. Int J Cancer.
(2006) 118:1609–17. doi: 10.1002/ijc.v118:7

22. McSherry EA, Donatello S, Hopkins A M, McDonnell S. Molecular basis of
invasion in breast cancer. Cell Mol Life Sci. (2007) 64:3201–18. doi: 10.1007/s00018-
007-7388-0

23. Fidler IJ. The relationship of embolic homogeneity, number, size and viability to
the incidence of experimental metastasis. Eur J Cancer. (1973) 9:223–7. doi: 10.1016/
S0014-2964(73)80022-2

24. Ye L, Mason MD, Jiang WG. Bone morphogenetic protein and bone metastasis,
implication and therapeutic potential. Front Biosci (Landmark Ed). (2011) 16:865–97.
doi: 10.2741/3725
Frontiers in Oncology 08
25. Mego M, Mani SA, Cristofanilli M. Molecular mechanisms of metastasis in
breast cancer–clinical applications. Nat Rev Clin Oncol. (2010) 7:693–701. doi: 10.1038/
nrclinonc.2010.171

26. Scully OJ, Bay BH, Yip G, Yu Y. Breast cancer metastasis. Cancer Genomics
Proteomics. (2012) 9:311–20.

27. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. (2006) 6:392–401.
doi: 10.1038/nrc1877

28. Folkman J, Kalluri R. Cancer without disease. Nature. (2004) 427:787.
doi: 10.1038/427787a

29. Sazeides C, Le A. Metabolic relationship between cancer-associated fibroblasts
and cancer cells. Adv Exp Med Biol 2018. (1063) p:149–65. doi: 10.1007/978-3-319-
77736-8_11

30. Pavlides S, Whitaker-Menezes D, Castello-Cros R, Flomenberg N, Witkiewicz
AK, Frank PG, et al. The reverse Warburg effect: aerobic glycolysis in cancer associated
fibroblasts and the tumor stroma. Cell Cycle. (2009) 8:3984–4001. doi: 10.4161/
cc.8.23.10238

31. Zhao H, Yang L, Baddour J, Achreja A, Bernard V, Moss T, et al. Tumor
microenvironment derived exosomes pleiotropically modulate cancer cell metabolism.
Elife. (2016) 5:e10250. doi: 10.7554/eLife.10250

32. Huang J, Zhang L,WanD, Zhou L, Zheng S, Lin S, et al. Extracellular matrix and its
therapeutic potential for cancer treatment. Signal Transduct Target Ther. (2021) 6:153.
doi: 10.1038/s41392-021-00544-0

33. Gao D, Mittal V. The role of bone-marrow-derived cells in tumor growth,
metastasis initiation and progression. Trends Mol Med. (2009) 15:333–43. doi: 10.1016/
j.molmed.2009.06.006

34. Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau C, et al. IL-17-
producing gammadelta T cells and neutrophils conspire to promote breast cancer
metastasis. Nature. (2015) 522:345–8. doi: 10.1038/nature14282

35. Briukhovetska D, Suarez-Gosalvez J, Voigt C, Markota A, Giannou AD, Schübel
M, et al. T cell-derived interleukin-22 drives the expression of CD155 by cancer cells to
suppress NK cell function and promote metastasis. Immunity. (2023) 56:143–161 e11.
doi: 10.1016/j.immuni.2022.12.010

36. Li K, Li T, Feng Z, Huang M, Wei L, Yan Z, et al. CD8(+) T cell immunity blocks
the metastasis of carcinogen-exposed breast cancer. Sci Adv. (2021) 7(25):eabd8936.
doi: 10.1126/sciadv.abd8936

37. Yao L, Sheng X, Dong X, Zhou W, Li Y, Ma X, et al. Neutrophil extracellular
traps mediate TLR9/Merlin axis to resist ferroptosis and promote triple negative breast
cancer progression. Apoptosis. (2023) 28:1484–95. doi: 10.1007/s10495-023-01866-w

38. Ma T, Tang Y, Wang T, Yang Y, Zhang Y, Wang R, et al. Chronic pulmonary
bacterial infection facilitates breast cancer lung metastasis by recruiting tumor-
promoting MHCII(hi) neutrophils. Signal Transduct Target Ther. (2023) 8:296.
doi: 10.1038/s41392-023-01542-0

39. Mercatali L, Manna FL, Miserocchi G, Liverani C, Vita AD, Spadazzi C, et al.
Tumor-stroma crosstalk in bone tissue: the osteoclastogenic potential of a breast cancer
cell line in a co-culture system and the role of EGFR inhibition. Int J Mol Sci. (2017) 18
(8):1655. doi: 10.3390/ijms18081655

40. Psaila B, Kaplan RN, Port ER, Lyden D. Priming the ‘soil’ for breast cancer metastasis:
the pre-metastatic niche. Breast Dis. (2006) 26:65–74. doi: 10.3233/bd-2007-26106

41. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al. Involvement
of chemokine receptors in breast cancer metastasis. Nature. (2001) 410:50–6.
doi: 10.1038/35065016

42. de Castro Junior G, Puglisi F, de Azambuja E, Saghir El Awada NS A.
Angiogenesis and cancer: A cross-talk between basic science and clinical trials (the
“do ut des” paradigm). Crit Rev Oncol Hematol. (2006) 59:40–50. doi: 10.1016/
j.critrevonc.2006.02.007

43. Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of the HIF
system. Nat Med. (2003) 9:677–84. doi: 10.1038/nm0603-677

44. Dvorak HF. Vascular permeability factor/vascular endothelial growth factor: a
critical cytokine in tumor angiogenesis and a potential target for diagnosis and therapy.
J Clin Oncol. (2002) 20:4368–80. doi: 10.1200/JCO.2002.10.088

45. Jain RK. Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science. (2005) 307:58–62. doi: 10.1126/science.1104819

46. Mareel M, Oliveira MJ, Madani I. Cancer invasion and metastasis: interacting
ecosystems. Virchows Arch. (2009) 454:599–622. doi: 10.1007/s00428-009-0784-0

47. Fornetti J, Welm AL, Stewart SA. Understanding the bone in cancer metastasis. J
Bone Miner Res. (2018) 33:2099–113. doi: 10.1002/jbmr.3618

48. Pulido C, Vendrell I, Ferreira AR, Casimiro S, Mansinho A, Alho I, et al. Bone
metastasis risk factors in breast cancer. Ecancermedicalscience. (2017) 11:715.
doi: 10.3332/ecancer.2017.715

49. Coleman RE. Clinical features of metastatic bone disease and risk of skeletal
morbidity. Clin Cancer Res. (2006) 12:6243s–9s. doi: 10.1158/1078-0432.CCR-06-0931

50. Sathiakumar N, Delzell E, Morrisey MA, Falkson C, Yong M, Chia V, et al.
Mortality following bone metastasis and skeletal-related events among women with
frontiersin.org

https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/bjc.2016.304
https://doi.org/10.1038/bjc.2016.304
https://doi.org/10.1186/bcr1988
https://doi.org/10.1158/0008-5472.CAN-10-1040
https://doi.org/10.1158/0008-5472.CAN-10-1040
https://doi.org/10.3390/cancers15113021
https://doi.org/10.1007/s10549-011-1499-x
https://doi.org/10.1091/mbc.e11-04-0306
https://doi.org/10.1007/s10549-006-9248-2
https://doi.org/10.1007/s10549-006-9248-2
https://doi.org/10.1186/bcr3046
https://doi.org/10.1038/nrc1276
https://doi.org/10.3892/ol.2016.5369
https://doi.org/10.22034/APJCP.2017.18.3.667
https://doi.org/10.1007/s10911-010-9174-0
https://doi.org/10.1160/TH05-01-0054
https://doi.org/10.1160/TH05-01-0054
https://doi.org/10.1155/2016/8519648
https://doi.org/10.3109/07357901003735642
https://doi.org/10.1023/A:1006538200886
https://doi.org/10.1007/s10555-011-9288-x
https://doi.org/10.1158/0008-5472.CAN-06-1464
https://doi.org/10.1002/ijc.v118:7
https://doi.org/10.1007/s00018-007-7388-0
https://doi.org/10.1007/s00018-007-7388-0
https://doi.org/10.1016/S0014-2964(73)80022-2
https://doi.org/10.1016/S0014-2964(73)80022-2
https://doi.org/10.2741/3725
https://doi.org/10.1038/nrclinonc.2010.171
https://doi.org/10.1038/nrclinonc.2010.171
https://doi.org/10.1038/nrc1877
https://doi.org/10.1038/427787a
https://doi.org/10.1007/978-3-319-77736-8_11
https://doi.org/10.1007/978-3-319-77736-8_11
https://doi.org/10.4161/cc.8.23.10238
https://doi.org/10.4161/cc.8.23.10238
https://doi.org/10.7554/eLife.10250
https://doi.org/10.1038/s41392-021-00544-0
https://doi.org/10.1016/j.molmed.2009.06.006
https://doi.org/10.1016/j.molmed.2009.06.006
https://doi.org/10.1038/nature14282
https://doi.org/10.1016/j.immuni.2022.12.010
https://doi.org/10.1126/sciadv.abd8936
https://doi.org/10.1007/s10495-023-01866-w
https://doi.org/10.1038/s41392-023-01542-0
https://doi.org/10.3390/ijms18081655
https://doi.org/10.3233/bd-2007-26106
https://doi.org/10.1038/35065016
https://doi.org/10.1016/j.critrevonc.2006.02.007
https://doi.org/10.1016/j.critrevonc.2006.02.007
https://doi.org/10.1038/nm0603-677
https://doi.org/10.1200/JCO.2002.10.088
https://doi.org/10.1126/science.1104819
https://doi.org/10.1007/s00428-009-0784-0
https://doi.org/10.1002/jbmr.3618
https://doi.org/10.3332/ecancer.2017.715
https://doi.org/10.1158/1078-0432.CCR-06-0931
https://doi.org/10.3389/fonc.2024.1401113
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sui et al. 10.3389/fonc.2024.1401113
breast cancer: a population-based analysis of U.S. Medicare beneficiaries, 1999-2006.
Breast Cancer Res Treat. (2012) 131:231–8. doi: 10.1007/s10549-011-1721-x

51. Kim JM, Lin C, Stavre Z, Greenblatt MB, Shim JH. Osteoblast-osteoclast
communication and bone homeostasis. Cells. (2020) 9(9):2073. doi: 10.3390/
cells9092073

52. Ji L, Li X, He S, Chen S. Regulation of osteoclast-mediated bone resorption by
microRNA. Cell Mol Life Sci. (2022) 79:287. doi: 10.1007/s00018-022-04298-y

53. Uenaka M, Yamashita E, Kikuta J, Morimoto A, Ao T, Mizuno H, et al.
Osteoblast-derived vesicles induce a switch from bone-formation to bone-resorption
in vivo. Nat Commun. (2022) 13:1066. doi: 10.1038/s41467-022-28673-2

54. Parfitt AM. Targeted and nontargeted bone remodeling: relationship to basic
multicellular unit origination and progression. Bone. (2002) 30:5–7. doi: 10.1016/
S8756-3282(01)00642-1

55. McDonald MM, Khoo WH, Ng PY, Xiao Y, Zamerli J, Thatcher P, et al.
Osteoclasts recycle via osteomorphs during RANKL-stimulated bone resorption. Cell.
(2021) 184:1330–1347.e13. doi: 10.1016/j.cell.2021.02.002

56. Guo J, Ren R, Sun K, Yao X, Lin J, Wang G, et al. PERK controls bone
homeostasis through the regulation of osteoclast differentiation and function. Cell
Death Dis. (2020) 11:847. doi: 10.1038/s41419-020-03046-z

57. Wilson SR, Peters C, Saftig P, Brömme D. Cathepsin K activity-dependent
regulation of osteoclast actin ring formation and bone resorption. J Biol Chem. (2009)
284:2584–92. doi: 10.1074/jbc.M805280200

58. Tobeiha M, Moghadasian MH, Amin N, Jafarnejad S. RANKL/RANK/OPG
pathway: A mechanism involved in exercise-induced bone remodeling. BioMed Res Int
2020. (2020) p:6910312. doi: 10.1155/2020/6910312

59. Fu Q, Manolagas SC, O’Brien CA. Parathyroid hormone controls receptor
activator of NF-kappaB ligand gene expression via a distant transcriptional
enhancer. Mol Cell Biol. (2006) 26:6453–68. doi: 10.1128/MCB.00356-06

60. Xiong J, O’Brien CA. Osteocyte RANKL: new insights into the control of bone
remodeling. J Bone Miner Res. (2012) 27:499–505. doi: 10.1002/jbmr.1547

61. Roodman GD. Mechanisms of bone metastasis. N Engl J Med. (2004) 350:1655–
64. doi: 10.1056/NEJMra030831

62. Yoneda T, Hiraga T. Crosstalk between cancer cells and bone microenvironment
in bone metastasis. Biochem Biophys Res Commun. (2005) 328:679–87. doi: 10.1016/
j.bbrc.2004.11.070

63. Slamanig SA, Nolte MA. The bone marrow as sanctuary for plasma cells and
memory T-cells: implications for adaptive immunity and vaccinology. Cells. (2021) 10
(6):1508. doi: 10.3390/cells10061508

64. Saman H, Raza SS, Uddin S, Rasul K. Inducing angiogenesis, a key step in cancer
vascularization, and treatment approaches. Cancers (Basel). (2020) 12(5):1172.
doi: 10.3390/cancers12051172

65. Van Poznak C, Sauter NP. Clinical management of osteoporosis in women with
a history of breast carcinoma. Cancer. (2005) 104:443–56. doi: 10.1002/cncr.v104:3

66. Pathi SP, Kowalczewski C, Tadipatri R, Fischbach C. A novel 3-D mineralized
tumor model to study breast cancer bone metastasis. PloS One. (2010) 5:e8849.
doi: 10.1371/journal.pone.0008849

67. Kruger TE, Miller AH, Godwin AK, Wang J. Bone sialoprotein and osteopontin
in bone metastasis of osteotropic cancers. Crit Rev Oncol Hematol. (2014) 89:330–41.
doi: 10.1016/j.critrevonc.2013.08.013

68. Pecheur I, Peyruchaud O, Serre C, Guglielmi J, Voland C, Bourre F, et al. Integrin
alpha(v)beta3 expression confers on tumor cells a greater propensity to metastasize to
bone. FASEB J. (2002) 16:1266–8. doi: 10.1096/fj.01-0911fje

69. Ferrer A, Ros CT, El-Far MH, Savanur VH, Eljarrah A, Gergues M, et al.
Hypoxia-mediated changes in bone marrow microenvironment in breast cancer
dormancy. Cancer Lett. (2020) 488:9–17. doi: 10.1016/j.canlet.2020.05.026

70. Hiraga T, Kizaka-Kondoh S, Hirota K, Hiraoka M, Yoneda T. Hypoxia and
hypoxia-inducible factor-1 expression enhance osteolytic bone metastases of breast
cancer. Cancer Res. (2007) 67:4157–63. doi: 10.1158/0008-5472.CAN-06-2355

71. Cox TR, Rumney RMH, Schoof EM, Perryman L, Høye AM, Agrawal A, et al.
The hypoxic cancer secretome induces pre-metastatic bone lesions through lysyl
oxidase. Nature. (2015) 522:106–10. doi: 10.1038/nature14492

72. Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, et al. Direct
measurement of local oxygen concentration in the bone marrow of live animals.
Nature. (2014) 508:269–73. doi: 10.1038/nature13034

73. Devignes CS, Aslan Y, Brenot A, Devillers A, Schepers K, Fabre S, et al. HIF
signaling in osteoblast-lineage cells promotes systemic breast cancer growth and
metastasis in mice. Proc Natl Acad Sci U.S.A. (2018) 115:E992–E1001. doi: 10.1073/
pnas.1718009115

74. Wang Y, Xie Y, Oupicky D. Potential of CXCR4/CXCL12 chemokine axis in
cancer drug delivery. Curr Pharmacol Rep. (2016) 2:1–10. doi: 10.1007/s40495-015-
0044-8

75. Avnet S, Pompo GD, Chano T, Errani C, Ibrahim-Hashim A, Gillies RJ, et al.
Cancer-associated mesenchymal stroma fosters the stemness of osteosarcoma cells in
response to intratumoral acidosis via NF-kappaB activation. Int J Cancer. (2017)
140:1331–45. doi: 10.1002/ijc.30540

76. Yuan FL, Xu MH, Li X, Xinlong H, FangW, Dong J, et al. The roles of acidosis in
osteoclast biology. Front Physiol. (2016) 7:222. doi: 10.3389/fphys.2016.00222
Frontiers in Oncology 09
77. Arnett TR. Acidosis, hypoxia and bone. Arch Biochem Biophys. (2010) 503:103–
9. doi: 10.1016/j.abb.2010.07.021

78. Theriault RL, Theriault RL. Biology of bone metastases. Cancer Control. (2012)
19:92–101. doi: 10.1177/107327481201900203

79. Juhl H, Stritzel M, Wroblewski A, Henne-Bruns D, Kremer B, Schmiegel W, et al.
Immunocytological detection of micrometastatic cells: comparative evaluation of
findings in the peritoneal cavity and the bone marrow of gastric, colorectal and
pancreatic cancer patients. Int J Cancer. (1994) 57:330–5. doi: 10.1002/ijc.2910570307

80. Banys M, Solomayer EF, Becker S, Krawczyk N, Gardanis K, Staebler A, et al.
Disseminated tumor cells in bone marrow may affect prognosis of patients with
gynecologic Malignancies. Int J Gynecol Cancer. (2009) 19:948–52. doi: 10.1111/
IGC.0b013e3181a23c4c

81. Dardaei L, Shahsavani R, Ghavamzadeh A, Behmanesh M, Aslankoohi E,
Alimoghaddam K, et al. The detection of disseminated tumor cells in bone marrow
and peripheral blood of gastric cancer patients by multimarker (CEA, CK20, TFF1 and
MUC2) quantitative real-time PCR. Clin Biochem. (2011) 44:325–30. doi: 10.1016/
j.clinbiochem.2010.11.005

82. Frees S, Breuksch I, Haber T, Bauer HK, Chavez-Munoz C, Raven P, et al.
Calcium-sensing receptor (CaSR) promotes development of bone metastasis in renal
cell carcinoma. Oncotarget. (2018) 9:15766–79. doi: 10.18632/oncotarget.24607

83. Rose AA, Siegel PM. Emerging therapeutic targets in breast cancer bone
metastasis. Future Oncol. (2010) 6:55–74. doi: 10.2217/fon.09.138

84. Jones DH, Nakashima T, Sanchez OH, Kozieradzki I, Komarova SV, Sarosi I,
et al. Regulation of cancer cell migration and bone metastasis by RANKL. Nature.
(2006) 440:692–6. doi: 10.1038/nature04524

85. James JJ, vans AJ, Pinder SE, Gutteridge E, Cheung KL, Chan S, et al. Bone
metastases from breast carcinoma: histopathological - radiological correlations and
prognostic features. Br J Cancer. (2003) 89:660–5. doi: 10.1038/sj.bjc.6601198

86. Spadazzi C, Mercatali L, Esposito M, Wei Y, Liverani C, De Vita A., et al. Trefoil
factor-1 upregulation in estrogen-receptor positive breast cancer correlates with an increased
risk of bone metastasis. Bone. (2021) 144:115775. doi: 10.1016/j.bone.2020.115775

87. Colleoni M, O'Neill A, Goldhirsch A, Gelber RD, Bonetti M, Thürlimann B.,
et al. Identifying breast cancer patients at high risk for bone metastases. J Clin Oncol.
(2000) 18:3925–35. doi: 10.1200/JCO.2000.18.23.3925

88. Bado IL, Zhang W, Hu J, Xu Z, Wang H, Sarkar P., et al. The bone
microenvironment increases phenotypic plasticity of ER(+) breast cancer cells. Dev
Cell. (2021) 56:1100–1117.e9. doi: 10.1016/j.devcel.2021.03.008

89. Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for cancer
dormancy. Nat Rev Cancer. (2007) 7:834–46. doi: 10.1038/nrc2256

90. Sosa MS, Bragado P, Aguirre-Ghiso JA. Mechanisms of disseminated cancer cell
dormancy: an awakening field.Nat Rev Cancer. (2014) 14:611–22. doi: 10.1038/nrc3793

91. Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH, et al.
Metastatic behavior of breast cancer subtypes. J Clin Oncol. (2010) 28:3271–7.
doi: 10.1200/JCO.2009.25.9820

92. Fluegen G, Avivar-Valderas A, Wang Y, Padgen MR, Williams JK, Nobre AR,
et al. Phenotypic heterogeneity of disseminated tumor cells is preset by primary tumor
hypoxic microenvironments. Nat Cell Biol. (2017) 19:120–32. doi: 10.1038/ncb3465

93. Crane GM, Jeffery E, Morrison SJ. Adult haematopoietic stem cell niches. Nat
Rev Immunol. (2017) 17:573–90. doi: 10.1038/nri.2017.53

94. Chen F, Han Y, Kang Y. Bone marrow niches in the regulation of bone
metastasis. Br J Cancer. (2021) 124:1912–20. doi: 10.1038/s41416-021-01329-6

95. Jehanno C, Vulin M, Richina V, Richina F, Bentires-Alj M. Phenotypic plasticity
during metastatic colonization. Trends Cell Biol. (2022) 32:854–67. doi: 10.1016/
j.tcb.2022.03.007

96. Souchak J, Mohammed NBB, Lau LS, Dimitroff CJ. The role of galectins in
mediating the adhesion of circulating cells to vascular endothelium. Front Immunol.
(2024) 15:1395714. doi: 10.3389/fimmu.2024.1395714

97. Han Y, Kang Y. Phenotypic plasticity - Implications for tumors in bone. J Bone
Oncol. (2024) 45:100592. doi: 10.1016/j.jbo.2024.100592

98. Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ, Brazier H, et al. The
perivascular niche regulates breast tumor dormancy. Nat Cell Biol. (2013) 15:807–17.
doi: 10.1038/ncb2767

99. Shiozawa Y, et al. Human prostate cancer metastases target the hematopoietic
stem cell niche to establish footholds in mouse bone marrow. J Clin Invest. (2011)
121:1298–312. doi: 10.1172/JCI43414

100. Price TT, Burness ML, Sivan A, Warner MJ, Cheng R, Lee CH, et al. Dormant
breast cancer micrometastases reside in specific bone marrow niches that regulate their
transit to and from bone. Sci Transl Med. (2016) 8:340ra73. doi: 10.1126/
scitranslmed.aad4059

101. Gomis RR, Gawrzak S. Tumor cell dormancy. Mol Oncol. (2017) 11:62–78.
doi: 10.1016/j.molonc.2016.09.009

102. Gawrzak S, Rinaldi L, Gregorio S, Arenas EJ, Salvador F, Urosevic J, et al. MSK1
regulates luminal cell differentiation and metastatic dormancy in ER(+) breast cancer.
Nat Cell Biol. (2018) 20:211–21. doi: 10.1038/s41556-017-0021-z

103. Kim RS, Avivar-Valderas A, Estrada Y, Bragado P, Sosa MS, Aguirre-Ghiso JA,
et al. Dormancy signatures and metastasis in estrogen receptor positive and negative
breast cancer. PloS One. (2012) 7:e35569. doi: 10.1371/journal.pone.0035569
frontiersin.org

https://doi.org/10.1007/s10549-011-1721-x
https://doi.org/10.3390/cells9092073
https://doi.org/10.3390/cells9092073
https://doi.org/10.1007/s00018-022-04298-y
https://doi.org/10.1038/s41467-022-28673-2
https://doi.org/10.1016/S8756-3282(01)00642-1
https://doi.org/10.1016/S8756-3282(01)00642-1
https://doi.org/10.1016/j.cell.2021.02.002
https://doi.org/10.1038/s41419-020-03046-z
https://doi.org/10.1074/jbc.M805280200
https://doi.org/10.1155/2020/6910312
https://doi.org/10.1128/MCB.00356-06
https://doi.org/10.1002/jbmr.1547
https://doi.org/10.1056/NEJMra030831
https://doi.org/10.1016/j.bbrc.2004.11.070
https://doi.org/10.1016/j.bbrc.2004.11.070
https://doi.org/10.3390/cells10061508
https://doi.org/10.3390/cancers12051172
https://doi.org/10.1002/cncr.v104:3
https://doi.org/10.1371/journal.pone.0008849
https://doi.org/10.1016/j.critrevonc.2013.08.013
https://doi.org/10.1096/fj.01-0911fje
https://doi.org/10.1016/j.canlet.2020.05.026
https://doi.org/10.1158/0008-5472.CAN-06-2355
https://doi.org/10.1038/nature14492
https://doi.org/10.1038/nature13034
https://doi.org/10.1073/pnas.1718009115
https://doi.org/10.1073/pnas.1718009115
https://doi.org/10.1007/s40495-015-0044-8
https://doi.org/10.1007/s40495-015-0044-8
https://doi.org/10.1002/ijc.30540
https://doi.org/10.3389/fphys.2016.00222
https://doi.org/10.1016/j.abb.2010.07.021
https://doi.org/10.1177/107327481201900203
https://doi.org/10.1002/ijc.2910570307
https://doi.org/10.1111/IGC.0b013e3181a23c4c
https://doi.org/10.1111/IGC.0b013e3181a23c4c
https://doi.org/10.1016/j.clinbiochem.2010.11.005
https://doi.org/10.1016/j.clinbiochem.2010.11.005
https://doi.org/10.18632/oncotarget.24607
https://doi.org/10.2217/fon.09.138
https://doi.org/10.1038/nature04524
https://doi.org/10.1038/sj.bjc.6601198
https://doi.org/10.1016/j.bone.2020.115775
https://doi.org/10.1200/JCO.2000.18.23.3925
https://doi.org/10.1016/j.devcel.2021.03.008
https://doi.org/10.1038/nrc2256
https://doi.org/10.1038/nrc3793
https://doi.org/10.1200/JCO.2009.25.9820
https://doi.org/10.1038/ncb3465
https://doi.org/10.1038/nri.2017.53
https://doi.org/10.1038/s41416-021-01329-6
https://doi.org/10.1016/j.tcb.2022.03.007
https://doi.org/10.1016/j.tcb.2022.03.007
https://doi.org/10.3389/fimmu.2024.1395714
https://doi.org/10.1016/j.jbo.2024.100592
https://doi.org/10.1038/ncb2767
https://doi.org/10.1172/JCI43414
https://doi.org/10.1126/scitranslmed.aad4059
https://doi.org/10.1126/scitranslmed.aad4059
https://doi.org/10.1016/j.molonc.2016.09.009
https://doi.org/10.1038/s41556-017-0021-z
https://doi.org/10.1371/journal.pone.0035569
https://doi.org/10.3389/fonc.2024.1401113
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sui et al. 10.3389/fonc.2024.1401113
104. Sosa MS, Parikh F, Maia AG, Estrada Y, Bosch A, Bragado P, et al. NR2F1
controls tumor cell dormancy via SOX9- and RARbeta-driven quiescence programmes.
Nat Commun. (2015) 6:6170. doi: 10.1038/ncomms7170

105. Borgen E, Rypdal MC, Sosa MS, Renolen A, Schlichting E, Lønning PE, et al.
NR2F1 stratifies dormant disseminated tumor cells in breast cancer patients. Breast
Cancer Res. (2018) 20:120. doi: 10.1186/s13058-018-1049-0

106. Vera-Ramirez L, Vodnala SK, Nini R, Hunter KW, Green JE. Autophagy
promotes the survival of dormant breast cancer cells and metastatic tumor recurrence.
Nat Commun. (2018) 9:1944. doi: 10.1038/s41467-018-04070-6

107. Roodman GD. Mechanisms of bone metastasis. Discovery Med. (2004) 4:144–8.
doi: 10.1056/NEJMra030831

108. Tan CC, Li GX, Tan LD, Du X, Li XQ, He R, et al. Breast cancer cells obtain an
osteomimetic feature via epithelial-mesenchymal transition that have undergone
BMP2/RUNX2 signaling pathway induction. Oncotarget. (2016) 7:79688–705.
doi: 10.18632/oncotarget.12939

109. Weidle UH, Birzele F, Kollmorgen G, Rüger R. Molecular mechanisms of bone
metastasis. Cancer Genomics Proteomics. (2016) 13:1–12.

110. Chen X, Zhi X, Wang J, Su J. RANKL signaling in bone marrow mesenchymal
stem cells negatively regulates osteoblastic bone formation. Bone Res. (2018) 6:34.
doi: 10.1038/s41413-018-0035-6

111. Maroni P, Bendinelli P, Resnati M, Matteucci E, Milan E, Desiderio MA, et al.
The autophagic process occurs in human bone metastasis and implicates molecular
mechanisms differently affected by rab5a in the early and late stages. Int J Mol Sci.
(2016) 17:443. doi: 10.3390/ijms17040443

112. Ricarte FR, Le Henaff C, Kolupaeva VG, Gardella TJ, Partridge NC. Parathyroid
hormone(1-34) and its analogs differentially modulate osteoblastic Rankl expression
via PKA/SIK2/SIK3 and PP1/PP2A-CRTC3 signaling. J Biol Chem. (2018) 293:20200–
13. doi: 10.1074/jbc.RA118.004751

113. Al-Thamiree Mezban S, Fox SW. Genistein and coumestrol reduce MCF-7
breast cancer cell viability and inhibit markers of preferential metastasis, bone matrix
attachment and tumor-induced osteoclastogenesis. Arch Biochem Biophys. (2023)
740:109583. doi: 10.1016/j.abb.2023.109583

114. Maurizi A, Rucci N. The osteoclast in bone metastasis: player and target.
Cancers (Basel). (2018) 10(7):218. doi: 10.3390/cancers10070218

115. Vlashi R, Zhang X, Wu M, Chen G. Wnt signaling: Essential roles in osteoblast
differentiation, bone metabolism and therapeutic implications for bone and skeletal
disorders. Genes Dis. (2023) 10:1291–317. doi: 10.1016/j.gendis.2022.07.011

116. Voorzanger-Rousselot N, Goehrig D, Journe F, Doriath V, Body JJ, Clézardin P,
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