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Abstract. Bone metastasis (BM) is a common complica-
tion of cancer and contributes to a higher mortality rate
in patients with cancer. The treatment of BM remains
a significant challenge for oncologists worldwide. The
colony-stimulating factor (CSF) has an important effect
on the metastasis of multiple cancers. In vitro studies have
shown that CSF acts as a cytokine, promoting the colony
formation of hematopoietic cells by activating granulocytes
and macrophages. Other studies have shown that CSF not
only promotes cancer aggressiveness but also correlates
with the development and prognosis of various types of
cancer. In recent years, the effect of CSF on BM has been
primarily investigated using cellular and animal models,
with limited clinical studies available. The present review
discussed the composition and function of CSF, as well as
its role in the progression of BM across various types of
cancer. The mechanisms by which osteoclast- and osteo-
blast-mediated BM occur are comprehensively described. In
addition, the mechanisms of action of emerging therapeutic
agents are explored for their potential clinical applications.
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However, further clinical studies are required to validate
these findings.
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1. Introduction

Cancer is the leading cause of mortality worldwide and has
become a major concern with increasing age and changing
lifestyle habits. The predominant cause of mortality by cancer
is the occurrence of distant metastases and for most cancers,
bone is a common site for metastasis. For example, it is esti-
mated that ~70% of patients with advanced breast cancer and
over 70% of patients with advanced prostate cancer develop
bone metastases (BM). In addition, in patients with metastatic
prostate cancer, the probability of BM is as high as 90% (1).
BM not only increases the economic burden on healthcare
systems and patients but also significantly reduces patient
quality of life and survival rates. In addition, it frequently
affects the spine, ribs, pelvis and femur, leading to a higher
incidence of spinal cord compression, pathological fractures
and intractable pain (2). In addition, complications related to
BM are significant, typically occurring every 3-6 months on
average. These complications reduce patient quality of life
and mortality is frequently associated with unresolved skeletal
complications. The prognosis of metastatic bone disease varies
based on the primary cancer site, with patients with breast and
prostate cancer often surviving for years, while patients with
lung cancer typically survive only a few months (3). However,
current clinical treatments for BM are limited, highlighting
the need to evaluate new therapeutic targets.
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For tumor metastasis, primary tumor cells must first
undergo epithelial-mesenchymal transition (EMT) to invade
surrounding tissues and enter the microvasculature of the
blood or lymphatic system (4). Cancer cells in the bloodstream
can spread to distant organs, settling in the metastatic micro-
environment. They may become dormant or proliferate there,
eventually forming secondary tumors (5). The occurrence of
BM is associated with osteoblasts and osteoclasts (OCs) in
the bone microenvironment (Fig. 1). BM can be categorized
into osteolytic and osteogenic subtypes. In addition, NF-kB
ligand receptor-activating factors (RANKL) are key mediators
of osteoclastogenesis (6). Tumor cells in osteolytic BM can
stimulate OCs and promote their differentiation by secreting
cytokines such as TNF, RANKL, prostaglandins, leukemia
inhibitory factor and IL-6, -8, -11, -15 and -17. Tumor cells
can upregulate OC function by increasing the ratio of RANKL
to osteoprotegerin (OPG) (7). OCs-mediated bone matrix
degradation releases various cytokines and growth factors that
promote tumor cell growth (7). Colony-stimulating factors
(CSF) are a group of cytokines responsible for hemopoiesis,
blood cell function regulation and maintaining homeostasis
and overall immunity (8). CSF plays a crucial role in regulating
blood cell function, given the instability and short lifespan
of these cells (9). The CSFs are of a number of types and
mainly include granulocyte-CSF (G-CSF), macrophage-CSF
(M-CSF), granulocyte-macrophage CSF (GM-CSF) and multi-
potent CSF (multi-CSF) (10). In addition, CSF has profound
effects on the development of granulocytes, macrophages and
lymphocytes. The present article reviews the CSF family, its
relationship to BM, the underlying mechanisms involved and
the preclinical applications of CSF.

2. Physiological functions of CSF and its influential role in
bone metastasis in various types of cancer

CSFs were first identified in an in vitro study on hematopoietic
cells. In 1966, macrophage and granulocyte colony formation
was discovered in hematopoietic cell studies, leading to the
naming of CSFs in 1967 (9,11,12). Research has shown that
CSFs are classified into four types: M-CSF (CSF1), GM-CSF
(CSF2), G-CSF (CSF3) and multi-CSF (IL-3; Table I). CSF
promotes the differentiation of hematopoietic stem cells into
different blood cells, such as eosinophils, basic granulocytes
and neutrophils (Fig. 2). Studies have concluded that CSF
influences BM in various tumors (Table II). Although CSF has
been extensively studied, it remains an area of active research.
The physiological functions and effects of each CSF on cancer
and BM are described in detail following.

Granulocyte-colony-stimulating factor. The G-CSF is
a 30 kDa glycosylated peptide primarily produced by
monocytes and macrophages (13). G-CSF acts mainly on
granulocytes. Through binding to its receptor (G-CSFR),
G-CSF activates signaling pathways such as Janus tyrosine
kinase (JAK)/signal transducers and activators of transcrip-
tion (STAT), Mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT),
ultimately leading to the differentiation of hematopoietic stem
cells towards the granulocyte lineage and the promotion of
neutrophil production (8). G-CSF promotes the proliferation,

differentiation, maturation and release of neutrophils while
also enhancing the chemotaxis, phagocytosis and bactericidal
capacity of mature granulocytes (13). G-CSF downregulates
the inflammatory response by inhibiting the production of
pro-inflammatory cytokines in activated monocytes and
macrophages and by regulating peripheral lympho-
kine levels (14). Studies have shown that elevated G-CSF often
indicates a poor cancer prognosis. G-CSF also stimulates
proliferation and metastasis in various cancer cells (15). For
example, G-CSF promotes the progression of skin cancer and
head and neck squamous cell carcinoma through autocrine
and paracrine mechanisms (16,17). Similarly, G-CSF stimu-
lates tumor progression by suppressing innate and adaptive
immunity while also promoting angiogenesis and tumor
growth (18). While G-CSF can inhibit human meningioma
development, it promotes cancer cell proliferation through
angiogenesis in other types of cancer (19). G-CSF is signifi-
cantly correlated with the aggressiveness of cancer cells. For
example, G-CSF increases the invasiveness of lung cancer
cells through autocrine secretion (20). An in vivo study
showed that G-CSF-induced pre-metastatic microenvironment
was more favorable for cancer cell migration and increased
the expression of MMP-9, SI00A8 and SI00A9 pro-metastatic
molecules through Ly6G+Ly6C expression (21). Elevated
G-CSF receptor expression in patients with cancer is associ-
ated with an increased risk of advanced metastasis (15). A
clinical study compared serum G-CSF levels between patients
with non-small cell lung cancer and normal individuals and
revealed that G-CSF was significantly elevated in patients
with lung cancer, which significantly decreased after the
surgery. Therefore, it was inferred that G-CSF is important
in diagnosing non-small cell lung cancer (22). Clinical studies
have demonstrated that tumor-derived G-CSF is associated
with poor patient prognosis. In addition, the patients with
retroperitoneal tumor have significantly elevated G-CSF and
develop liver and kidney metastases 3 months after primary
tumor resection, BM after 8 months and succumbed after
17 months (23). Notably, in a mouse model of breast cancer
BM, G-CSF is found to create a metastasis-promoting tumor
microenvironment and G-CSF inhibition attenuated bone
marrow vascular remodeling and BM incidence (24).

Macrophage-colony-stimulating factor (M-CSF). M-CSF is
a hematopoietic growth factor that plays a key role in regu-
lating mature myeloid cell populations (25). It comprises
various cells, including endothelial, fibroblasts, OCs, smooth
muscle and macrophages. M-CSF primarily acts on the
monocyte-macrophage cell line, promoting monocyte and
macrophage production and regulating functions such as
antigen presentation, phagocytosis, cytokine secretion and
tissue repair. M-CSF stimulates the differentiation of myeloid
progenitor cells into monocytes, macrophages, dendritic cells
and osteoblasts. M-CSF promotes macrophage growth and
function by binding to its receptor (CSF-1R) and activating
PI3K and MAPK signaling pathways (26). It has been shown
in animal studies that daily administration of recombinant
human G-CSF enhances the recovery of stem cells, progenitor
cells and blood neutrophils in mice (27). GM-CSF and M-CSF
promote the survival and activation of macrophages, neutro-
phils and eosinophils, as well as dendritic cell maturation.
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Figure 1. Bone metastasis occurs as a gradual process. First, a change in the pre-metastatic bone microenvironment facilitates the attraction of more tumor
cells. Second, cancer cells are extravasated from the blood and are finally colonized into bone tissue. There are two main types of bone metastasis: Osteolytic
bone metastasis and osteoblastic bone metastasis. The mechanism of osteolytic bone metastasis is that cancer cells can promote the secretion of RANKL and
inhibit the secretion of OPG through the secretion of IL-8, IL-6 and PTHrP, among others, so that the activity of osteoclasts is enhanced. The mechanism
of osteoblastic bone metastasis is as follows: Bone morphogenetic protein (BMP)-2, BMP-6 and PDGF, produced by tumor cells, can promote the secretion
of OPG and inhibit the secretion of RANKL while enhancing the activity of osteoblasts. In addition, cancer cells can directly inhibit osteoclast activity by
secreting ET-1. RANKL, NF-«B ligand receptor-activating factors; OPG, osteoprotegerin; PTHrP, parathyroid hormone-related peptide; BMP, bone morpho-

genetic protein; PDGF, platelet derived growth factor; ET-1, endothelin-1.

However, certain M-CSF variants specifically promote the
survival, proliferation and differentiation of macrophage
lineages (28). M-CSF and GM-CSF differ in their roles in
regulating macrophage differentiation phenotypes (25).
M-CSF stimulates the M1 macrophage phenotype, while
GM-CSF promotes M2 phenotype activation (29). In addi-
tion, M-CSF modulates macrophage phenotype and regulates
their function in the tumor microenvironment (30). M-CSF
facilitates tumor invasion, metastasis and immune evasion
by modulating tumor-associated macrophages (TAMs) in the
tumor microenvironment. Studies have shown that M-CSF
levels are elevated in cancer, inflammation and autoimmune
diseases. Animal cancer models reveal that M-CSF antibody
administration or inhibition of CSF-1R improves inflammation
and cancer metastasis (31-33).

M-CSF has been closely associated with breast cancer BM.
In a mouse model of breast cancer, M-CSF gene knockdown
reduced the occurrence of distant metastasis. However, M-CSF
gene knockdown did not affect cancer cell proliferation or
development. By contrast, mice with M-CSF gene overexpres-
sion exhibit a significant increase in late-stage cancer and

lung metastases (34). A clinical study revealed significantly
elevated serum M-CSF levels in patients with head and neck
tumors, as well as in patients with advanced prostate and
breast cancer with BM (35). A clinical trial in 1996 found that
serum M-CSF levels are significantly higher in patients with
metastatic breast cancer compared with those with primary
breast cancer (36). In an in vivo experiment, it was reported
that the expression of osteoblasts and OCs in the bone micro-
environment can be altered by reducing the expression of
M-CSF, thereby inhibiting the occurrence of breast cancer
BM (37,38). In addition, M-CSFR phosphorylation reduces
bone tumor growth and inhibits osteolysis. Breast cancer BM
has also been associated with mesenchymal stem cells (MSCs).
In addition, the MCSs of patients with advanced breast cancer
had worse self-renewal and proliferation ability than normal
individuals. The reduced function of MSCs may be attributed
to the increased expression of pro-osteoclastogenic genes,
such as CCL-2, MMP-9 and M-CSF (39). M-CSF has been
found to influence BM in prostate cancer. A study indicated
that in a mouse model of prostate cancer BM, osteoblasts in
the bone microenvironment could be altered by the inhibition
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Table I. Classification and effects of CSF.

Name Receptor Generated cell Effect Clinical application (Refs.)
M-CSF M-CSFR Macrophage, megakaryocytes ~ Stimulates macrophage Used to enhance (25-27)
colony formation affects macrophage function
granulocyte function and to improve immunity.
lowers blood cholesterol.
G-CSF G-CSFR Fibroblasts, bone marrow Stimulates granulocyte For the treatment of (8,13,14)
stromal cells, eosinophils, colony formation and leukopenia following
basophils, neutrophils, stimulates granulocyte chemotherapy to
macrophages, fibroblasts, function. reduce the incidence
eosinophils, basophils, of infection.
megakaryocytes, hemocytes,
neutrophils
GM-CSF GM-CSFR  Macrophages, fibroblasts, Stimulates granulocyte Used for myelo- (28,47-50)
eosinophils, basophils, and macrophage colony suppression caused
megakaryocytes, hemocytes,  formation and affects by chemotherapy or
neutrophils granulocyte function. radiotherapy and for
hematopoietic recovery
after bone marrow
transplantation.
IL-3 IL-3R Mast cells, basophils, Stimulates the formation Used to increase (64-67)

eosinophils, hemocytes,
megakaryocytes, neutrophils,

of progenitor cell

colonies of granulocytes,
monocytes, erythrocytes
and macrophages;
enhances phagocytosis of
macrophages; stimulates
the proliferation of
hematopoietic stem cells;
promotes the proliferation
and differentiation of mast

neutrophil fine and
platelet in tumor
patients after
chemotherapy.

macrophages, T cells, B cells,
NK cells

cells, basophils and
eosinophils.

M-CSF, macrophage-colony-stimulating factor; G-CSF, granulocyte-colony-stimulating factor; GM-CSF, granulocyte-macrophage-colony-

stimulating factor.

of RANKL and M-CSF, reducing BM occurrence (40). These
results were consistent with another animal experiment which
indicated that OCs inhibition in a mouse model of prostate BM
decreases M-CSF expression which decreases the occurrence
of BM and bone destruction (41). A clinical study compared
serum M-CSF levels between patients with prostate cancer
with BM, patients with prostate cancer without metastases and
healthy individuals. There were no significant differences in
M-CSF between healthy subjects and patients with prostate
cancer without metastases. However, serum M-CSF levels
were significantly higher in patients with prostate cancer with
BM compared with those without metastases (42). The study
concluded that the occurrence of prostate cancer BM is related
to the M-CSF/M-CSFR signaling pathway (42). Similar find-
ings were observed in lung cancer BM. In vitro and in vivo
studies have both demonstrated that osteoclastogenesis can
be promoted by upregulating M-CSF and RANKL in human

lung adenocarcinoma A549 cells, leading to an increased
BM development (43,44). M-CSF inhibition reduces the
M-CSF/RANKL-induced AMT/mTOR signaling pathway,
decreasing OC differentiation. M-CSF inhibition also reduces
lung adenocarcinoma-mediated interactions between OCs and
osteoblasts, thereby decreasing the occurrence of this ‘vicious
circle’ and osteolytic metastases (43). This feedback loop plays
acrucial role in lung cancer BM. Another cellular study demon-
strated that increased OC activity in non-small cell lung cancer
cells via the cyclic effects of parathyroid hormone-related
peptide (PTHrP)/IL-8 interference with osteoblasts and OCs
increased the incidence of BM in NSCLC (45). In a cellular
experiment, co-culture of kidney cancer cells with osteoblasts
demonstrated that osteoblasts promote tumor cell proliferation,
suggesting that osteoclasts create a more favorable environ-
ment for tumor survival. In addition, BM occurrence could
be effectively reduced by inhibiting the growth of OCs (46).
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Figure 2. CSF promotes the differentiation of hematopoietic stem cells into different blood cells, such as eosinophils, basophil granulocytes, monocytes and
neutrophils. CSF, colony-stimulating factor; G-CSF, granulocyte-CSF; M-CSF, macrophage-CSF; GM-CSF, granulocyte-macrophage CSF.

M-CSF is an important factor in inducing OC differentiation;
therefore, it is hypothesized that it is a potential target for
treating or preventing BM in renal cell carcinoma.

Granulocyte-macrophage-colony-stimulating factor
(GM-CSF).GM-CSFis a22 kDa glycosylated secretory protein
that promotes the proliferation and maturation of neutrophils,
eosinophils and macrophages from bone marrow progenitor
cells (28). In addition, GM-CSF acts synergistically with other
cytokines as a growth factor for erythroid and megakaryocyte
progenitors. In addition, it modulates progenitor cells and
interacts with erythropoietin to stimulate the in vitro forma-
tion of eosinophil and megakaryocyte colonies (9). GM-CSF
promotes bi-directional differentiation of hematopoietic stem
cells to granulocytes and macrophages by binding to GM-CSFR
and activating signaling pathways such as JAK2/STATS,
MAPK and PI3K/AKT (28). GM-CSF has been associated
with inflammatory responses, activating neutrophil activity in
the human body (47). It has been observed that GM-CSF and
G-CSF can induce endothelial cell proliferation and migration,
thereby promoting angiogenesis (48). These properties indi-
cate that GM-CSF may have potential applications in adjuvant
tumor therapy (49). Angiogenesis not only promotes cancer
cell growth but significantly increases distance metastasis and
advances tumor stages more quickly (50). In addition, serum
GM-CSF receptor levels are elevated in patients with advanced
cancer and distant metastases (15). Studies have shown that
GM-CSF promotes the development of tumors such as lung,
breast, pancreatic, prostate, skin, colon, rectal, head and neck

squamous cell carcinomas (16,17,51-55). In vivo and in vitro
research shows that GM-CSF overexpression elevates tumor
cell migration and invasion (56). In 1999, a study reported
that GM-CSF could promote the invasiveness of lung cancer
cells (20). In addition, a mouse tumor model revealed that
GM-CSF gene expression is correlated with tumor metastasis
in mice (57). GM-CSF plays a dual role in tumor develop-
ment, both promoting and inhibiting tumor growth, depending
on the context. GM-CSF has a complex role in the tumor
microenvironment, either suppressing tumors by enhancing
anti-tumor immune responses or promoting tumor growth
and metastasis by promoting the activity of tumor-associated
macrophages (58).

A significant association between GM-CSF and BM has
been observed. A study revealed that CTNNDI gene knock-
down accelerated the differentiation of immature bone marrow
cells and promoted BM development. This may be due to
CTNNDI knockdown enhancing PI3K/AKT/HIF-1a/CXCR4
pathway expression, promoting EMT in tumor cells. When the
CTNNDI knockdown tumor cells reach the bone, they secrete
more GM-CSF and IL-8, enhancing immature bone marrow
cells (especially neutrophils) and promoting BM develop-
ment (59). In a mouse model of breast cancer BM, GM-CSF
promotes the metastatic ability of cancer cells and BM (60).
For nasopharyngeal cancer, bone is the most common meta-
static site. Among patients with advanced nasopharyngeal
cancer, 64-67% carry BM and the most common BM type in
nasopharyngeal cancer is osteolytic (61). GM-CSF secreted
by cancer cells can promote BM by promoting the secretion
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Table II. Mechanisms of CSF in bone metastasis of different cancers.

Incidence of

Mechanism of

Type of Type of bone  bone metastasis action of CSF affecting
CSF Type of disease metastasis (%) bone metastasis Subjects (Refs.)
M-CSF Breast cancer Osteolytic
bone metastasis metastasis 70 M-CSF affects osteoclast function  Cell, Mice  (34,35)
to promote bone metastasis.
Prostate cancer Osteogenic >70 M-CSF alter the bone Cell, Mice 40)
bone metastasis metastasis microenvironment and promote
bone metastasis.
Lung cancer Osteolytic 40 M-CSF increases osteoclast Cell,Mice (4344)
bone metastasis metastasis activity and bone metastasis.
Renal cell Osteolytic 30 M-CSF increases osteoclast Cell (46)
carcinoma bone metastasis activity and promotes bone
metastasis metastasis.
G-CSF Breast cancer Osteolytic 70 G-CSF alters the bone Mice 24)
bone metastasis metastasis microenvironment to promote
bone metastasis.
GM-CSF  Breast cancer Osteolytic 70 GM-CSEF, alter the bone Cell, Mice 59)
bone metastasis metastasis microenvironment and promote
bone metastasis.
Nasopharyngeal Osteolytic 64-67 GM-CSF secreted by tumor cells Cell (61)
cancer bone metastasis promotes osteoclast differentia-
metastasis tion and bone metastasis.
IL-3 Breast cancer Osteolytic 70 IL-3 affects osteoclast function. Cell 71
bone metastasis metastasis
Prostate cancer Osteogenic >70 IL-3 secreted by prostate cancer Clinical (72)
bone metastasis metastasis is associated with prostate cancer ~ pathology

BM.

CSF, colony-stimulating factor; M-CSF, macrophage-colony-stimulating factor; G-CSF, granulocyte-colony-stimulating factor; GM-CSF,
granulocyte-macrophage-colony-stimulating factor; IL-3, interleukin-3; EMT, epithelial-mesenchymal transition.

of IGF-1 from OCs, which in turn promotes the proliferation
of nasopharyngeal carcinoma cells via the IGF-1/IGF-1R
signaling pathway (61). In addition, metastatic breast cancer
was also associated with arthritis progression, indicating
a ‘vicious cycle’ (62). The M-CSF and GM-CSF are impor-
tant pro-inflammatory factors associated with rheumatoid
arthritis (63). Therefore, it is suggested that M-CSF and
GM-CSF may contribute to the development of breast cancer
BM by influencing the course of arthritis.

IL-3. IL-3, also called multi-CSF, is a hematopoietic
factor produced by activated T-cells and NK-cells. In
addition, it promotes the growth and differentiation of
bone-marrow-derived T-cells in the immune response.
Similarly, it increases the formation of fibroblasts, granulo-
cytes, macrophages, megakaryocytes, eosinophils and mast
cell colonies (9). IL-3 is recognized as an essential early hema-
topoietic growth factor that regulates hematopoiesis. IL-3
mainly acts on early hematopoietic progenitor cells to promote
their proliferation and differentiation. In the later stages, IL-3
acts in conjunction with hematopoietic growth factors such as

erythropoietin, GM-CSF and thrombopoietin to promote the
proliferation and differentiation of myeloid hematopoietic stem
cells. IL-3 stimulates the formation of progenitor cell colonies
of granulocytes, monocytes, erythrocytes and macrophages;
enhances macrophage phagocytosis; promotes hematopoietic
stem cell proliferation; and facilitates the proliferation and
differentiation of mast cells, basophils and eosinophils (64,65).
IL-3 and GM-CSF were first reported in 1988 to co-stimulate
hematopoiesis in primates (66). Evidence suggests that IL-3 is
involved in the onset and progression of various hematological
diseases, including acute myeloid leukemia, chronic myeloid
leukemia and myelodysplastic syndromes (64). IL-3 has been
identified as a potential marker for the severity and mortality
of COVID-19-associated pneumonia during SARS-CoV-2
infection. Thus, IL-3 serves as a predictive marker for the
severity of SARS-CoV-2 infection and a potential therapeutic
target for COVID-19-associated pneumonia (67). In addi-
tion, since IL-3 can influence the development of basophils
and mast cells, it is often associated with allergies, asthma,
inflammation and other diseases. Extensive data suggest that
IL-3 is closely associated with various types of cancer. For
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Figure 3. CSF influences the course of cancer development through paracrine secretion and promotes the occurrence of bone metastases. First, CSF promotes
angiogenesis, which is the main cause of the transformation of intraepithelial neoplasia into early-stage cancer. Second, CSF can also increase the invasiveness
of cancer cells and accelerate their extravasation. Finally, CSF can lead to the development of osteolytic bone metastases by increasing osteoclast activity.
Activated osteoclasts can release large amounts of growth factors and Ca from the bone matrix, which increases cancer cell proliferation, creating a vicious
circle. CSF, colony-stimulating factor; G-CSF, granulocyte-CSF; M-CSF, macrophage-CSF; GM-CSF, granulocyte-macrophage CSF; TAM, tumor-associated

macrophage; RANKL, NF-kB ligand receptor-activating factors.

instance, IL-3 levels were significantly higher in the serum of
patients with colorectal cancer than in healthy subjects (68).
Therefore, it is inferred that IL-3 influences cancer develop-
ment in several ways. IL-3 alters the tumor microenvironment
by affecting basophils, thereby promoting cancer develop-
ment (69). Further, IL-3 promotes cancer cell proliferation by
inducing angiogenesis (70). In cellular assays, it is found that
osteoclast differentiation could be inhibited by adding benzyl
isothiocyanate with zoledronic acid to a breast cancer-condi-
tioned medium. Osteoclast inhibition is accompanied by
a significant increase in IL-3 (71). Immunohistochemical
analysis of patients with prostate cancer reveal that IL-3 is
implicated in the development of prostate cancer BM (72).
However, the relationship between IL-3 and BM requires
further experimental validation.

3. Mechanisms of CSF effects in bone metastases

CSFs play complex and diverse roles in developing and
progressing BM in various types of cancer. They affect not
only the hematopoietic system but also the skeletal microen-
vironment and the behavior of tumor cells through various
mechanisms (Fig. 3). First, CSF promotes the bone metastatic
potential of tumor cells. CSF increases the metastatic potential
of cancer cells by promoting neoangiogenesis and enhancing

their invasiveness (73). Studies have shown that G-CSF and
GM-CSF can enhance the BM in tumor cells through multiple
pathways. For example, G-CSF promotes tumor cell growth
and metastasis by increasing angiogenesis and improving
nutrient and oxygen availability to tumor cells (74). In addi-
tion, G-CSF can improve the tolerance of tumor cells to
chemotherapeutic drugs, making it easier for them to survive
and proliferate in the bone (75,76). GM-CSF enhances the
pro-metastatic properties of the tumor microenvironment by
promoting the generation and activation of TAMs, which are
capable of secreting a variety of pro-angiogenic and pro-meta-
static factors (for example, VEGF, MMPs and IL-10), further
promoting BM of tumor cells (73).

Second, CSF indirectly affects the occurrence and devel-
opment of BM by regulating cellular components and factor
secretion in the bone marrow microenvironment. Bone is a
common site of metastasis for a number of cancers due to the
high expression of specific chemokines and growth factors
in its microenvironment, such as stromal cell-derived factor
1, which promotes tumor metastasis (77). It is considered
that before the primary tumor reaches the bone, it alters the
bone microenvironment to promote cancer cell proliferation
and colonization. In addition, tumor cells induce metastasis
by forming ‘pre-metastatic niches’ in the bone, comprising
clusters of bone marrow-derived cells, creating a favorable
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environment for the subsequent invasion and growth of tumor
cells (78). Osteolytic lesions caused by OCs are significantly
associated with BM. In osteolytic BM, OCs activating factors
act on OCs to induce its formation. CSF and RANKL are
important activators of OCs. In addition, osteoclastogenesis is
primarily modulated by the interaction of CSF-1R, M-CSF, as
well as RANK and RANKL (79). Therefore, M-CSF is essen-
tial for OC generation and increased OC activity promotes
osteolytic BM. M-CSF is a key factor affecting OC generation
and can influence OC precursor's survival and development.
Similarly, M-CSF induces cytoskeletal rearrangement of OCs
by activating c-Src and phosphocreatine 3-kinase (80). The
M-CSF directly affects OCs by binding to M-CSFR, which
attracts a signaling complex comprising phosphorylated
dDNA-activated protein 12 and the non-receptor tyrosine
kinase Syk. In addition, it also activates ERK/growth factor
receptor-binding protein 2 and Akt/PI3K signaling to regulate
the proliferation, differentiation and growth of OCs and their
precursor cells (80). In addition, M-CSF can induce osteoclas-
togenesis by increasing the OCs precursor RANK expression
via RANKL binding (81). In a number of cancer models, tumor
cells have been observed to secrete cytokines that stimulate
osteoblasts, such as PTHrP, VEGF-A and hepatocyte growth
factor. This increases the expression of RANKL and M-CSF,
stimulating osteoclastogenesis and altering the bone micro-
environment, thereby promoting BM development. M-CSF
affects osteoclastogenesis and influences other members of the
CSF family on OCs (2-7). In 1993, it was reported that M-CSF,
GM-CSF and IL-3 could promote osteoclastogenesis (82). In
addition, GM-CSF is stimulated by increased levels of NF-kB,
resulting in increased OC activity, which in turn leads to bone
destruction and highly metastatic tumor growth (15).

Third, CSF also plays an important role in regulating the
immune system, ultimately affecting BM. G-CSF inhibits
T-cell activity and reduces the killing effect of the immune
system on tumor cells, making it easier for tumor cells to grow
and metastasize in the bone (83).

4. Preclinical and clinical application of CSF

BM often has a poor prognosis and high mortality due to
delayed diagnosis and limited treatment options. Bone is a
common site of metastasis in breast cancer; however, BM in
early-stage breast cancer is difficult to detect. As a result,
BM in breast cancer is often diagnosed late, leading to
delayed treatment. BM has been reported to occur in ~70%
of patients with advanced breast cancer. The median overall
survival following BM diagnosis was 40 months, indicating
a high mortality rate (84). Similarly, BM has been reported
in >70% of patients with advanced prostate cancer (1).
Epidemiological data from the United States show that lung
cancer now has a higher mortality rate than breast and pros-
tate cancers, ranking as the leading cause of cancer-related
death (85). Recently, nanoparticles have provided new direc-
tions in lung cancer treatment (86,87). Distant metastasis is
the primary cause of death in patients with lung cancer. Bone
is a common site of metastasis in advanced lung cancer and
in advanced patients with lung cancer, 40% develop BM (88).
The median survival of patients with lung cancer BM is often
<6 months (89). Therefore, developing effective treatments

for BM remains a significant challenge for clinicians and
researchers.

CSFs are widely used in patients with cancer after chemo-
therapy to elevate critically low leukocyte levels (9). The
clinical role of CSFs has been widely publicized. In 1990,
with the availability of recombinant mouse CSF experimental,
it was revealed that subcutaneous injections of G-CSF into
mice increased blood leukocyte levels. High doses of G-CSF
have been associated with erythrocyte suppression in the bone
marrow (90). In addition, a 1987 study revealed that injection of
recombinant GM-CSF in mice does not significantly increase
blood leukocytes; however, it markedly increases the macro-
phage numbers and activity (91). The most significant increase
in the blood of mice injected with recombinant multi-CSF
was in eosinophils, followed by neutrophils and monocyte
levels (92). Further research is needed to determine whether
prolonged use of high-dose CSF has additional side effects.
Transgenic mice overexpressing GM-CSF indicates blindness
and various inflammatory lesions. In addition, a number of
transgenic mice overexpressing GM-CSF died at 2-4 months
due to macrophage activation, leading to muscle atrophy (93).
In IL-3 overexpressing mice, there were increased progenitor
cells in the spleen and peritoneum and decreased bone marrow
progenitor cells. In addition, 80% of the mice succumbed
within 5 weeks (94). Mice overexpressing G-CSF cause the
proliferation of granulocytes and progenitor cells but does not
cause severe tissue damage (95). The role of different cyto-
kines in influencing the immunogenicity of tumor cells and
the vaccination properties of murine tumor cells have been
investigated in an animal experiment. Tumor cells expressing
mouse GM-CSF have the most significant stimulatory effect
on anti-tumor immunity following irradiation (96). GM-CSF
is used in the treatment of melanoma (97).

The first clinical trials of CSF, published in 1988, demon-
strated a significant increase in neutrophils when recombinant
human G-CSF was administered to patients with cancer
prior to chemotherapy (98). In addition, G-CSF-associated
side effects are minimal the most common bring bone pain,
which might be due to increased bone marrow cell counts (99).
A phase II clinical trial at the Cancer Research Institute in
Australia found that treatment with recombinant human
GM-CSF in 21 patients with advanced cancer resulted in
a 10-fold increase in leukocytosis. The trial also observed
increases in circulating neutrophils, eosinophils, monocytes
and lymphocytes. In addition, side effects, such as bone pain,
myalgia, rash and hepatic dysfunction, are observed with high
doses of rhGM-CSF (100). The safety and efficacy of GM-CSF
in combination with Ipilimumab (Yervoy) for treating meta-
static malignant melanoma is in a phase II clinical trial
(NCTO01363206). In another clinical trial (NCT02156388),
G-CSF was administered in patients with advanced metastatic
cancer following chemotherapy, which revealed increased
neutrophil counts and activity and shorter duration and acute
symptoms of neutropenia. This minimized the incidence of
serious infections, reflecting improved efficacy and a longer
half-life. The therapeutic effect of G-CSF with trastuzumab in
metastatic breast cancer has also been studied in a randomized
phase II clinical trial (NCT00169104).

CSF has been widely used in treating rheumatoid arthritis,
coronary atherosclerosis and various inflammatory and
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autoimmune diseases (28). A number of preclinical trials have
demonstrated that CSF is closely associated with mechanisms
of BM in various types of cancer. However, more evidence is
required to establish its efficacy in treating BM. It is hypoth-
esized that targeted therapies against M-CSF or its signaling
pathway may have clinical applications in BM treatment. The
effectiveness of combining CSF with existing anti-bone meta-
static drugs, such as bisphosphonates or RANKL inhibitors,
in inhibiting BM progression warrants further investigation.
Therefore, CSF might serve as a therapeutic target for treating
BM in different cancers.

5. Summary and outlook

Cancer is the leading cause of death and the incidence of
distant metastases significantly reduces survival in patients
with cancer. Bone is a common site of metastasis in patients
with cancer, often leading to serious complications such
as pain and hypercalcemia. In addition, BM significantly
reduces quality of life and imposes a substantial economic
burden on patients and healthcare systems. In addition, the
limited treatment options for BM contribute to significant
psychological distress and anxiety in affected patients. A
number of studies have indicated that changes in the bone
microenvironment are closely related to BM, suggesting that
modulating the bone microenvironment may help alleviate
metastasis. In BM, cancer cells first undergo EMT, invade
the blood and lymphatic vessels and migrate into bone tissue.
Prior to entering bone tissue, cancer cells secrete cytokines
that modify the bone microenvironment, facilitating their
colonization and proliferation. For example, tumor cells can
release factors that induce osteoblast formation during BM.
This enhances the osteoblast-mediated bone formation while
increasing the resorption of mineralized bone by OCs, which
severely disrupts normal bone homeostasis (2). CSF has
been shown to stimulate the differentiation and proliferation
of hematopoietic cells. In addition, the relationship between
CSF and BM has been extensively studied. Further, M-CSF is
essential for promoting the differentiation of OC precursors.
Drugs targeting OCs, such as bisphosphonates and the RANK
ligand inhibitor denosumab, have been established to treat BM.
It was also observed that administering OC inhibitors such as
bisphosphonates, OPG and RANKL antagonists before tumor
inoculation reduces the incidence of BM (101,102). However,
the clinical application of CSF in treating BM remains under-
explored. The treatment of BM remains a significant challenge
for oncologists and further clinical trials are required to deter-
mine whether CSF could serve as a therapeutic target for BM.
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