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Cancer-associated fibroblasts support bone tropic metastasis by acting as
coordinators between the tumor microenvironment and bone matrix in breast

cancer
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Bone is a common site of metastasis for various types of cancer cells, including breast cancer, and the consequent
skeleton-related events observed in patients are severe and often fatal. Currently, it is widely accepted that cancer-associated
fibroblasts (CAFs) confer a metastasis-promoting property to breast cancer cells. Furthermore, clinical observations suggest
that CAFs mediate the bone tropism of metastatic breast cancer cells. Therefore, a deeper understanding of the mechanism
by which CAFs are involved in the bone-tropic metastasis of breast cancer can facilitate the study of the novel and effective
therapeutic drugs for the corresponding targets. In this review, we focused on the coordinator role of CAFs in remolding
breast cancer cells and remodeling the bone marrow during metastasis. We discussed the potential roles of the CXCL12/
CXCR4 axis, the CAFs-CSCs reinforcing loop, and exosomes in this malignant process. In summary, in agreement with
Paget’s theory, CAFs play a pivotal role in bone colonization by breast cancer cells by providing a “fertile soil” for the
“selected seeds” by influencing tumor-intrinsic characteristics and microenvironment (ME).
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Breast cancer is the most frequently diagnosed cancer
among women and its treatment options are still far from
sufficient. An important reason for treatment failure is the
propensity of breast cancer for metastasizing to the skeletal
system. In 70-80% of patients with advanced disease, bone
metastasis eventually occurs. Breast cancer is a heterogeneous
entity with a highly complicated tumor-associated micro-
environment (ME), which consists of numerous stromal
components, the extracellular matrix (ECM), and cells, such
as cancer-associated fibroblasts (CAFs), immune-inflamma-
tory cells, mesenchymal stem cells (MSCs), and endothelial
cells [1, 2]. Among these cells, CAFs are the major cellular
type, and they are concomitantly involved in many steps
of tumor progression from desmoplasia caused by exces-
sive production of ECM in the primary tumor to metastasis

outgrowth in secondary sites [3]. Studies have shown that
the abundance of CAFs in tumor tissues is closely correlated
with bone metastasis [3]. CAF-rich solid tumors, such as
breast cancer, hepatocellular carcinoma, and prostate cancer,
tend to have a higher selectivity for bone during metastases.

The key questions are whether specific factors can explain
the relationship between CAFs and the tendency of cancer
to metastasize to bone and whether the mechanism leads
to an orchestrated process between tumor cells and bone
ME. Factors highly expressed in the bone marrow, such as
C-X-C motif chemokine 12 (CXCL12), glycosaminoglycan
hyaluronic acid (HA), and osteopontin (OPN), are involved
in the interactions among breast cancer, stromal cells, and
the skeletal system that are necessary for the development
of distant metastasis. For the tumor cells themselves, tumor
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heterogeneity is thought to rely on a distinct subset of tumor
cells that have the ability to promote tumor growth. These
cells are referred to as cancer stem cells (CSCs) and represent
the true seeder cells in the metastasis process.

The role of exosomes is another key factor involved in
the bone tropism of breast cancer metastasis because they
are involved in establishing communication among epithe-
lial cells, stromal cells in tumor beds, and pre-metastatic
niches (PMNs). Among the messengers carried by exosomes,
microRNA (miRNA) is a specific class of posttranscriptional
modulators that can target those important routes. Specific
miRNAs can cause an imbalance between the osteoblasts and
osteoclasts that are involved in breast cancer bone metastasis.
In this article, the characteristics of CAFs in breast cancer
and their comprehensive role in modulating tumors and
distant metastasis niches are reviewed with an emphasis on
the coordination and incoordination that occur in the bone
because these processes simultaneously alter both the “seed”
and “soil”

Origins and functions of CAFs

CAFs are key stromal cells that play a dominant role in
cancer pathogenesis. Complex network interactions could be
established between CAFs and tumor cells through direct and
rapid interactions with tumor cells. These interactions have
been proposed to potentiate tumor cell initiation, prolifera-
tion, differentiation, tumor-related angiogenesis, metabolic
pathways, and immune regulation [4]. Although some
cancer therapy strategies are to target CAFs, their precise

origin is still controversial. The prevailing view is that CAFs
are fibroblasts that become activated from the quiescent state
via stimulation with cytokines or other factors originating
from tumor cells.

Activated fibroblasts can be identified by their expres-
sion of a-smooth muscle actin (aSMA), S100A4 (also
known as fibroblast-specific protein 1), vimentin, fibro-
blast activation protein (FAP), and platelet-derived growth
factor (PDGFR-q, B) [5]. However, none of these markers is
completely representative due to the heterogeneity of CAFs.
Emerging evidence has suggested that CAFs develop from a
variety of cells in addition to residential fibroblasts, including
bone marrow-derived MSCs, stellate cells, adipose-derived
mesenchymal stem cells (ADSCs), and monocytes (Figure 1).
Moreover, recent studies have shown that CAFs are derived
predominantly from local fibroblasts as well as a subpopula-
tion of myofibroblasts in cancer, which are converted from
circulating bone marrow-derived stem cells (BMSCs) [6].

Therefore, it is not surprising that the formation of several
subsets with diverse cellular origins results in the hetero-
geneity and complexity of CAFs. For example, the transi-
tion of human adipose tissue-derived stem cells (hASCs)
towards CAF-like cells has been demonstrated to occur
under the influence of cancer-derived transforming growth
factor (TGFP1). These altered hASCs can enhance breast
cancer cell aggressiveness in vitro by promoting the secre-
tion of increased levels of CXCL12 and C-C motif chemo-
kine ligand 5 (CCL5) [7]. Furthermore, studies have found
that BMSC-derived CAFs exhibit a stronger angiogenic effect
than colonized fibroblast-derived CAFs, while the latter has a

® 06

macrophage Tcell Bcell
MDsC
%,
Endothelial cell 6@
o\
9
BCC %.
%
PIBK/AKT ch s
MAPK/ERK 3 €mo.. aty,
O migration T B Tact
: > “Select;,,
@ cxcLa2
Rac1/ERK
PI3K/AKT
MAPK/ERK
srct
CXCL12
Stellate cell & ECM re,
o m i
— Odehng
che
Mo-attracy
monocyte MsC Normal fibroblast

Figure 1. Role of CXCL12 in bone tropic metastasis of breast cancer and possible sources of CAF. Normal stromal cells are activated in situ via stimuli
caused by damage. Activated normal fibroblasts account for the majority of CAFs, and the remnants are primarily generated from differentiated and
migrated precursors from bone marrow. Here, CXCL12 mainly shows three important functions: affect the direction of tumor migration, change some

characteristics of tumor cells, and participate in bone matrix remodeling.
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more obvious role in recruiting macrophages [8]. Therefore,
in different types of solid tumors, the differences in biolog-
ical characteristics, including invasiveness and metastatic
tropism, are determined by the tumor stroma, which is
composed of CAFs from different cell populations.

Bone is the preferred metastatic niche for breast cancer

Except for triple-negative breast cancer, which has a
higher likelihood of visceral metastasis than bone metastasis,
breast cancers, especially luminal breast cancer, often target
bone as their first metastatic site. Tumor-associated compli-
cations, including severe pain, pathologic fracture, hypercal-
cemia, and spinal cord compression resulting from subse-
quent skeleton-related events (SREs), are important reasons
underlying the low quality of life and high mortality among
patients with advanced breast cancer.

In 1889, Paget proposed the “seed and soil” theory that
suggests that tumor metastasis requires the participation
of both internal and external factors. In breast cancer, the
important role of bone as a “fertile soil” for the growth of
breast cancer cells (“seeds”) could be inferred from its
propensity for bone metastasis. The characteristics that
make bone suitable for the growth and colonization of
breast cancer cells may be a result of the effects of multiple
factors and corresponding receptors, including CXCL12,
insulin-like growth factor 1 (IGF-1), hormone receptors,
and parathyroid hormone-related protein (PTHrP), in the
bone ME that are involved in the formation and resorp-
tion processes in bone tissue. Additionally, factors intrinsic
to breast tumors could determine their bone metastatic
potential because hormone receptor-positive luminal breast
cancer has a more pronounced bone metastasis tendency
than triple-negative breast cancer (TNBC) [9]. In addition,
the phenotypic changes of the “seeds”, such as the epithelial-
mesenchymal transition (EMT), mesenchymal-epithelial
transition (MET), and osteomimicry, also affect this process
[10]. During the progression of breast cancer, other cells are
directly involved in the multiple metastatic steps of cancer
cells. In summary, the two-way selection of “seed” and “soil”
leads to the occurrence of bone metastases in breast cancer.
In general, transient spatial coincidences and paracrine
signaling between the breast cancer cells and the metastatic
niche have been given more attention with respect to the
important role of CAFs in the process of bone tropism in
breast cancer metastasis.

CAF-derived CXCL12 affects the recruitment,
growth, and selection of breast cancer cells

Roles of the CXCL12-CXCR4 axis in the recruitment
and growth of breast cancer cells during the metastatic
process. CXCL12 (also known as SDF1a) is widely expressed
in the stromal fibroblasts of some tissues and organs,
including lymph nodes, bone marrow, liver, lung, and

especially CAFs [11]. On the one hand, the activation of
the CXCL12-CXCR4 (C-X-C motif chemokine receptor 4)
signaling pathway exhibits a variety of pro-metastasis
properties, including chemotaxis, which plays a key role in
the cell migration involved in lymphocyte homing, tumor
cell metastasis, and endothelial cell migration. On the other
hand, CXCR4, which is rarely expressed in normal tissues
and closely related to tumorigenesis, is highly expressed
in tumor cells and CAFs. As a result, the overexpression of
CXCR4 on the surface of both breast cancer cells and CAFs
as well as the massive amounts of soluble CXCL12 produced
from the bone marrow act together to promote bone metas-
tasis in breast cancer.

In addition to recruiting breast cancer cells and CAFs
based on the differences in the expression gradients of the
CXCL12 and CXCR4 chemokines between tumor cells
and bone marrow [12], chemotaxis also enables bone
marrow to recruit hematopoietic stem and progenitor cells
(HSPCs), endothelial cells, myeloid-derived suppressor cells
(MDSCs), lymphocytes, and monocytes to the bone ME,
where they play a crucial role in constructing the suitable
“soil” for metastatic breast tumor cells [13-15]. CXCL12 and
CXCR4 combine to mediate the attraction of bone marrow
stroma to tumor cells; and E-selectin is thought to have a
critical function in allowing the breast tumor cells to enter
bone marrow. The recruited endothelial cells participate in
angiogenesis, which is conducive to tumor cell migration
to the bone marrow ME via the circulatory system, and
lymphocytes are correlated with immune regulation. The
joint participation of the two factors induces transformation
in the bone metastasis ME.

Rac-dependent intracellular signaling is activated through
the binding of CXCL12 to CXCR4, which then initiates a
cascade resulting in tumor proliferation and metastasis. A
study by Liu et al. employing a model of SDF-1a presented to
bSDF (matrix-bound SDF-1a delivered to cells at their ventral
side) compared with sSDF (with soluble SDF-1a added to
cells spread on polyelectrolyte films), showed its ability to
increase cell migration and protrusion by staining actin in
the cytoskeleton of breast tumor cells [16]. Specifically, the
CXCLI12/CXCR4 signaling pathway leads to the activation
of Janus-activated kinase (JAK)/signal transducer (STAT),
and other molecules, which in turn target the downstream
nuclear factor kB (NFkB) to participate in the regulation
of gene transcriptional activity [17]. This process enhances
tumor proliferation by regulating the expression of related
proteins. For instance, the activation of the phosphoinositide
3-kinase (PI3K)/AKT and mitogen-activated protein kinase
(MAPK)/extracellular  signal-regulated kinase (ERK)
signaling pathways causes increased activity of downstream
matrix metalloproteinases (MMP); consequently, the degra-
dation of the collagen components presents in adjacent
tissues, including the extracellular matrix and basement
membrane, promotes the mobility and invasiveness of the
tumor cells [18].
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MMPs are involved in bone resorption during tumor
metastasis [19], and CXCL12/CXCR4 interactions have been
assumed to be important pro-malignant properties of CAFs,
thus suggesting that CXCR4 suppression might be a strategy
for clinical treatment of malignant tumors. AMD3100
(plerixafor), a selective antagonist of CXCR4 that is mainly
used to treat non-Hodgkin lymphoma and multiple myeloma
by regulating the migration of lymphocytes and hematopoi-
etic stem cells, has been shown to have antitumor prolifera-
tion and anti-metastatic effects [20-22].

In addition to stimulating tumor cells growth through
the paracrine pathway, CXCL12 secreted from CAFs also
functions to regulate the maintenance and transforma-
tion of phenotypes in an autocrine manner. Kojima et al.
have demonstrated the role of self-stimulating SDF-la-
CXCR4 autocrine signaling in myofibroblast differentiation.
Moreover, the expression of aSMA is attenuated when using
short hairpin RNAs (shRNA) to inhibit the expression of
CXCL12 and CXCR4 [23].

Breast cancer cells acquire traits that are similar to that
of the bone marrow ME under CXCL12 and IGF1-driven
selection. Breast cancer cells acquire random prometa-
static mutations throughout the metastatic process by
which several metastatic traits are acquired. In a landmark
study, Zhang et al. reported a link between CAF numbers
in a tumor with bone metastasis in triple-negative breast
tumors. GSEAs (gene set enrichment analyses) showed
that CAFs share several gene signatures associated with
the SRS+ status of breast cancer cells, including CXCL12,
CXCL14, and IGFI1. Importantly, the Src response signature
(SRS) score also correlates with the expression of the CAF
marker aSMA, which is overexpressed in bone metastasis,
thus causing a higher propensity of relapse in the bone. In
contrast, MDA231-CI cells with a high level of pY416-Src
have no metastasis and colonization advantages in the lung
[24]. This study demonstrated that two main factors, which
were identified as CXCL12 and IGF1, mediated the effects
of selection in primary tumors and secondary organs in the
presence of abundant CAFs [24].

By enhancing the expression of several cytokines, such as
IGF1, CXCL12, and Srg, this process allows metastatic breast
cancer cells to orchestrate the skeletal remodeling (referred
to as osteomimicry) involved in bone tropism metastasis [25,
26]. Indeed, reports have indicated that the non-receptor
tyrosine kinase Src is involved in multiple processes closely
related to breast cancer, including breast cancer cell migra-
tion and invasion [27], chemotherapy resistance [28], bone
activity, and the EMT [29, 30]. A previous study showed that
MDA-MB-231 cell invasion and metastasis could be effec-
tively suppressed by targeting Src, which was thought to be
an upstream activator of the PI3K/Akt and Ras/Raf/ERK
pathways [31]. Importantly, MMP and cathepsin S (CTSS)
play key roles in the latter process through the inhibition
of angiogenesis and the degradation of ECM components,
and they share a common pathway with CXCL12 to some

extent. Ample CXCL12 and IGF1 are expressed by CAFs,
and stroma-driven selection is mediated by the accumulated
factors in the tumor matrix, which act on tumor cells directly
and then promote selection for breast cancer cells with higher
trends to survive and colonize in the “soil” (bone marrow
ME). As a result, it has been postulated that “seeds” (breast
cancer cells with Src hyperactivity) presenting intrinsic traits
that can lead to the occurrence of bone metastases are linked
to oncogenic mutations in the primary tumor [24].

CAFs support and promote bone metastasis of breast
cancer CSCs

CSCs represent the true “seeds” necessary during the
metastatic process. CSCs are a subpopulation of tumor
cells that share the same cell markers as ordinary stem cells.
Although CSCs are a rare subset residing within tumors, it has
been postulated that they play a pivotal role in tumor initia-
tion, recurrence, and metastasis via stem cell-like properties,
such as self-renewal and differentiation [32]. Compared with
the limited regeneration ability after differentiation of tumor
cells, CSCs lying on the top of the cellular hierarchy model
exhibit a high capacity for tumorigenicity and the poten-
tial to form metastases. In addition, CSCs determine tumor
heterogeneity, dormancy after metastasis, and plasticity,
which are all closely related to clinical tumor recurrence
and resistance to radiotherapy and chemotherapy [33]. As a
result, tumor metastasis is primarily driven by the migration
and homing of CSCs. Lawson et al. isolated metastatic cells
from PDX (patient-derived xenograft) mice with a highly
sensitive, species-specific fluorescence-activated cell sorting
(FACS)-based assay and then demonstrated that low-burden
metastatic cells with a basal/stem cell phenotype displayed
considerable tumor-initiating ability and could give rise to
luminal-like tumor cells. Importantly, tumor cells, including
CTCs (circulating tumor cells) and DTCs (disseminated
tumor cells), which represent the main components of metas-
tases, exhibit a more basal/stem cell-like signature. Together,
these findings support the indispensable role of CSCs in
metastasis, especially in the early stage [34].

CAFs interact with CSCs to form a mutually reinforcing
crosstalk. Emerging evidence has shown that CSCs and CAFs
can affect each other via reciprocal interactions and paracrine
crosstalk. Using CD49f as a marker of CSCs in immuno-
fluorescence assays, Valenti et al. identified the location of
CSCs, which were proximal to vimentin-positive CAF-like
structures in the Wnt-Met mammary gland tumors, thus
supporting the existence of direct interactions between CSCs
and CAFs [35]. In lung cancer, cytokines released by CAFs,
such as interleukins (IL-6 and IL-8), and TGFf{, have been
suggested to participate in the promotion of CSCs metas-
tasis and stem maintenance through downstream signaling
pathways and molecules, such as TGFp/Smad and STATS3,
which eventually leads to tumor chemotherapy resistance
[35, 36]. In addition, Jung et al. found that overexpression of
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CXCL12y led to a significant increase in the expression of the
CSC phenotype and facilitated the development of spheres
in culture [37]. Therefore, the self-renewal of CSCs is likely
also regulated by the CXCL12/CXCR4 axis. The role of the
CXCL12/CXCR4 axis in maintaining the stemness of breast
tumor cells is also supported by the studies linking it to IL-7
expressed by CAFs [38].

By providing a niche to harbor CSCs and upregulating the
expression of factors influencing the surrounding immune
cells and CSCs, CAFs function as helpers to assist and support
the metastatic process of mammary carcinoma [38]. Bone
marrow and CAFs can modify the pre-metastatic ME and act
on CSCs through cytokines, such as IL-1p and TGE, and play
an important role in breast cancer cell colonization of bone
[39]. Among the many pathways, the Hedgehog (Hh) signaling
pathway has been studied more in-depth because of its
complexity and comprehensiveness in reciprocal interactions
between CSCs and CAFs. For example, based on the murine
M6-Hh tumor allograft model (a low-grade triple-negative
breast cancer (TNBC) driven by transgenic Hh expression).
Cazet et al. demonstrated that Hh signaling is involved in
promoting both CAF activation and CSC plasticity. Using
an RNA-Seq approach, Hh signaling was found to function
as an activator of stromal gene signatures (HSGS), including
Col4al, Tspanll, St8sia2, and Tnfaip6, which are related to
ECM in CAFs; moreover, this process is linked to stromal
remodeling, which subsequently promotes cancer stemness
and can be inhibited by smoothed inhibitors (SMOi) [40].

The Hh pathway can also activate the fibroblast growth
factor (FGF5) signaling in CAFs to mediate their acquisi-
tion of a CSC phenotype, which is associated with chemo-
therapy resistance [40]. Moreover, the hedgehog ligand sonic
hedgehog (SHH) secreted from CSCs in a paracrine pathway
activates CAFs by upregulating the expression of aSMA and
fibronectin and by increasing the secretion of activin, IGF1,
and leukemia inhibitory factor (LIF) [35]. As mentioned
previously, CAFs are extremely heterogeneous and have
different sources. With their multi-directional differentiation
ability, CSCs are hypothesized to be one of the key sources of
CAFs in addition to fibroblasts and MSCs. Another study by
Nair et al. provided the first evidence that CSCs can differen-
tiate into CAF-like cells in the tumor niche. Myofibroblasts
separated from colonization were composed of CSCs gener-
ated from mouse induced pluripotent stem (miPS) cells. As
proven by their sphere-forming capacity, these cells showed
a CAF-like phenotype with high expression of aSMA, fibro-
blast-specific protein-1 (FSP1), vimentin, CXCLI12, and
TGEp surrounding the spheres [41].

CD44 is required for bone metastasis of breast cancer
CSCs. In general, a cluster of differentiation 44 (CD44) is
likely the most widely used CSC marker, and it also plays an
important role in CSCs self-renewal, communication with
the ME, and maintenance of stemness, which have been
linked to tumorigenesis, metastasis, and therapeutic resis-
tance [32]. CD44 is a class I transmembrane glycoprotein

that can be used as a surface receptor adhesion molecule that
binds to extracellular matrix proteins, including HA, OPN,
laminin, collagen, and fibronectin. As a principal compo-
nent of the ECM, HA is the main ligand of CD44, and ECM
mechanics, such as the HA-CD44 axis, also contribute to the
cell-cell and cell-matrix adhesion, migration, proliferation,
and differentiation involved in tumor progression [42, 43].

HA/CD44 axis promotes EMT and anoikis resistance that
is necessary for metastasis. HA combined with CD44 can
induce the occurrence of EMT via epidermal growth factor
(EGF) signaling activated by TGFP1 [44]. Using 4-methylu-
mbelliferine (4-MU) to inhibit hyaluronan synthase (HAS),
which regulates the synthesis and degradation of hyaluronan
and shRNA and subsequently disrupts the expression of
CD44, the EMT process was found to slow down along
with a decreased expression of the EMT associated proteins
including N-cadherin, Snail, Twist, and Zeb1 [44].

A large number of studies have demonstrated that EMT
acts as a pivotal event in tumor progression, especially
tumor cell metastasis. By undergoing the EMT, in which the
adhesion molecules are downregulated, breast cancer cells,
including CSCs, acquire increased plasticity and migration
ability. Additionally, the EMT protects tumor cells from
anoikis, which leads to the failure of single-cell metastasis.
Moreover, the HA/CD44 axis is crucial to anoikis resistance
in an EMT-independent manner. Cieply et al. reported that
CD44S could rescue human mammary epithelial (HMLE)-
Twist-ER cells that had undergone the EMT with low expres-
sion of CD44 from anoikis and that it failed in the HA
non-binding mutant. Conversely, the EMT also upregulated
HA and CD44S and thus enhanced CD44-cytoskeletal inter-
actions to participate in cell migration [45]. This result proves
the mutual effect between the HA/CD44 axis and EMT. After
reaching the distant target sites through the circulation and
establishing secondary metastatic colonization, those tumor
cells reversed the phenotype via the MET in which epithelial
markers were re-acquired [46].

The occurrence of the MET in metastases is closely related
to CAFs [46]. In the mouse breast cancer MMTV-PyMT
model, Del Martin et al. demonstrated that MICs (metastatic
initiating cells) that possess partial mesenchymal features
linked to tumor metastatic competence are capable of
activating fibroblasts and that those activated CAFs could, in
turn, mediate the upregulation of epithelial markers in MICs
via TGFp signaling when the metastatic tumor cells start to
grow [47].

Role of the OPN/CD44 axis in osteolytic metastasis of
breast cancer. OPN, also called secreted phosphoprotein 1
(SPP1), is another ligand that binds to CD44 to regulate cell-
matrix adhesion and signaling in the primary and secondary
tumor ME. OPN is considered to be a glycoprotein linked
to bone disorders. Thus, it has been postulated that OPN
plays a central role in bone ME during tumor metastasis
by constructing interactions with different cells, such as
macrophages, tumor cells, CAFs, osteoclasts, and osteoblasts
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[48]. For example, Rao and colleagues found that macro-
phages infiltrating colorectal cancer can be activated by OPN
secreted from tumor cells, which in turn promoted tumorige-
nicity and clonogenicity by the educated macrophages via the
JUN N-Terminal Kinase (JNK) pathway, which is activated
by the OPN/CD44 axis [49].

Using a MC3T3-El1 cell model, another study by
Kusuyama et al. found that OPN exerts negative effects on
osteoblasts related to mechanical stimulation, which can be
partly explained by nitric oxide (NO) production, and by
attenuating focal adhesion kinase (FAK) signaling pathways
through the induction of low molecular-weight protein
tyrosine phosphatase (LMW-PTP), which requires a combi-
nation of OPN with CD44; these results suggest a negative
role of the OPN/CD44 axis in osteoblast responses to
mechanical stress [50]. Simultaneously, both HA and OPN,
as ligands combined with CD44 in the matrix, have been
shown to promote osteoclast differentiation and function by
upregulating nuclear factor kB ligand (RANKL) expression
[51]. Immunohistochemical examinations have shown the
colocalization of CD44, OPN, and HA in bone ME, which
revealed that cell-matrix interactions involved with CD44 are
essential for bone metastasis in forms of osteolysis [51].

Direct interactions between OPN, HA, CD44, and CAFs.
CD44 is overexpressed on CAFs in some conditions. Kinugasa
et al. demonstrated a strong correlation between CD44
expression on the surface of CAFs and hypoxia and hypo
nutrition [52]. Simultaneously, CD44 expressed on CAFs is
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involved in maintaining tumor stemness and drug resistance
[52]. Although the exact mechanism remains incompletely
understood, it could be partly explained by the HA/CD44
and the OPN/CD44 axes, which could mediate the effects of
CD44 on CSCs. Indeed, CD44 is also involved in the CXCR4-
mediated cell response induced by CXCL12. A study by Liu et
al. demonstrated that the HA adhesion receptor CD44 has a
more than complementary and possibly even an indispensable
role in promoting MDA-MB-231 cancer cell spread, migra-
tion, and protrusion formation by changing the phenotype
of the cytoskeleton, including lamellipodia and filopodia, and
ERK signaling in the CXCL12-CXCR4 axis [23]. Addition-
ally, according to a study by Kuo et al., the migration of MSCs
is also characterized as OPN-dependent, and they followed
the migration of tumor cells to the bone marrow [53]. MSCs
have been shown to transition to CAFs in the tumor micro-
environment (TME). Interestingly, further analysis revealed
that the transition of MSCs to CAFs is OPN-dependent and
that it occurs prior to the increase of tumor stemness in TME.
As mentioned before, CAFs function to support CSCs and
maintain the stemness of tumors.

The bone ME is extensively enriched with the CD44
ligands OPN and HA. The overexpression of CD44 in CSCs
is an important factor in the involvement of CSCs in breast
cancer metastasis. In summary, these findings suggest that
cancer stemness is regulated by the tumor ME and that CAFs
participate in creating the bone marrow premetastatic niche
and increasing cancer stemness (Figure 2).
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Figure 2. Reinforcing crosstalk between CSC and CAF in the bone microenvironment. In this process, the following pathways are involved: hedgehog
signaling (ligands from CSC not only participate in the continuous activation of CAF but also affect their own characteristics through autocrine or sec-
ondary products from CAF), OPN/CD44 and HA/CD44 axis (this pathway can promote the occurrence of EMT and anoikis resistance, which imparts
strong vitality to CSCs that are highly expressed by CD44 in bone microenvironments, and it can also modify the bone microenvironment by affecting

osteogenesis and osteolysis).
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CAFs-derived exosomes regulate the pre-
metastatic ME as a pre-requisite for the occurrence
of bone metastases in breast cancer

Formation and properties of PMNs. PMNs are a selected
tissue site for tumor cells that are formed by the effects of
cytokines secreted from tumor cells or tumor stroma before
metastasis. PMNs are a “suitable soil” for “seeds” to engraft
and grow and are related to further cancer progression.
Specifically, PMNs are characterized by altered metabolism
pathways, ECM, and immune suppression and provide a
supportive ME for outgrowth, survival, adherence, and
invasion of tumor cells. Several factors are involved in
promoting PMNs formation, including miRNAs. Simulta-
neously, exosomes delivering miRNAs play a central role in
establishing PMNs under the influence of the tumor cells and
stroma.

In addition to communicating via direct cell-cell contact,
tumor cells and CAFs release cytokines or exosomes to
mediate paracrine cellular interactions during tumor progres-
sion. Therefore, CAFs affect the organ selectivity of tumor
metastasis by secreting exosomes, which has been verified
in several experiments (Table 1). Exosomes are nano-sized
vesicles (40-100 nm in diameter) derived from various cell
types in the form of membrane budding that can establish a
connection between tumor cells, tumor stroma, and distant
organs by delivering cytokines, active growth factors, and
functional DNA fragments as well as non-coding and coding
RNAs [54-56].

Simultaneously, studies have proposed that these exosomes
are capable of regulating the selective tropisms of cancer cells
for target organs through the use of specific exosomal integ-
rins fused with the ECM of distant organs after entering the
circulation system. Exosomes function to educate cells to

alter their phenotype or metabolism pathways in the target
tissues by releasing their contents before the primary tumor
cells metastasize. Different integrins result in different organ
affinities of exosomes, thus explaining the different organot-
ropisms of secondary metastasis in various types of cancer
[57]. For example, BO2 cells (MDA-MB-231 breast cancer cells
characterized by the overexpression of avp3 integrin) only
metastasize to bone, and this finding was supported by other
studies and analyses in humans and animals [58]. PSK1404-
mediated targeting of integrin av(3 inhibits bone metastasis
and reduces bone destruction. Moreover, exosomal integrins
a6P4 and a6Pl are related to lung metastasis and integrin
avp5 is associated with liver metastasis [57].

miRNAs transported by exosomes cause imbalances
in bone formation and absorption. miRNAs are a class of
small non-coding RNAs transcribed by RNA polymerase,
and they combine with the “seed sequence” of the target
mRNAs through RISC (RNA induced silencing complex).
miRNAs play important roles in multiple physiological and
pathological cellular processes, including differentiation,
proliferation, apoptosis, and tumorigenesis. Homeostasis
of bone microenvironment, mainly kept by osteoclasts and
osteoblasts, can be disrupted and thus transformed from
normal niche to metastatic niche. This complicated progres-
sion can generally be explained by the “vicious cycle of
bone metastasis”, positive feedback of the process of osteol-
ysis and tumor growth initiated by the tumor cells once
they have established a foothold. TGFp derived from bone
resorption activates the process through the upregulation of
PTHTrP, Jaggedl, and RANKL. Meanwhile, multiple growth-
promoting factors are generated in this process [66]. Thus,
a prerequisite for the generation of osteolytic metastases is
the relative hyperfunction of osteoclasts. In this process,
miRNA serves three primary functions by influencing the

Table 1. Summary of CAF-derived exosomes and mechanisms involved in cancer progression.

Cancer Main exosomal contents Recipient cells Role/Mechanism Reference(s)

CRC miR-21 CRC Promote liver metastasis through upregulating miR-21 in CRC [59]

BC miR-181d-5p BC Accelerate EMT and promote proliferation by regulating CDX2/ [60]
HOXAS5

SACC TSP1, LOXL2, and MMP2 LF Promote pre-metastatic niche formation in the lungs via enhanc- [61]
ing ECM remodeling

oscC miR-34a-5p 0OscC Facilitate proliferation and metastasis of OSCC by targeting AXL [62]
and downstream signaling cascade

HNC miR-196a HNC Promote HNC cell proliferation and survival by targeting CD- [63]
KN1B and ING5

CRC IncRNA H19 CRC Enhance stemness and chemoresistant by activating the [39]
[-catenin pathway

PDAC miR-146a and snail PDAC Account for gemcitabine resistant with upregulated Snail and [64]
miR-146a carried by exosomes

PC, PDAC TCA cycle metabolites, amino PC, PDAC Lead to metabolism reprogramming via the delivery of metabo- [65]

acids, and lipids

lites to fuel recipient cells

Abbreviations: CRC - colorectal cancer; BC - breast cancer; CDX2 - caudal-related homeobox 2; HOXAS5 - homeobox A5; SACC - salivary adenoid cystic
carcinoma; TSP1 - thrombospondin-1; LOXL2 - lysyl oxidase 2; MMP2 - metalloproteinases 2; LF - lung fibroblast; OSCC - oral squamous cell carcinoma;
HNC - head and neck cancer; PDAC - pancreatic ductal adenocarcinoma; PC - prostate cancer; IncRNA H19 - long noncoding RNA H19; TCA - tricarbox-

ylic acid
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Table 2. Selected miRNAs important for bone metastasis of breast cancer.

miRNA Function(s) Target gene(s) Reference(s)
miR-20a-5p  Shows high expression in TNBC SRCIN1 [72]
Promotes invasion and metastasis of TNBC cells
Accelerates the differentiation and proliferation of osteoclasts
miR-214-3p  Upregulated during osteoclastogenesis TRAF3 [81-83]
Stimulated by Enoxacin to inhibit osteoclast formation and bone metastasis
Transferred from osteoclasts to osteoblasts, inhibiting bone formation
miR-218 Highly detected during bone metastasis of breast cancer COL1A1 [84]
Decreases type I collagen secretion to inhibit collagen deposition by osteoblasts and osteo- YY1
blast differentiation INHBB
Increases inhibin BA and consequently activates SMAD signaling and upregulates Timp3
expression
miR-30 Suppresses tumors in breast cancer CDHI11 [69]
ITGAS
ITGB3
miR-182 Promotes osteoclastogenesis and bone metastasis by regulating TGF signaling SMAD7 [85]
miR-106b Decreased during bone metastasis of breast cancer MMP2 [86]
miR-181b Downregulated during Raw264.7 cells differentiated into osteoclasts OSM [87]

Influences osteoclastogenic factors through miR-181b/OSM axis

transcription process of factors involved in proliferation,
vascularization, and immunosuppression [67, 68]. Breast
cancer cell-derived miRNAs are transported to the bone ME
via exosomes, dysregulate the differentiation of osteoblasts
and osteoclasts and disrupt the balance of the bone remod-
eling system, which leads to abnormal bone resorption and
destruction, and promote the formation of suitable PMNs for
breast cancer cells. For instance, miR-218 inhibits the forma-
tion and deposition of type 1 collagen by osteoblasts through
downregulating  COL1A1 expression and upregulating
inhibin BA expression, and the latter function is based on the
induction of Timp3, which is the inhibitor of the N-procol-
lagenase ADAMTS2. Simultaneously, inhibin BA activates
SMAD signaling in MDA-23 cancer cells to facilitate tumor
proliferation [69].

Several studies have identified the functions of miRNAs
in driving cell differentiation and phenotype modulation to
promote bone metastasis by affecting the internal balance,
which is likely shifted towards osteolysis bone lesions
(Table 2). Similarly, various factors, cytokines, and hormones
are involved in regulating osteogenesis, and among these
factors, macrophage colony-stimulating factor (M-CSF)
and receptor activator of RANKL are considered the most
indispensable pathways [70]. For example, during osteo-
clastogenesis [71-73], the RANKL-induced expression of
miR-21 downregulates the levels of programmed cell death 4
(PDCD#4), a negative regulator of osteoclastogenesis, and it
is defined as an oncogenic microRNA along with miR-10b,
miR155, and miR-125a [71].

Research by Hashimoto and colleagues found that
hsa-miR940 transferred by exosomes can mediate MSC
differentiation into osteoblasts and induce osteoblastic
lesions, even in the bone metastasis ME of MDA-MB-231
cells, which is often described as causing osteolytic destruc-
tion [72]. In summary, the imbalance of osteoblasts and

osteoclasts caused by cancer-related miRNAs subsequently
leads to the dysregulation of cytokines and factors in the
bone ME, thus affecting various signaling pathways to poten-
tiate the formation of bone metastases.

Exosomes induce the EMT and tumor-related blood
vessel formation. Emerging evidence has shown that
exosomal transmission plays roles in EMT/MET, angiogen-
esis, extracellular matrix remodeling, immunosuppression,
and metabolic changes. As previously mentioned, the EMT
is a biological process that enables tumor cells to develop
superior motility while metastasizing. Using models of
MDA-MB-231 and 4T1 cells exposed to exosomes isolated
from p85a~/- fibroblasts, Chen et al. found that the EMT is
induced via the canonical Wnt/f-catenin signaling pathway,
which is activated by the Wnt10b that is abundant in p85a-/-
fibroblasts and released from CAF-derived exosomes [2].
Moreover, exosomes also maintain the EMT phenotype of
breast cancer cells and endow them with anoikis-resistance
traits [74]. However, when exosomes are removed, the reverse
process, i.e., MET, occurs and restores the epithelial pheno-
types [74]. As such, this process is believed to be regulated by
the factors released from tumor cells through mechanisms
other than exosomes in the TME [53]. However, the regula-
tion of exosomes and the mechanism by which tumor cells
regain an epithelial phenotype via the EMT are still unclear.
The former can be partly explained based on the study by
Lin et al., who proposed that ASPH, which is detectable in
90.1% of breast cancer patients, is responsible for guiding
the synthesis, release, and delivery of metalloproteinase-
enriched exosomes by activating the Notch cascade in breast
cancer [75].

Exosomal Annexin A2 (Exo-AnxA2) promotes
tPA-dependent angiogenesis in PMNs during the breast
cancer metastasis process [76]. AnxA2-pl1-tPA-mediated
plasmin generation acts to promote endothelial cell migra-
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tion, which is essential for angiogenesis [77]. The effects of
Exo-AnxA2 on the migration and invasion of endothelial
cells were demonstrated by Maji et al. in a human umbil-
ical vein endothelial cell (HUVEC) model, which showed
that migration and invasion were significantly inhibited by
LCKLSL, an AnxA2 competitive inhibitory peptide [76]. In
addition to inducing tumor-associated blood vessel forma-
tion, the transfer of Annexin A2 by exosomes also leads to
the activation of macrophages and the upregulation of IL-6
and tumor necrosis factor (TNF-a), thereby participating in
PMN formation [76].

Exosomes/micro-vesicles mediate immunosuppres-
sion and metabolic reprogramming in PMNs. Tumor-
associated macrophages (TAMs) resemble M2 macrophages
marked with CD163 and CD106, represent a considerable
part of the tumor stroma, and play roles in many stages of
cancer progression [78]. TAMs exhibit strong immunosup-
pressive abilities by expressing programmed death-ligand
1 (PD-L1) and disrupting the functions of natural killer
(NK) and T cells [78]. A study by Yavuz et al. showed that
the differentiation of M1 macrophages into TAMs can be
redirected by CAFs, especially in breast cancer, and a high
number of CAFs is correlated with the abundance of TAMs,
which impact the immunosuppression and acquisition of the
EMT phenotype [15]. Interestingly, research by Bissau et al.
showed that exosomes released from breast tumor-educated
MSCs promote monocytic myeloid-derived suppressor cells
(M-MDSCs) to differentiate into M2 polarized macrophages,
which resemble TAMs and express high levels of immuno-
suppressive factors, including IL-10, L-arginase, CD206, and
PD-L1 [79]. The contents of those exosomes were inves-
tigated by tandem mass spectrometry, and they included
TGEF-p, Clq, and semaphorin [79].
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In contrast, the differentiation of dendritic cells from
bone marrow precursors could be hindered by the presence
of breast tumor exosomes. Mechanistically, IL-6 induced
by TS/A exosomes inhibits the differentiation of myeloid
progenitor cells into dendritic cells by activating the JAK2/
STAT3 pathway, which has been shown to be important in
tumor growth and metastasis [70, 80]. In summary, suppres-
sive factors related to the exosomes from tumor stroma,
including CAFs and TAMs, downregulate the function of the
immune system to produce immunosuppressive PMNs.

By transferring miRNA, cancer secreted extracellular
vehicles (EVs) also contribute to the generation of exten-
sive intercellular crosstalk, which enables metabolic repro-
gramming in the breast tumor stroma [73]. An MYC-miR-
105-MYC activation loop plays a pivotal role in extensively
mediating the effects of MDA-MB-231 breast cancer cell-
derived EVs on the TME and PMNs [71]. By redirecting the
metabolic mechanisms and detoxifying several metabolic
by-products, including lactic acid and ammonium, miR-105-
reprogrammed CAFs enhance the flexibility of tumor energy
utilization and are involved in favorable PMN formation via
different mechanisms according to the local milieu [71]. For
example, when nutritional substrates are sufficient, miR-105-
reprogrammed CAFs promote glucose and glutamate metab-
olism to fuel surrounding tumor cells, and under these nutri-
tional conditions, miR-105-reprogrammed CAFs inhibit the
tricarboxylic acid cycle [71].

In conclusion, distant organ metastasis is a compli-
cated event related to distinctive factors associated with
the significant alterations of breast tumor cells and the
extensive crosstalk that remodels the ME, which are both
associated with breast cancer metastasis. As emphasized
here, the skeletal system contains many notable cytokines

Acquisition of mesenchymal and
mobile phenotype, and dissemination
with CAF-derived exosomes

< o~ CAF

©  Breast cancer cell
CsC

(0] exosome

Tumor mass grows within
affected organ

Figure 3. Process of breast cancer bone metastasis. CAF is extensively involved in this process from tumor cell pre-selection to PMN formation.
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and molecules. Several of these cytokines are related to
CAFs, which are key components in the tumor stroma that
exert significant supportive functions on tumor progres-
sion throughout the whole metastatic process from “seed”
selection to distant organ colonization (Figure 3). Current
studies have indicated the importance of CAFs, and with the
development of single-cell analysis methods, more specific
and crucial mechanisms are expected to be demonstrated.
Thus, targeted drugs that treat bone metastasis of breast
cancer could be developed.
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