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Simple Summary: Bone metastasis is frequently complicated in patients with advanced solid cancers
such as breast, prostate and lung cancers, and impairs their prognosis. Bone metastasis proceeds
through the interaction between cancer cells and resident cells in bone. Among resident cells,
osteoclasts are commonly activated in bone metastasis, and therefore, the drugs targeting osteoclast
activation are frequently used to treat bone metastasis. However, their ineffectiveness to inhibit
cancer cell growth in bone marrow, raises the possibility of the involvement of additional types of
resident cells in bone metastasis. Cancer-associated fibroblasts (CAFs) are fibroblasts that accumulate
in cancer tissues as well as metastatic organs including bone. Hence, we will discuss the potential
roles of CAFs, which are emerging as an important cellular player in bone metastasis.

Abstract: Bone metastasis is frequently complicated in patients with advanced solid cancers such as
breast, prostate and lung cancers, and impairs patients’ quality of life and prognosis. At the first step
of bone metastasis, cancer cells adhere to the endothelium in bone marrow and survive in a dormant
state by utilizing hematopoietic niches present therein. Once a dormant stage is disturbed, cancer cells
grow through the interaction with various bone marrow resident cells, particularly osteoclasts and
osteoblasts. Consequently, osteoclast activation is a hallmark of bone metastasis. As a consequence,
the drugs targeting osteoclast activation are frequently used to treat bone metastasis but are not
effective to inhibit cancer cell growth in bone marrow. Thus, additional types of resident cells are
presumed to contribute to cancer cell growth in bone metastasis sites. Cancer-associated fibroblasts
(CAFs) are fibroblasts that accumulate in cancer tissues and can have diverse roles in cancer progression
and metastasis. Given the presence of CAFs in bone metastasis sites, CAFs are emerging as an
important cellular player in bone metastasis. Hence, in this review, we will discuss the potential roles
of CAFs in tumor progression, particularly bone metastasis.

Keywords: bone metastasis; cancer-associated fibroblast; fibroblast; mesenchymal stem
cell; myofibroblast

1. Introduction

Various types of solid tumors, particularly breast, prostate and lung cancer, frequently metastasize
to bone during their course and the bone is the third commonest site of metastasis after the liver
and lung [1]. Metastasis proceeds through multiple steps, which consist of growth at the primary
site, intravasation into the systemic circulation, dissemination via circulation, extravasation into
the metastatic organ, and growth at the metastatic organ [2]. At the final step of metastasis,
the metastatic cancer cells should survive and grow at the metastatic organ by utilizing and adapting
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its microenvironment, which is totally different from that of their primary site. Similarly, in order to
facilitate bone metastasis, cancer cells should exploit and modify the bone marrow microenvironment,
which consists of a myriad of cell types including hematopoietic cells, endothelial cells, osteoclasts,
osteoblasts, mesenchymal stromal cells (MSCs), and fibroblasts [3].

The tumor microenvironment morphologically resembles a healing wound site [4], which is
composed of multiple histological changes: extravascular clotting, inflammatory cell infiltration,
angiogenesis, accumulation of activated fibroblasts, and synthesis of extracellular matrix (ECM) [4,5].
Activated fibroblasts in wound healing sites, display a contractile phenotype with enhanced expression
of α-smooth muscle actin (α-SMA) and therefore are referred to as myofibroblasts. They produce
ECM, various growth factors, cytokines, and chemokines, thereby promoting wound healing.
Fibroblasts present in tumor tissues are denoted as cancer-associated fibroblasts (CAFs), and similarly
display an activated phenotype with enhanced α-SMA expression. Like myofibroblasts in wound
healing sites, CAFs can produce a wide variety of growth factors, cytokines, and chemokines. Based on
these properties, it is widely accepted that CAFs have diverse and profound impacts on tumor growth,
particularly at its primary site, but lack of a specific marker has hindered a clear-cut understanding of
their roles, particularly at metastatic sites.

After summarizing the origin and functions of CAFs, we will discuss the roles of CAFs in bone
metastasis, together with the incorporation of fibroblast-related cells and MSCs into consideration.

2. Phenotypes and Origins of Fibroblasts and CAFs

Fibroblasts were first described by Virchow as cells located in tissues that synthesize collagen and
other ECM proteins [6]. These cells are present in connective tissues, as non-epithelial, non-vascular,
non-leukocytic cells [7]. Embryonic fibroblasts appear in the primary mesenchyme which develops
from epiblasts undergoing epithelial–mesenchymal transition (EMT) [8]. The primary mesenchyme
transforms into the mesoendoderm and subsequently to the endodermal and mesodermal layers.
The mesoderm yields to the true mesenchyme, which generates resident fibroblasts along with
connective tissues [7]. Mesodermal layers generate several additional types of cells including
endothelial cells, pericytes, adipocytes, and epithelial cells. Additionally, MSCs arise from mesoderm
and are present in various adult tissues [9]. MSCs are defined as the plastic adherent cells, which can
differentiate in vitro into osteoblasts, adipocytes, and chondrocytes, and exhibit expression of CD105,
CD73, and CD90 but lack that of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface
molecules [10]. Fibroblasts are presumed to be ubiquitously present in normal bone marrow [11] but
they share phenotypic and functional similarities with MSCs [12] (Table 1), which are also abundantly
present in bone marrow. Thus, it is frequently difficult to discriminate fibroblasts from MSCs.

Recent single-cell RNAseq analysis has revealed that fibroblast clusters could be discriminated
from MSCs and pericytes due to high expression of fibroblast-specific genes including fibronectin-1,
S100a4, decorin, and semaphorin C and low expression of chondrocyte-specific genes such as Sox9,
Acan, and Col2a1 [13]. The same group further revealed the presence of five distinct fibroblast
clusters, fibroblast-1s to -5s, based on their gene expression signatures, suggesting their functional
heterogeneities. Fibroblast-1s and fibroblast-2s cells expressed the progenitor markers CD34 and MSC
markers such as Ly6a, Pdgfra, Th1, and Cd44, but not endothelial- or pericyte-specific markers such
as Cdh1 and Acta2. Fibroblast-1s also expressed Cxcl12 and Angpt1 genes, which were abundantly
expressed also by CAFs. On the contrary, fibroblast-3s, fibroblast-4s, and fibroblast-5s displayed gene
expression of both Sox9 and scleraxis, the transcription factors involved in the differentiation of tenocytes
and ligamentocytes, while these three clusters formed a continuum. Moreover, fibroblast-4s and
fibroblast-5s expressed bone- and cartilage-related genes including Spp1 and chondrocyte genes such
as Nt5e, Cspg4, amd Clip, compared with fibroblast-3s. Hence, it is probable that fibroblast-3s may be a
tenocyte precursor and that fibroblasts-4s and fibroblast-5s may consist of tendon and/or ligament
cells. AML-bearing mice exhibited changes in fibroblast cluster populations, compared with normal
bone marrow: an increase in fibroblast-2 cluster and a decrease in fibroblast-5 cluster [13].
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Table 1. Phenotypes of fibroblasts and mesenchymal stromal cells (MSCs). * phenotypes required to be
identified as MSCs according to the proposal by The International Society for Cellular Therapy 2006 [12].
+ positive; - negative; SSEA, stage-specific embryonic antigen.

Marker Fibroblasts MSCs

CD105 + + *
CD73 + + *
CD90 + + *
CD45 - - *
CD34 - - *
CD14 - - *
CD19 - - *

HLA-DR - - *
CD10 +/- +/-
CD106 - +/-
CD146 - +/-
SSEA4 - +
CD9 + +/-

CD271 +/- +/-
Stro-1 +/- +/-

Resident fibroblasts usually lack the markers which are presumed to be restricted to other
types of mesoderm-derived cells including hematopoietic cells (CD45), epithelial cells (E-cadherin),
endothelial cells (Ve-cadherin, PECAM-1), pericytes (NG2), and adipocytes (uncoupling protein 1,
UCP1) [7]. However, myofibroblasts exhibit activated phenotypes with enhanced contractility [14],
and are characterized by expression of a set of relatively selective but non-specific markers,
including α-SMA, fibroblast activation protein (FAP), fibroblast-specific protein (FSP)1/S100A4,
THY1/CD90, platelet-derived growth factor receptor (PDGF-R)α/β, podoplanin, and discoidin domain
receptor (DDR)2 [15]. Resident fibroblasts can yield to myofibroblasts under the influence of several
fibrogenic factors, particularly transforming growth factor (TGF)-β family proteins [16] whereas
other types of mesoderm-derived cells can transdifferentiate to yield to myofibroblasts [7] (Figure 1).
Hence, myofibroblasts express hematopoietic, epithelial, endothelial, or pericyte markers to a variable
degree, probably mirroring their origin.

Figure 1. Ontogeny and phenotypes of cancer-associated fibroblasts (CAFs) and myofibroblasts.
Parentheses indicate representative surface makers of each cell population. Used abbreviations:
PECAM-1, platelet endothelial cell adhesion molecule-1; UCP1, uncoupling protein 1.
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CAFs are myofibroblast-like cells present in the tumor microenvironment and share phenotypic
similarities with myofibroblasts in fibrotic tissues [17]. A substantial proportion of CAFs are presumed
to be derived from resident fibroblasts [18] but can be originated from other types of cells [11,19–21],
particularly mesoderm-derived cells, similarly to myofibroblasts (Figure 1).

TGF-β1 induced proliferating endothelial cells to undergo endothelial–mesenchymal transition
(EndMT) to transform into CAF-like cells in the B16F10 melanoma model and the Rip-Tag2 spontaneous
pancreatic carcinoma model [22]. EndMT was apparent at the invasive front of the tumors
in the Rip-Tag2 spontaneous pancreatic carcinoma-bearing mice. Moreover, in the mouse lung
tumorigenesis model, TGF-β1-mediated EndMT was accelerated when human pulmonary endothelial
cells lacked an endothelial heat shock protein, HSPB1, which can protect against cellular stress [23],
suggesting the involvement of cellular stress in this process. Another component of vasculature,
pericytes, transdifferentiated into CAF-like cells upon PDGF-BB exposure and these CAF-like cells
conferred a higher capacity to disseminate, invade, and metastasize on less-invasive cancer cells when
co-injected [24]. Human normal mammary gland epithelial cells, HBFL-1 cells, acquired CAF-like
phenotypes through EMT and bestowed marked increased tumorigenicity on a human breast cancer
cell line, MCF-7, when being co-injected [25]. In addition to normal epithelial cells, some malignant
epithelial cells also can undergo EMT to display CAF-like phenotypes [26]. Bone marrow-derived cells
can also be transdifferentiated to display CAF-like phenotypes. Human MSCs were transformed to
exhibit CAF-like phenotypes upon prolonged exposure to conditioned medium from human breast
cancer cells and eventually promoted tumorigenesis when co-injected into animals with cancer cells [27].
Moreover, MSC-derived CAFs in breast cancer tissues exhibited reduced PDGF-Rα expression and
augmented angiogenic activities, compared with resident fibroblast-derived CAFs [28]. Another type of
bone marrow-derived cells, fibrocytes, which express type I collagen protein as well as a hematopoietic
marker, CD45 [29], exhibited CAF-like phenotypes in chemically-induced rat breast carcinogenesis
model [30]. However, there remain controversies on the contribution of non-resident fibroblasts to the
generation of CAFs in solid tumor tissues [18], due to the lack of specific markers to identify CAFs
(Figure 1).

Until present, only sketchy analyses have been conducted on the phenotypic and transcriptional
profiles of CAFs in bone metastasis foci. The transcription profiles were markedly different in
mesenchymal cells obtained from bone metastasis sites of breast cancer, compared with CAFs
obtained from the primary sites or mesenchymal cells obtained from metastasized lymph nodes [31].
Moreover, several genes such as HECTD1, HNMT, LOX, MACH1, and USP1, were expressed to a larger
extent in bone marrow stromal cells. Immunohistochemical analysis on human breast cancer tissues
further revealed distinct expression patterns of fibroblast markers in CAFs at different metastatic
sites [32]: high expression levels of podoplanin, S100A4, and PDGF-Rα in bone metastasis sites,
high expression levels of PDGF-Rβ in lung metastasis sites, and reduced expression levels of S100A4
and PDGF-Rα in liver metastasis sites. However, the cause of phenotypic differences still remains
elusive among CAFs at different metastatic sites, and their pathophysiological relevance.

3. Bone Metastasis Process

Metastasis advances through multiple steps [33], all of which are affected by CAFs [17,19]. At first,
cancer cells should survive and proliferate at their primary sites, together with the induction of
angiogenesis and immune evasion. Subsequently, they invade the adjacent tissues, intravasate into
systemic circulation such as blood and lymphatics, migrate through circulation, and extravasate
through vascular walls into the parenchyma of the distant organs to seed. During these processes,
two specific phenotypic changes in cancer cells, EMT [34] or cancer cell stemness [35], have a crucial
role. These processes proceed in a similar manner irrespective of metastatic organs. Finally, the seeding
cancer cells should survive and proliferate, by utilizing a microenvironment that is provided by the
metastatic organ and is quite different from that of the primary organ.
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Bone marrow conducts two fundamental and vital functions, maintenance of bone structure
and hematopoiesis. In order to perform these tasks, bone marrow consists of functional units
with specialized structures, niches, to control bone remodeling and hematopoiesis. Niches can
be classified into two types, endosteal and central ones, which are denoted depending on their
location in bone marrow and in both niches, endothelial cells, their associated pericytes, and MSCs
participate in the control of hematopoietic stem (HSC) fate [36]. Endosteal niches exist near transitional
zone vessels and promote HSC quiescence while central niches are localized mostly near sinusoids
and arterioles and control HSC transport. Endosteal niches contain additionally osteoblasts and
osteoclasts to control bone remodeling [37]. Osteoclasts are differentiated from HSCs to resorb bone,
while osteoblasts are differentiated from MSCs to mineralize collagen to form the calcified matrix of
bone [38]. Osteoblasts provide pre-osteoclasts with receptor activator of NF-κB (RANK) ligand (L) and
macrophage (M)-colony stimulating factor (CSF) to promote their differentiation to osteoclasts [38].
Differentiated osteoclasts resorb bone to release growth factors, which consequently induce the
differentiation of osteoblasts from MSCs. Osteoblasts differentiate terminally into osteocytes, which are
embedded in bone, to sense mechanical stress and deliver signals to osteoblasts and osteoclasts,
thereby participating in bone remodeling (Figure 2) [38]. Cancer cells, which colonize bone marrow,
hijack these niches, for their survival and proliferation [39].

Figure 2. Bone remodeling and vicious cycle in bone metastasis.

At the first step of bone metastasis, cancer cells preferentially adhere to endothelium in endosteal
niches [40,41] and start to grow therein through the interaction with the resident cells, similarly as
cancer cells metastasizing to other organs do [2]. However, bone metastasis frequently follows a
peculiar clinical course compared with that of other organs. A seminal study by Shiozawa and his
colleagues revealed that in a prostate cancer bone metastasis model, colonizing cancer cells competed
with HSCs for occupancy of the HSC niche [42]. Similar observations were obtained on a breast
cancer bone metastasis model [43]. Thus, colonizing cancer cells utilize HSC niches and consequently
can remain in a dormant state characterized by cell cycle arrest at G0 phase for a long period in
bone marrow as HSCs can. Dormancy in intraosseous cancer cells may be sustained by additional
mechanisms. TGF family proteins such as bone morphogenic protein (BMP) 7 [44] and TGF-β2 [45]
constrained intraosseous cancer cells in a dormant state by shifting the balance between p38 and Erk
kinases. Cancer cells in bone marrow produced vascular endothelial growth factor (VEGF) but its
angiogenic effects were canceled by thrombospondin 1, which was released by endothelial cells in
niches, thereby resulting in decreased tumor formation [46]. Furthermore, cancer cell growth in bone
marrow can be compromised by interferon (IFN)-mediated cytotoxic immune response by CD8+ T
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lymphocytes and natural killer cells [47]. These mechanisms together may result in frequently observed
long-latency of bone metastasis [3] and their disruption may lead to the development of clinically
evident bone metastasis.

Once a dormant state is disturbed, osteomimicry ensues, where cancer cells stimulate both
osteoclasts and osteoblasts, thereby inducing aberrant bone remodeling [39] (Figure 2). Bone metastasis
lesions can be osteolytic or osteoblastic, depending on whether osteoclasts or osteoblasts are
predominantly activated [1]. Moreover, osteomimicry is accompanied by a so-called vicious cycle, which
consists of a positive feedback loop between aberrant bone remodeling and cancer cell proliferation [48].
In this positive loop which is known as a vicious cycle, cancer cells can augment osteoclast generation
and activation directly by producing osteoclastogenic factors including RANKL [49], tumor necrosis
factor (TNF)-α, IL-1, IL-6, and IL-11 [50]. Simultaneously, cancer cells activate osteoblasts by releasing
parathyroid hormone-like protein (PTHrP), Wnt-1, insulin-like growth factor (IGF)-1, and BMPs
and/or using Jag1/Notch pathway, and activated osteoblasts further enhance osteoclast generation and
activation by releasing RANKL [50,51]. Activated osteoclasts resorb bone matrix and eventually release
various growth factors such as fibroblast growth factor (FGF) and IGF [38,51], thereby promoting cancer
cell growth in bone marrow. These observations imply that osteoclast activation can be a hub of a
vicious cycle and as a consequence, bone metastasis is treated with drugs targeting osteoclast activation:
antibody against RANKL or bisphosphonates [52]. However, a recent study using intravital microscopy
revealed that cancer cells in a bone cavity efficiently grew even when osteoclast activation was inhibited
by bisphosphonates [53]. Thus, it is likely that an additional cell component can participate in cancer
cell growth in bone metastasis sites in addition to the cells involved in a vicious cycle. As bone marrow
contains fibroblasts abundantly, particularly under pathological conditions, fibroblasts are emerging as
a cell component that is potentially involved in bone metastasis. Hence, we will discuss their potential
roles in bone metastasis and related conditions in the next section.

4. CAFs in Bone Metastasis Formation

CAFs are presumed to be involved in multiple metastasis steps from cancer cell growth at
primary sites, their invasion, intravasation, migration through systemic circulation and extravasation,
their seeding to distant organs and subsequent proliferation therein. CAFs can generally promote
metastasis by inducing cancer cell survival and proliferation at the primary site in a paracrine manner,
through secreting a myriad of growth factors and cytokines including heparin-binding epidermal
growth factor (EGF) [54], epiregulin [55], hepatocyte growth factor (HGF) [56], IGF [57], TGF-β [58],
interleukin (IL)-6 [59], CXCL12 [60], and IL-17B [61] (Figure 3). In addition to these growth factors,
CAFs provided cancer cells with lactate, an energy source involved crucially in Warburg effects [62],
thereby promoting tumor growth.

Cancer cell proliferation is promoted by angiogenesis which CAFs can profoundly induce
by releasing various angiogenic factors. CAFs produce the most potent angiogenic factor, VEGF,
abundantly [63]. CAFs abundantly produce IL-6, particularly in the presence of colon cancer cells and
the produced IL-6 enhanced VEGF production by CAFs, leading to angiogenesis [64]. CAFs produce
another potent angiogenic factor, PDGF-C, particularly in a compensatory manner when VEGF activity
was inhibited [65]. Thus, this production may account for frequently observed resistance to anti-VEGF
therapy. CAF-derived HGF also promotes angiogenesis, vascular mimicry, and mosaic vessel formation
via PI3K/AKT and ERK1/2 signaling in gastric cancer tissues [66]. CAFs in colon cancer tissues produce
FGF-1 and FGF-3, which acted at FGFR4 in endothelial cells, thereby promoting angiogenesis [67].
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Figure 3. Functions of CAFs in tumor progression involved in metastasis.

Cancer cell survival requires evasion from the host immune response. CAFs produce several
immunosuppressive factors such as prostaglandin E2 [68], TGF-β1 [69] and VEGF [70], thereby directly
suppressing tumor immunity. Additionally, CAF-derived cytokines and chemokines can promote the
immune-suppressive tumor microenvironment by recruiting and generating immune suppressive
cells. CAFs produced IL-6 and GM-CSF, which together induced the infiltration of tumor-associated
macrophages (TAMs) and their differentiation into M2-like phenotypes in mouse syngeneic colon
carcinoma models, thereby suppressing tumor immunity [71]. Moreover, CAFs conferred PD-1
expression and eventually immunosuppressive activities on TAMs via CCL2 and CXCL12 [72].
CAFs obtained from lung squamous cancer tissues produce CCL2, and eventually promote the
recruitment of CCR2-expressing monocytes and their subsequent polarization into myeloid-derived
suppressor cell (MDSC) phenotype, with a capacity to suppress autologous CD8-positive T-cell
proliferation and IFN-γproduction [73]. CAF-derived IL-6 induces the polarization of tumor-infiltrating
T cells to Th17 phenotypes, thereby inducing tumor-promoting inflammation [74]. In contrast to these
immune-suppressive functions, the depletion of CAFs induced immunosuppression with increased
intratumoral regulatory T cells in a mouse pancreatic cancer model [75], suggesting a potential
immune-enhancing function of CAFs in a context-dependent manner. However, it remains elusive
how immune functional differences can be associated with phenotypic differences.

CAFs can enhance migratory and/or invasive capacity on cancer cells by releasing soluble factors.
CAF-derived CXCL12 enhances the migration and invasion capacity of breast cancer cells [76] and gastric
cancer cells [77]. Cancer cell migration and invasion has been augmented by other CAF-derived factors
such as HGF, FGF-2 [78], and IL-8 [79]. CAFs can regulate migratory and invasive capacity in a cell-to-cell
contact-dependent manner. Force transmission is mediated by a heterophilic adhesion involving
N-cadherin at the CAF membrane and E-cadherin at the cancer cell membrane [80]. When subjected
to force, this adhesion triggered β-catenin recruitment and adhesion reinforcement depending on
α-catenin/vinculin interaction, leading to directional cancer cell migration and invasion. CAFs induced
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apoptosis in gastric cancer cells in a contact-dependent manner by using the death receptor 4-caspase-8
pathway [81]. Apoptotic cancer cells released apoptotic vesicles, which stimulated the invasion of
CAFs and the subsequent migration of surviving cancer cells. CAFs produced a fibronectin-rich
ECM with anisotropic fiber orientation, which guided the prostate cancer cells to migrate and invade
directionally [82]. Furthermore, protease- and force-mediated ECM remodeling, which depends on
integrins α3 and α5, and Rho-mediated regulation of myosin light chain (MLC) activity in CAFs,
facilitated the squamous cell carcinoma (SCC) cells to invade in a cluster [83]. CAFs in pancreatic cancer
form annexin A6/LDL receptor-related protein 1/thrombospondin 1 (ANXA6/LRP1/TSP1) complex,
which is released in the form of extracellular vesicles (EVs), thereby enhancing the migratory capacity
of cancer cells, which ingests EVs [84].

An important feature required for metastatic cells is the acquisition of EMT. CAF-derived TGF-β1
induces EMT in cancer cells [85]. Moreover, in an autocrine manner through the miR-200s/miR221/

DNMT3B regulatory pathway, TGF-β1 maintained the active state of CAFs with a capacity to produce
CXCL12, which promoted breast cancer cell proliferation [86]. CAFs produced also IL-6, which further
promoted EMT in cancer cells in collaboration with TGF-β1 and the analysis on human non-small cell
lung cancer tissues unraveled that IL-6 expression in CAFs was an independent prognostic factor [87].
Several CAF-derived soluble factors, such as HGF, Wnt, and PDGF also contribute to EMT phenotype
acquisition in cancer cells [88–90]. CAFs promote EMT by secreting microRNAs such as miR-409, in
addition to these proteinaceous factors [91].

CAFs can confer stemness, another feature required for metastatic cells, by releasing soluble
factors or cell-to-cell contact. CAF-derived HGF activates the Wnt pathway in adjacent colorectal
cancer cells, which leads to their acquirement of the stemness [92]. Autophagic CAFs abundantly
release high-mobility group box 1 (HMGB1), which acts on its specific receptor, TLR4, on luminal
breast cancer cells, to enhance their stemness [93]. The interaction between netrin and its receptor,
UNC5B, maintained cancer stemness through the crosstalk between cancer cells and CAFs [94].

CAFs regulate ECM deposition, remodeling, and cross-linking, thereby stiffening stroma [95].
The resultant rigid stroma can enhance cancer cell survival, growth, and migration, induce its
EMT, enhance hypoxia and subsequent angiogenesis, and compromise tumor immunity [95,96].
ECM solidification activates glycolysis in CAFs, which provided aspartate to sustain cancer cell
proliferation and simultaneously triggered glutamine metabolism in cancer cells, which consequently
balanced the redox states of CAFs to accelerate ECM modeling [97].

CAFs can regulate premetastatic niche formation, cancer cell seeding to bone marrow and their
growth therein (Figure 4). α-SMA+ CAFs at the primary site of triple-negative (TN) breast tumors
abundantly produced CXCL12 and IGF-1, the molecules that can select for cancer cells with high Src
activity [98]. These cancer cells were prone to metastasize to the CXCL12-rich microenvironment of
the bone marrow, suggesting that CAFs at primary sites educate cancer cells to metastasize to bone.
Bone marrow stromal cells including fibroblasts may be required for CXCL12-rich microenvironment
formation. Prostate cancer cells at primary sites released exosomes containing pyruvate kinase M2,
which enhanced CXCL12 production by bone marrow stromal cells in a hypoxic inducible factor
(HIF)-1α-dependent manner, giving rise to pre-metastatic niche [99]. Similarly, in prostate cancer bone
metastasis, cancer cell-derived IL-1β conferred an activated CAF marker, S100A4 on bone marrow
stromal cells and the resultant CAFs supported the colonization of cells, which otherwise exhibited a
less metastatic capacity [100], although the detailed molecular mechanisms are not elucidated in this
study. Thus, the interaction between cancer cells and CAFs can select bone-tropic cancer cells and can
foster the so-called pre-metastatic niche formation in bone marrow.
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Figure 4. Presumed roles of CAFs in bone metastasis processes.

The modification of ECM can facilitate bone metastasis formation. Lysyl oxidase (LOX), which is
abundantly expressed in stromal cells, particularly fibroblasts, is a copper-dependent amine oxidase
that catalyzes a key enzymatic step in the crosslinking of collagen and elastin [101]. As a consequence,
it modulates and stiffens ECM. In an estrogen receptor-negative breast cancer bone metastasis
model, cancer cell-derived LOX induced ECM solidification and subsequently activated osteoclasts
through NFATc1 activation independent of RANK ligand and disrupted normal bone homeostasis,
thereby providing a pre-metastatic niche for circulating tumor cells to colonize in bone marrow [102].
As a CAF subpopulation, CD146− one abundantly express LOX [103], CAFs may be able to promote
bone metastasis by modulating ECM with the use of LOX.

Breast cancer cells migrate from the primary site to bone marrow together with MSCs, while MSC
migration is dependent on osteopontin [104]. Migrated MSCs express characteristic features of CAFs,
vimetin and α-SMA expression, in an osteopontin-dependent manner. Cancer cells in bone marrow
express a markedly higher expression level of stemness markers such as Nanog, Oct4, Sox2 in the
presence of MSC-derived CAFs and osteopontin. Enhanced stemness in cancer cells can augment
bone metastasis formation. Breast cancer cell stemness was also maintained by exosomes containing
miR-221, which was abundantly released by vimentin-expressing FAP+ fibroblasts in bone marrow [105].
Thus, MSCs and their successor, CAFs, can contribute to breast cancer bone metastasis by maintaining
cancer cell stemness.

Multiple myeloma (MM) is a malignant proliferation of monoclonal plasma cells, which secrete
monoclonal immunoglobulin [106]. Malignant plasma cells infiltrate bone marrow, causing osteolytic
lesions. Three phenotypical distinct CAF populations, FSP-1+α-SMA−, FSP-1+α-SMA+ or
FSP-1−α-SMA+ ones were totally increased in bone marrow of MM patients at diagnosis and relapse
than that of MM patients in remission or patients with monoclonal gammopathy of undetermined
significance [107]. Moreover, CAFs induce chemotaxis, adhesion, proliferation and apoptosis resistance
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in MM cells through CXCL12 production and cell-to-cell contact mediated by the interaction between
fibronectin and integrin. The same group further proved that MM cells abundantly secreted exosomes
containing WW and C2 domain containing 2 (WWC2), which induced CAFs to express miR-27b-3p
and miR-214-3p [108]. Overexpression of these miRNAs conferred apoptosis resistance on CAFs by
reducing PTEN and FBXW7 proteins in CAFs. These observations would indicate that MM cells and
CAFs reciprocally sustain their proliferation in bone marrow and that MM pathology is accelerated by
the vicious cycle between MM cells and CAFs in bone marrow.

Podoplanin+S100A4+PDGF-Rα+ fibroblasts are present in bone metastasis sites of human breast
cancer patients [32]. Consistently, we observed an increase in fibroblasts in mouse breast cancer bone
metastasis model [109]. In this study, we established a bone-tropic breast cancer cell clone, 4T1.3,
from a mouse triple-negative breast cancer (TNBC) cell line, 4T1.0. Upon its orthotopic injection into
the mammary fat pad, this clone exhibited a higher ability to metastasize to bone, which was ascribed
to its enhanced capacity to grow in a bone cavity. Of interest is that neither osteoclasts nor osteoblasts
were markedly increased in bone metastasis sites. A subsequent analysis revealed that cancer cells in
a bone cavity produced abundantly a chemokine, CCL4, which attracted type I collagen-expressing
α-SMA+ fibroblasts expressing CCR5, a specific receptor for CCL4 [109]. Accumulated fibroblasts
provided cancer cells with a growth signal mediated by connective tissue growth factor (CTGF).

Prostate cancer cells and α-SMA+ CAFs cooperatively recruited macrophages and polarized them
to M2-like TAMs via CCL2, CXCL12, and IL-6, while recruited macrophages conferred malignant
and activation phenotypes on cancer cells and CAFs, respectively [110]. The same group further
observed that the administration of a bisphosphonate, zoledronic acid, reduced bone metastasis
formation in a murine prostate cancer bone metastasis model, in association with the reversion
of M2-macrophage-mediated activation of CAFs [111]. Another group reported the possibility
of more complicated interaction among prostate cancer cells, fibroblasts, and macrophages in
the bone metastasis process [112]. A heparin sulfate proteoglycan, perlecan, and its modifiers,
SULF1, were abundantly present at α-SMA+ fibroblasts in prostate cancer bone metastasis sites.
M2-macrophage-derived condition medium increased in vitro perlecan and SULF1 expression in
α-SMA+ CAFs. Moreover, SULF1 reduced Wnt3a-induced prostate cancer cell growth in tri-culture
system consisting of prostate cancer cells, fibroblasts, and macrophages [112], although further
investigation is warranted to determine the clinical relevance of these observations.

α-SMA+ CAFs were consistently seen in the bone of human patients with oral squamous cell
carcinoma (OSCC), particularly at the head of cancer cells [113]. In vitro co-culture of OSCC-derived
cells with CAFs increased RANKL expression and reciprocally decreased osteoproteogerin expression.
Thus, the interaction between CAFs and cancer cells induced osteoclastogenesis and eventually
accelerated bone invasion by OSCC cells [113].

Bone pain is common in patients with bone metastasis and impairs markedly their quality of life [1].
Bone-tropic breast cancer cells expressed abundantly V-ATPase and MCT4, leading to intratumoral
acidosis, which induced α-SMA+FAP+ CAFs, osteoblasts and MSCs to express inflammatory and
nociceptive mediators including nerve growth factor, brain-derived neurotropic factor, IL-1β, IL-6,
CXCL8, and CCL5 [114], which may be responsible for bone pain.

CAFs are generally presumed to be pro-tumorigenic and pro-metastatic. However, they can
exert both pro- and anti-tumorigenic activities even in similar experimental situations, and these
discrepancies may be explained by phenotypic differences among CAFs. For example, inflammation
and subsequent colitis-induced carcinogenesis were suppressed and augmented by IKKβ gene deletion
in intestinal type IV collagen-positive fibroblasts [115] and that in type I collagen-positive intestinal
fibroblasts [116], respectively. Thus, functional differences may arise from the differences in the origin
of CAFs [28]. Moreover, CAFs, which were located at the outer edge of the tumor and were in close
contact with T cells, suppressed T cell proliferation in a nitric oxide-dependent manner, whereas those
around vessels lacked immunosuppressive activities [117]. Thus, the differences in their intratumoral
locations may determine their functions. Comprehensive gene analysis on CAFs in breast cancer



Cancers 2020, 12, 2896 11 of 18

tissues revealed the presence of distinct subpopulations, which changed over time in breast cancer
progression [118], without further elucidation on their functional relevance. Nevertheless, the lack
of specific surface markers has hindered detailed phenotypic and functional clarification on CAFs
involved in each step of bone metastasis. Thus, the application of novel research tools, particularly
single-cell RNAseq analysis, is warranted in order to have a comprehensive perspective on the roles of
CAFs in carcinogenesis including bone metastasis.

5. Conclusions and Future Perspective

We herein discussed the potential contribution of CAFs in bone marrow to bone metastasis.
However, the most puzzling problem with bone metastasis is its frequent long-latency [51] and the
roles of CAFs in this process remain elusive. Tumor cells are commonly detected in the bone marrow
of patients with early-stage ductal carcinoma in situ (DICS) of breast cancer [119] or pathologically
localized prostate cancer [120]. Additionally, overt bone metastasis was seldom seen in several types
of cancers, such as gastric, colorectal, pancreatic, and cervical cancer, which occasionally harbor
tumor cells in bone marrow [121,122]. It is widely admitted, also, that a significant proportion of
bone metastases develop very late, sometimes decades after the diagnosis of primary tumors [123],
in contrast to metastases of other organs, which becomes clinically evident within a short time frame
due to the rapid growth of metastatic cancer cells. Thus, it is tempting to speculate that the bone marrow
niche, which can originally support the survival of quiescent HSCs, is hijacked by dormant tumor cells
for their survival. Moreover, it is likely that bone metastasis formation requires the re-entry of dormant
tumor cells to a cell cycle in response to some cues from the bone marrow microenvironment. In the
mouse breast cancer lung metastasis model, type I collagen accumulation induced dormant tumor cells
to re-enter into a cell cycle through the β1-integrin-mediated activation of SRC, focal adhesion kinase,
and Erk in tumor cells [124]. Considering that fibrotic changes are frequently observed in clinically
overt bone metastasis sites, CAFs can similarly trigger the re-entry of dormant tumor cells in bone
marrow to a cell cycle. Thus, it may be reasonable to assume that the manipulation of intraosseous
CAFs will lead to the development of a novel strategy to prevent and/or treat bone metastasis.

Author Contributions: N.M. conceptualized and wrote the manuscript. D.Z. and S.S. contributed to
conceptualization through discussion with N.M. and drew figures. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is partially supported by Grant-in-Aid for Scientific Research (C) (20K07567) from Japan
Society for the Promotion of Science (N.M. and S.S.).

Acknowledgments: We appreciate Tomohisa Baba (Cancer Research Institute, Kanazawa University) for his
thoughtful comments.

Conflicts of Interest: The authors declared no conflict of interest.

References

1. Turpin, A.; Duterque-Coquillaud, M.; Vieillard, M.-H. Bone metastasis: Current state of play. Transl. Oncol.
2020, 13, 308–320. [CrossRef] [PubMed]

2. Talmadge, J.E.; Fidler, I.J. Aacr centennial series: The biology of cancer metastasis: Historical perspective.
Cancer Res. 2010, 70, 5649–5669. [CrossRef] [PubMed]

3. Zhang, W.; Bado, I.; Wang, H.; Lo, H.C.; Zhang, X.H. Bone metastasis: Find your niche and fit in. Trends Cancer
2019, 5, 95–110. [CrossRef] [PubMed]

4. Dvorak, H.F. Tumors: Wounds that do not heal-redux. Cancer Immunol. Res. 2015, 3, 1–11. [CrossRef]
5. Wong, A.Y.; Whited, J.L. Parallels between wound healing, epimorphic regeneration and solid tumors.

Development 2020, 147, 181636. [CrossRef]
6. Virchow, R. Cellular pathology. As based upon physiological and pathological histology.

Lecture XVI—Atheromatous affection of arteries 1858. Nutr. Rev. 1989, 47, 23–25. [CrossRef]
7. LeBleu, V.S.; Neilson, E.G. Origin and functional heterogeneity of fibroblasts. Faseb. J. 2020, 34, 3519–3536.

[CrossRef]

http://dx.doi.org/10.1016/j.tranon.2019.10.012
http://www.ncbi.nlm.nih.gov/pubmed/31877463
http://dx.doi.org/10.1158/0008-5472.CAN-10-1040
http://www.ncbi.nlm.nih.gov/pubmed/20610625
http://dx.doi.org/10.1016/j.trecan.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30755309
http://dx.doi.org/10.1158/2326-6066.CIR-14-0209
http://dx.doi.org/10.1242/dev.181636
http://dx.doi.org/10.1111/j.1753-4887.1989.tb02747.x
http://dx.doi.org/10.1096/fj.201903188R


Cancers 2020, 12, 2896 12 of 18

8. Lawson, K.A.; Meneses, J.J.; Pedersen, R.A. Clonal analysis of epiblast fate during germ layer formation in
the mouse embryo. Development 1991, 113, 891–911.

9. Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8,
726–736. [CrossRef]

10. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.;
Keating, A.; Prockop, D.J.; Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal
cells. The international society for cellular therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef]

11. LeBleu, V.S.; Kalluri, R. A peek into cancer-associated fibroblasts: Origins, functions and translational impact.
Dis. Models Mech. 2018, 11, 029447. [CrossRef] [PubMed]

12. Soundararajan, M.; Kannan, S. Fibroblasts and mesenchymal stem cells: Two sides of the same coin?
J. Cell. Physiol. 2018, 233, 9099–9109. [CrossRef] [PubMed]

13. Baryawno, N.; Przybylski, D.; Kowalczyk, M.S.; Kfoury, Y.; Severe, N.; Gustafsson, K.; Kokkaliaris, K.D.;
Mercier, F.; Tabaka, M.; Hofree, M.; et al. A cellular taxonomy of the bone marrow stroma in homeostasis
and leukemia. Cell 2019, 177, 1915–1932. [CrossRef] [PubMed]

14. Ryan, G.B.; Cliff, W.J.; Gabbiani, G.; Irle, C.; Montandon, D.; Statkov, P.R.; Majno, G. Myofibroblasts in human
granulation tissue. Hum. Pathol. 1974, 5, 55–67. [CrossRef]

15. Micallef, L.; Vedrenne, N.; Billet, F.; Coulomb, B.; Darby, I.A.; Desmoulière, A. The myofibroblast, multiple
origins for major roles in normal and pathological tissue repair. Fibrogenesis Tissue Repair 2012, 5, 1–5.
[CrossRef]

16. Caja, L.; Dituri, F.; Mancarella, S.; Caballero-Diaz, D.; Moustakas, A.; Giannelli, G.; Fabregat, I. Tgf-β and the
tissue microenvironment: Relevance in fibrosis and cancer. Int. J. Mol. Sci. 2018, 19, 1294. [CrossRef]

17. Gascard, P.; Tlsty, T.D. Carcinoma-associated fibroblasts: Orchestrating the composition of malignancy.
Genes. Dev. 2016, 30, 1002–1019. [CrossRef]

18. Arina, A.; Idel, C.; Hyjek, E.M.; Alegre, M.L.; Wang, Y.; Bindokas, V.P.; Weichselbaum, R.R.; Schreiber, H.
Tumor-associated fibroblasts predominantly come from local and not circulating precursors. Proc. Natl. Acad.
Sci. USA 2016, 113, 7551–7556. [CrossRef]

19. Bu, L.; Baba, H.; Yoshida, N.; Miyake, K.; Yasuda, T.; Uchihara, T.; Tan, P.; Ishimoto, T. Biological heterogeneity
and versatility of cancer-associated fibroblasts in the tumor microenvironment. Oncogene 2019, 38, 4887–4901.
[CrossRef]

20. Kwa, M.Q.; Herum, K.M.; Brakebusch, C. Cancer-associated fibroblasts: How do they contribute to metastasis?
Clin. Exp. Metastasis 2019, 36, 71–86. [CrossRef]

21. Boesch, M.; Baty, F.; Rumpold, H.; Sopper, S.; Wolf, D.; Brutsche, M.H. Fibroblasts in cancer: Defining target
structures for therapeutic intervention. Biochim. Biophys. Acta Rev. Cancer 2019, 1872, 111–121. [CrossRef]
[PubMed]

22. Zeisberg, E.M.; Potenta, S.; Xie, L.; Zeisberg, M.; Kalluri, R. Discovery of endothelial to mesenchymal
transition as a source for carcinoma-associated fibroblasts. Cancer Res. 2007, 67, 10123–10128. [CrossRef]
[PubMed]

23. Choi, S.-H.; Nam, J.-K.; Kim, B.-Y.; Jang, J.; Jin, Y.-B.; Lee, H.-J.; Park, S.; Ji, Y.H.; Cho, J.; Lee, Y.-J. HSPB1
inhibits the endothelial-to-mesenchymal transition to suppress pulmonary fibrosis and lung tumorigenesis.
Cancer Res. 2016, 76, 1019–1030. [CrossRef] [PubMed]

24. Hosaka, K.; Yang, Y.; Seki, T.; Fischer, C.; Dubey, O.; Fredlund, E.; Hartman, J.; Religa, P.; Morikawa, H.;
Ishii, Y.; et al. Pericyte-fibroblast transition promotes tumor growth and metastasis. Proc. Natl. Acad.
Sci. USA 2016, 113, E5618–E5627. [CrossRef]

25. Petersen, O.W.; Nielsen, H.L.; Gudjonsson, T.; Villadsen, R.; Rank, F.; Niebuhr, E.; Bissell, M.J.;
Ronnov-Jessen, L. Epithelial to mesenchymal transition in human breast cancer can provide a nonmalignant
stroma. Am. J. Pathol. 2003, 162, 391–402. [CrossRef]

26. Mink, S.R.; Vashistha, S.; Zhang, W.; Hodge, A.; Agus, D.B.; Jain, A. Cancer-associated fibroblasts derived
from EGFR-TKI-resistant tumors reverse EGFR pathway inhibition by EGFR-TKIs. Mol. Cancer Res. 2010, 8,
809–820. [CrossRef]

27. Mishra, P.J.; Mishra, P.J.; Humeniuk, R.; Medina, D.J.; Alexe, G.; Mesirov, J.P.; Ganesan, S.; Glod, J.W.;
Banerjee, D. Carcinoma-associated fibroblast-like differentiation of human mesenchymal stem cells. Cancer Res.
2008, 68, 4331–4339. [CrossRef]

http://dx.doi.org/10.1038/nri2395
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.1242/dmm.029447
http://www.ncbi.nlm.nih.gov/pubmed/29686035
http://dx.doi.org/10.1002/jcp.26860
http://www.ncbi.nlm.nih.gov/pubmed/29943820
http://dx.doi.org/10.1016/j.cell.2019.04.040
http://www.ncbi.nlm.nih.gov/pubmed/31130381
http://dx.doi.org/10.1016/S0046-8177(74)80100-0
http://dx.doi.org/10.1186/1755-1536-5-S1-S5
http://dx.doi.org/10.3390/ijms19051294
http://dx.doi.org/10.1101/gad.279737.116
http://dx.doi.org/10.1073/pnas.1600363113
http://dx.doi.org/10.1038/s41388-019-0765-y
http://dx.doi.org/10.1007/s10585-019-09959-0
http://dx.doi.org/10.1016/j.bbcan.2019.06.003
http://www.ncbi.nlm.nih.gov/pubmed/31265878
http://dx.doi.org/10.1158/0008-5472.CAN-07-3127
http://www.ncbi.nlm.nih.gov/pubmed/17974953
http://dx.doi.org/10.1158/0008-5472.CAN-15-0952
http://www.ncbi.nlm.nih.gov/pubmed/26744531
http://dx.doi.org/10.1073/pnas.1608384113
http://dx.doi.org/10.1016/S0002-9440(10)63834-5
http://dx.doi.org/10.1158/1541-7786.MCR-09-0460
http://dx.doi.org/10.1158/0008-5472.CAN-08-0943


Cancers 2020, 12, 2896 13 of 18

28. Raz, Y.; Cohen, N.; Shani, O.; Bell, R.E.; Novitskiy, S.V.; Abramovitz, L.; Levy, C.; Milyavsky, M.; Leider-Trejo, L.;
Moses, H.L.; et al. Bone marrow-derived fibroblasts are a functionally distinct stromal cell population in
breast cancer. J. Exp. Med. 2018, 215, 3075–3093. [CrossRef]

29. Chong, S.G.; Sato, S.; Kolb, M.; Gauldie, J. Fibrocytes and fibroblasts—Where are we now. Int. J. Biochem.
Cell Biol. 2019, 116, 105595. [CrossRef]

30. Gunaydin, G.; Kesikli, S.A.; Guc, D. Cancer associated fibroblasts have phenotypic and functional
characteristics similar to the fibrocytes that represent a novel mdsc subset. Oncoimmunology 2015, 4,
e1034918. [CrossRef]

31. Del Valle, P.R.; Milani, C.; Brentani, M.M.; Katayama, M.L.H.; de Lyra, E.C.; Carraro, D.M.; Brentani, H.;
Puga, R.; Lima, L.A.; Rozenchan, P.B.; et al. Transcriptional profile of fibroblasts obtained from the primary
site, lymph node and bone marrow of breast cancer patients. Genet. Mol. Biol. 2014, 37, 480–489. [CrossRef]

32. Kim, H.M.; Jung, W.H.; Koo, J.S. Expression of cancer-associated fibroblast related proteins in metastatic
breast cancer: An immunohistochemical analysis. J. Transl. Med. 2015, 13, 222. [CrossRef] [PubMed]

33. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging biological principles of metastasis. Cell 2017,
168, 670–691. [CrossRef] [PubMed]

34. Aiello, N.M.; Kang, Y. Context-dependent emt programs in cancer metastasis. J. Exp. Med. 2019, 216,
1016–1026. [CrossRef] [PubMed]

35. Nimmakayala, R.K.; Batra, S.K.; Ponnusamy, M.P. Unraveling the journey of cancer stem cells from origin
to metastasis. Biochim. Biophys. Acta Rev. Cancer 2019, 1871, 50–63. [CrossRef] [PubMed]

36. Méndez-Ferrer, S.; Bonnet, D.; Steensma, D.P.; Hasserjian, R.P.; Ghobrial, I.M.; Gribben, J.G.; Andreeff, M.;
Krause, D.S. Bone marrow niches in haematological malignancies. Nat. Rev. Cancer 2020, 20, 285–298.
[CrossRef]

37. Haider, M.T.; Smit, D.J.; Taipaleenmäki, H. The endosteal niche in breast cancer bone metastasis. Front. Oncol.
2020, 10, 335. [CrossRef]

38. Clarke, B. Normal bone anatomy and physiology. Clin. J. Am. Soc. Nephrol. 2008, 3, S131–S139. [CrossRef]
39. Weilbaecher, K.N.; Guise, T.A.; McCauley, L.K. Cancer to bone: A fatal attraction. Nat. Rev. Cancer 2011, 11,

411–425. [CrossRef]
40. Lehr, J.E.; Pienta, K.J. Preferential adhesion of prostate cancer cells to a human bone marrow endothelial

cell line. J. Natl. Cancer Inst. 1998, 90, 118–123. [CrossRef]
41. Cooper, C.R.; McLean, L.; Walsh, M.; Taylor, J.; Hayasaka, S.; Bhatia, J.; Pienta, K.J. Preferential adhesion

of prostate cancer cells to bone is mediated by binding to bone marrow endothelial cells as compared to
extracellular matrix components in vitro. Clin. Cancer Res. 2000, 6, 4839–4847. [PubMed]

42. Shiozawa, Y.; Pedersen, E.A.; Havens, A.M.; Jung, Y.; Mishra, A.; Joseph, J.; Kim, J.K.; Patel, L.R.; Ying, C.;
Ziegler, A.M.; et al. Human prostate cancer metastases target the hematopoietic stem cell niche to establish
footholds in mouse bone marrow. J. Clin. Investig. 2011, 121, 1298–1312. [CrossRef] [PubMed]

43. Allocca, G.; Hughes, R.; Wang, N.; Brown, H.K.; Ottewell, P.D.; Brown, N.J.; Holen, I. The bone metastasis
niche in breast cancer-potential overlap with the haematopoietic stem cell niche in vivo. J. Bone Oncol. 2019,
17, 100244. [CrossRef] [PubMed]

44. Kobayashi, A.; Okuda, H.; Xing, F.; Pandey, P.R.; Watabe, M.; Hirota, S.; Pai, S.K.; Liu, W.; Fukuda, K.;
Chambers, C.; et al. Bone morphogenetic protein 7 in dormancy and metastasis of prostate cancer stem-like
cells in bone. J. Exp. Med. 2011, 208, 2641–2655. [CrossRef]

45. Bragado, P.; Estrada, Y.; Parikh, F.; Krause, S.; Capobianco, C.; Farina, H.G.; Schewe, D.M.; Aguirre-Ghiso, J.A.
Tgf-β2 dictates disseminated tumour cell fate in target organs through TGF-β-riii and p38α/β signalling.
Nat. Cell Biol. 2013, 15, 1351–1361. [CrossRef]

46. Ghajar, C.M.; Peinado, H.; Mori, H.; Matei, I.R.; Evason, K.J.; Brazier, H.; Almeida, D.; Koller, A.; Hajjar, K.A.;
Stainier, D.Y.R.; et al. The perivascular niche regulates breast tumour dormancy. Nat. Cell Biol. 2013, 15,
807–817. [CrossRef]

47. Bidwell, B.N.; Slaney, C.Y.; Withana, N.P.; Forster, S.; Cao, Y.; Loi, S.; Andrews, D.; Mikeska, T.; Mangan, N.E.;
Samarajiwa, S.A.; et al. Silencing of IRF7 pathways in breast cancer cells promotes bone metastasis through
immune escape. Nat. Med. 2012, 18, 1224–1231. [CrossRef]

48. Rucci, N.; Teti, A. Osteomimicry: How the seed grows in the soil. Calcif. Tissue Int. 2018, 102, 131–140.
[CrossRef]

http://dx.doi.org/10.1084/jem.20180818
http://dx.doi.org/10.1016/j.biocel.2019.105595
http://dx.doi.org/10.1080/2162402X.2015.1034918
http://dx.doi.org/10.1590/S1415-47572014000400002
http://dx.doi.org/10.1186/s12967-015-0587-9
http://www.ncbi.nlm.nih.gov/pubmed/26163388
http://dx.doi.org/10.1016/j.cell.2016.11.037
http://www.ncbi.nlm.nih.gov/pubmed/28187288
http://dx.doi.org/10.1084/jem.20181827
http://www.ncbi.nlm.nih.gov/pubmed/30975895
http://dx.doi.org/10.1016/j.bbcan.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30419314
http://dx.doi.org/10.1038/s41568-020-0245-2
http://dx.doi.org/10.3389/fonc.2020.00335
http://dx.doi.org/10.2215/CJN.04151206
http://dx.doi.org/10.1038/nrc3055
http://dx.doi.org/10.1093/jnci/90.2.118
http://www.ncbi.nlm.nih.gov/pubmed/11156243
http://dx.doi.org/10.1172/JCI43414
http://www.ncbi.nlm.nih.gov/pubmed/21436587
http://dx.doi.org/10.1016/j.jbo.2019.100244
http://www.ncbi.nlm.nih.gov/pubmed/31236323
http://dx.doi.org/10.1084/jem.20110840
http://dx.doi.org/10.1038/ncb2861
http://dx.doi.org/10.1038/ncb2767
http://dx.doi.org/10.1038/nm.2830
http://dx.doi.org/10.1007/s00223-017-0365-1


Cancers 2020, 12, 2896 14 of 18

49. De Groot, A.F.; Appelman-Dijkstra, N.M.; van der Burg, S.H.; Kroep, J.R. The anti-tumor effect of rankl
inhibition in malignant solid tumors—A systematic review. Cancer Treat. Rev. 2018, 62, 18–28. [CrossRef]

50. Maurizi, A.; Rucci, N. The osteoclast in bone metastasis: Player and target. Cancers 2018, 10, 29954079.
[CrossRef]

51. Salvador, F.; Llorente, A.; Gomis, R.R. From latency to overt bone metastasis in breast cancer: Potential for
treatment and prevention. J. Pathol. 2019, 249, 6–18. [CrossRef] [PubMed]

52. Nasser, S.M.; Sahal, A.; Hamad, A.; Elazzazy, S. Effect of denosumab versus zoledronic acid on calcium
levels in cancer patients with bone metastasis: A retrospective cohort study. J. Oncol. Pharm. Pract. 2019, 25,
1846–1852. [CrossRef] [PubMed]

53. Dondossola, E.; Alexander, S.; Holzapfel, B.M.; Filippini, S.; Starbuck, M.W.; Hoffman, R.M.; Navone, N.;
De-Juan-pardo, E.M.; Logothetis, C.J.; Hutmacher, D.W.; et al. Intravital microscopy of osteolytic progression
and therapy response of cancer lesions in the bone. Sci. Transl. Med. 2018, 10, eaao5726. [CrossRef] [PubMed]

54. Sasaki, S.; Baba, T.; Shinagawa, K.; Matsushima, K.; Mukaida, N. Crucial involvement of the CCL3-CCR5
axis-mediated fibroblast accumulation in colitis-associated carcinogenesis in mice. Int. J. Cancer. J. Int. Cancer
2014, 135, 1297–1306. [CrossRef] [PubMed]

55. Neufert, C.; Becker, C.; Tureci, O.; Waldner, M.J.; Backert, I.; Floh, K.; Atreya, I.; Leppkes, M.; Jefremow, A.;
Vieth, M.; et al. Tumor fibroblast-derived epiregulin promotes growth of colitis-associated neoplasms
through erk. J. Clin. Investig. 2013, 123, 1428–1443. [CrossRef]

56. Grugan, K.D.; Miller, C.G.; Yao, Y.; Michaylira, C.Z.; Ohashi, S.; Klein-Szanto, A.J.; Diehl, J.A.; Herlyn, M.;
Han, M.; Nakagawa, H.; et al. Fibroblast-secreted hepatocyte growth factor plays a functional role in
esophageal squamous cell carcinoma invasion. Proc. Natl. Acad. Sci. USA 2010, 107, 11026–11031. [CrossRef]

57. Unger, C.; Kramer, N.; Unterleuthner, D.; Scherzer, M.; Burian, A.; Rudisch, A.; Stadler, M.; Schlederer, M.;
Lenhardt, D.; Riedl, A.; et al. Stromal-derived IGF2 promotes colon cancer progression via paracrine and
autocrine mechanisms. Oncogene 2017, 36, 5341–5355. [CrossRef]

58. Rosenthal, E.; McCrory, A.; Talbert, M.; Young, G.; Murphy-Ullrich, J.; Gladson, C. Elevated expression of
TGF-β1 in head and neck cancer-associated fibroblasts. Mol. Carcinog. 2004, 40, 116–121. [CrossRef]

59. Erez, N.; Glanz, S.; Raz, Y.; Avivi, C.; Barshack, I. Cancer associated fibroblasts express pro-inflammatory
factors in human breast and ovarian tumors. Biochem. Biophys. Res. Commun. 2013, 437, 397–402. [CrossRef]

60. Orimo, A.; Gupta, P.B.; Sgroi, D.C.; Arenzana-Seisdedos, F.; Delaunay, T.; Naeem, R.; Carey, V.J.;
Richardson, A.L.; Weinberg, R.A. Stromal fibroblasts present in invasive human breast carcinomas promote
tumor growth and angiogenesis through elevated SDF-1/CXCl12 secretion. Cell 2005, 121, 335–348. [CrossRef]

61. Bastid, J.; Dejou, C.; Docquier, A.; Bonnefoy, N. The emerging role of the IL-17b/IL-17RB pathway in cancer.
Front. Immunol. 2020, 11, 718. [CrossRef] [PubMed]

62. Fiaschi, T.; Marini, A.; Giannoni, E.; Taddei, M.L.; Gandellini, P.; De Donatis, A.; Lanciotti, M.; Serni, S.;
Cirri, P.; Chiarugi, P. Reciprocal metabolic reprogramming through lactate shuttle coordinately influences
tumor-stroma interplay. Cancer Res. 2012, 72, 5130–5140. [CrossRef] [PubMed]

63. O’Connell, J.T.; Sugimoto, H.; Cooke, V.G.; MacDonald, B.A.; Mehta, A.I.; LeBleu, V.S.; Dewar, R.; Rocha, R.M.;
Brentani, R.R.; Resnick, M.B.; et al. VEGF-A and tenascin-c produced by S100A4 + stromal cells are important
for metastatic colonization. Proc. Natl. Acad. Sci. USA 2011, 108, 16002–16007. [CrossRef] [PubMed]

64. Nagasaki, T.; Hara, M.; Nakanishi, H.; Takahashi, H.; Sato, M.; Takeyama, H. Interleukin-6 released by
colon cancer-associated fibroblasts is critical for tumour angiogenesis: Anti-interleukin-6 receptor antibody
suppressed angiogenesis and inhibited tumour-stroma interaction. Br. J. Cancer 2014, 110, 469–478. [CrossRef]
[PubMed]

65. Crawford, Y.; Kasman, I.; Yu, L.; Zhong, C.; Wu, X.; Modrusan, Z.; Kaminker, J.; Ferrara, N. PDGF-C mediates
the angiogenic and tumorigenic properties of fibroblasts associated with tumors refractory to anti-vegf
treatment. Cancer Cell 2009, 15, 21–34. [CrossRef] [PubMed]

66. Ding, X.; Xi, W.; Ji, J.; Cai, Q.; Jiang, J.; Shi, M.; Yu, Y.; Zhu, Z.; Zhang, J. HGF derived from cancer-associated
fibroblasts promotes vascularization in gastric cancer via PI3K/akt and ERK1/2 signaling. Oncol. Rep. 2018,
40, 1185–1195. [CrossRef] [PubMed]

67. Bai, Y.P.; Shang, K.; Chen, H.; Ding, F.; Wang, Z.; Liang, C.; Xu, Y.; Sun, M.H.; Li, Y.Y. FGF-1/-3/FGFR4
signaling in cancer-associated fibroblasts promotes tumor progression in colon cancer through Erk and
MMP-7. Cancer Sci. 2015, 106, 1278–1287. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ctrv.2017.10.010
http://dx.doi.org/10.3390/cancers10070218
http://dx.doi.org/10.1002/path.5292
http://www.ncbi.nlm.nih.gov/pubmed/31095738
http://dx.doi.org/10.1177/1078155218820927
http://www.ncbi.nlm.nih.gov/pubmed/31694497
http://dx.doi.org/10.1126/scitranslmed.aao5726
http://www.ncbi.nlm.nih.gov/pubmed/30068572
http://dx.doi.org/10.1002/ijc.28779
http://www.ncbi.nlm.nih.gov/pubmed/24510316
http://dx.doi.org/10.1172/JCI63748
http://dx.doi.org/10.1073/pnas.0914295107
http://dx.doi.org/10.1038/onc.2017.116
http://dx.doi.org/10.1002/mc.20024
http://dx.doi.org/10.1016/j.bbrc.2013.06.089
http://dx.doi.org/10.1016/j.cell.2005.02.034
http://dx.doi.org/10.3389/fimmu.2020.00718
http://www.ncbi.nlm.nih.gov/pubmed/32373132
http://dx.doi.org/10.1158/0008-5472.CAN-12-1949
http://www.ncbi.nlm.nih.gov/pubmed/22850421
http://dx.doi.org/10.1073/pnas.1109493108
http://www.ncbi.nlm.nih.gov/pubmed/21911392
http://dx.doi.org/10.1038/bjc.2013.748
http://www.ncbi.nlm.nih.gov/pubmed/24346288
http://dx.doi.org/10.1016/j.ccr.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19111878
http://dx.doi.org/10.3892/or.2018.6500
http://www.ncbi.nlm.nih.gov/pubmed/29917165
http://dx.doi.org/10.1111/cas.12745
http://www.ncbi.nlm.nih.gov/pubmed/26183471


Cancers 2020, 12, 2896 15 of 18

68. Li, T.; Yang, Y.; Hua, X.; Wang, G.; Liu, W.; Jia, C.; Tai, Y.; Zhang, Q.; Chen, G. Hepatocellular
carcinoma-associated fibroblasts trigger NK cell dysfunction via PGE2 and IDO. Cancer Lett. 2012, 318,
154–161. [CrossRef] [PubMed]

69. Akhurst, R.J.; Hata, A. Targeting the TGFβ signalling pathway in disease. Nat. Rev. Drug Discov. 2012, 11,
790–811. [CrossRef]

70. Huang, Y.; Goel, S.; Duda, D.G.; Fukumura, D.; Jain, R.K. Vascular normalization as an emerging strategy to
enhance cancer immunotherapy. Cancer Res. 2013, 73, 2943–2948. [CrossRef]

71. Cho, H.; Seo, Y.; Loke, K.M.; Kim, S.W.; Oh, S.M.; Kim, J.H.; Soh, J.; Kim, H.S.; Lee, H.; Kim, J.; et al.
Cancer-stimulated CAFs enhance monocyte differentiation and protumoral tam activation via IL6 and
GM-CSF secretion. Clin. Cancer Res. 2018, 24, 5407–5421. [CrossRef] [PubMed]

72. Gok Yavuz, B.; Gunaydin, G.; Gedik, M.E.; Kosemehmetoglu, K.; Karakoc, D.; Ozgur, F.; Guc, D.
Cancer associated fibroblasts sculpt tumour microenvironment by recruiting monocytes and inducing
immunosuppressive PD-1 + TAMs. Sci. Rep. 2019, 9, 3172. [CrossRef] [PubMed]

73. Xiang, H.; Ramil, C.P.; Hai, J.; Zhang, C.; Wang, H.; Watkins, A.A.; Afshar, R.; Georgiev, P.; Sze, M.A.;
Song, X.S.; et al. Cancer-associated fibroblasts promote immunosuppression by inducing ROS-generating
monocytic MDSCs in lung squamous cell carcinoma. Cancer Immunol. Res. 2020, 8, 436–450. [CrossRef]
[PubMed]

74. Huynh, P.T.; Beswick, E.J.; Coronado, Y.A.; Johnson, P.; O’Connell, M.R.; Watts, T.; Singh, P.; Qiu, S.; Morris, K.;
Powell, D.W.; et al. Cd90+ stromal cells are the major source of IL-6, which supports cancer stem-like cells
and inflammation in colorectal cancer. Int. J. Cancer. J. Int. Cancer 2016, 138, 1971–1981. [CrossRef]

75. Ozdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.;
Sugimoto, H.; Kahlert, C.; Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis
induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell 2014, 25,
719–734. [CrossRef]

76. Al-Ansari, M.M.; Hendrayani, S.F.; Shehata, A.I.; Aboussekhra, A. P16 INK4A represses the paracrine
tumor-promoting effects of breast stromal fibroblasts. Oncogene 2013, 32, 2356–2364. [CrossRef]

77. Izumi, D.; Ishimoto, T.; Miyake, K.; Sugihara, H.; Eto, K.; Sawayama, H.; Yasuda, T.; Kiyozumi, Y.; Kaida, T.;
Kurashige, J.; et al. CXCL12/CXCR4 activation by cancer-associated fibroblasts promotes integrin β1
clustering and invasiveness in gastric cancer. Int. J. Cancer. J. Int. Cancer 2016, 138, 1207–1219. [CrossRef]

78. Saito, R.A.; Micke, P.; Paulsson, J.; Augsten, M.; Peña, C.; Jönsson, P.; Botling, J.; Edlund, K.; Johansson, L.;
Carlsson, P.; et al. Forkhead box F1 regulates tumor-promoting properties of cancer-associated fibroblasts in
lung cancer. Cancer Res. 2010, 70, 2644–2654. [CrossRef]

79. Ridge, S.M.; Bhattacharyya, D.; Dervan, E.; Naicker, S.D.; Burke, A.J.; Murphy, J.M.; O’Leary, K.; Greene, J.;
Ryan, A.E.; Sullivan, F.J.; et al. Secreted factors from metastatic prostate cancer cells stimulate mesenchymal
stem cell transition to a pro-tumourigenic ‘activated’ state that enhances prostate cancer cell migration. Int. J.
Cancer 2018, 142, 2056–2067. [CrossRef]

80. Labernadie, A.; Kato, T.; Brugues, A.; Serra-Picamal, X.; Derzsi, S.; Arwert, E.; Weston, A.; Gonzalez-Tarrago, V.;
Elosegui-Artola, A.; Albertazzi, L.; et al. A mechanically active heterotypic e-cadherin/n-cadherin adhesion
enables fibroblasts to drive cancer cell invasion. Nat. Cell Biol. 2017, 19, 224–237. [CrossRef]

81. Itoh, G.; Chida, S.; Yanagihara, K.; Yashiro, M.; Aiba, N.; Tanaka, M. Cancer-associated fibroblasts induce
cancer cell apoptosis that regulates invasion mode of tumours. Oncogene 2017, 36, 4434–4444. [CrossRef]
[PubMed]

82. Erdogan, B.; Ao, M.; White, L.M.; Means, A.L.; Brewer, B.M.; Yang, L.; Washington, M.K.; Shi, C.; Franco, O.E.;
Weaver, A.M.; et al. Cancer-associated fibroblasts promote directional cancer cell migration by aligning
fibronectin. J. Cell Biol. 2017, 216, 3799–3816. [CrossRef] [PubMed]

83. Gaggioli, C.; Hooper, S.; Hidalgo-Carcedo, C.; Grosse, R.; Marshall, J.F.; Harrington, K.; Sahai, E. Fibroblast-led
collective invasion of carcinoma cells with differing roles for rhogtpases in leading and following cells.
Nat. Cell Biol. 2007, 9, 1392–1400. [CrossRef] [PubMed]

84. Leca, J.; Martinez, S.; Lac, S.; Nigri, J.; Secq, V.; Rubis, M.; Bressy, C.; Sergé, A.; Lavaut, M.N.; Dusetti, N.;
et al. Cancer-associated fibroblast-derived annexin A6+ extracellular vesicles support pancreatic cancer
aggressiveness. J. Clin. Investig. 2016, 126, 4140–4156. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.canlet.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22182446
http://dx.doi.org/10.1038/nrd3810
http://dx.doi.org/10.1158/0008-5472.CAN-12-4354
http://dx.doi.org/10.1158/1078-0432.CCR-18-0125
http://www.ncbi.nlm.nih.gov/pubmed/29959142
http://dx.doi.org/10.1038/s41598-019-39553-z
http://www.ncbi.nlm.nih.gov/pubmed/30816272
http://dx.doi.org/10.1158/2326-6066.CIR-19-0507
http://www.ncbi.nlm.nih.gov/pubmed/32075803
http://dx.doi.org/10.1002/ijc.29939
http://dx.doi.org/10.1016/j.ccr.2014.04.005
http://dx.doi.org/10.1038/onc.2012.270
http://dx.doi.org/10.1002/ijc.29864
http://dx.doi.org/10.1158/0008-5472.CAN-09-3644
http://dx.doi.org/10.1002/ijc.31226
http://dx.doi.org/10.1038/ncb3478
http://dx.doi.org/10.1038/onc.2017.49
http://www.ncbi.nlm.nih.gov/pubmed/28368418
http://dx.doi.org/10.1083/jcb.201704053
http://www.ncbi.nlm.nih.gov/pubmed/29021221
http://dx.doi.org/10.1038/ncb1658
http://www.ncbi.nlm.nih.gov/pubmed/18037882
http://dx.doi.org/10.1172/JCI87734
http://www.ncbi.nlm.nih.gov/pubmed/27701147


Cancers 2020, 12, 2896 16 of 18

85. Yu, Y.; Xiao, C.H.; Tan, L.D.; Wang, Q.S.; Li, X.Q.; Feng, Y.M. Cancer-associated fibroblasts induce
epithelial-mesenchymal transition of breast cancer cells through paracrine TGF-β signalling. Br. J. Cancer
2014, 110, 724–732. [CrossRef] [PubMed]

86. Tang, X.; Tu, G.; Yang, G.; Wang, X.; Kang, L.; Yang, L.; Zeng, H.; Wan, X.; Qiao, Y.; Cui, X.; et al.
Autocrine TGF-β1/miR-200s/miR-221/DNMT3B regulatory loop maintains CAF status to fuel breast cancer
cell proliferation. Cancer Lett. 2019, 452, 79–89. [CrossRef] [PubMed]

87. Shintani, Y.; Fujiwara, A.; Kimura, T.; Kawamura, T.; Funaki, S.; Minami, M.; Okumura, M. IL-6 secreted
from cancer-associated fibroblasts mediates chemoresistance in nsclc by increasing epithelial-mesenchymal
transition signaling. J. Thorac. Oncol. 2016, 11, 1482–1492. [CrossRef]

88. Liu, J.; Huang, C.; Peng, C.; Xu, F.; Li, Y.; Yutaka, Y.; Xiong, B.; Yang, X. Stromal fibroblast activation protein
alpha promotes gastric cancer progression via epithelial-mesenchymal transition through Wnt/β-catenin
pathway. BMC Cancer 2018, 18, 1099. [CrossRef]

89. Yi, Y.; Zeng, S.; Wang, Z.; Wu, M.; Ma, Y.; Ye, X.; Zhang, B.; Liu, H. Cancer-associated fibroblasts
promote epithelial-mesenchymal transition and EGFR-TKI resistance of non-small cell lung cancers via
HGF/IGF-1/ANXA2 signaling. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 793–803. [CrossRef]

90. Neri, S.; Miyashita, T.; Hashimoto, H.; Suda, Y.; Ishibashi, M.; Kii, H.; Watanabe, H.; Kuwata, T.; Tsuboi, M.;
Goto, K.; et al. Fibroblast-led cancer cell invasion is activated by epithelial–mesenchymal transition through
platelet-derived growth factor bb secretion of lung adenocarcinoma. Cancer Lett. 2017, 395, 20–30. [CrossRef]

91. Josson, S.; Gururajan, M.; Sung, S.Y.; Hu, P.; Shao, C.; Zhau, H.E.; Liu, C.; Lichterman, J.; Duan, P.; Li, Q.;
et al. Stromal fibroblast-derived miR-409 promotes epithelial-to-mesenchymal transition and prostate
tumorigenesis. Oncogene 2015, 34, 2690–2699. [CrossRef] [PubMed]

92. Vermeulen, L.; De Sousa, E.M.F.; van der Heijden, M.; Cameron, K.; de Jong, J.H.; Borovski, T.; Tuynman, J.B.;
Todaro, M.; Merz, C.; Rodermond, H.; et al. Wnt activity defines colon cancer stem cells and is regulated by
the microenvironment. Nat. Cell Biol. 2010, 12, 468–476. [CrossRef] [PubMed]

93. Zhao, X.L.; Lin, Y.; Jiang, J.; Tang, Z.; Yang, S.; Lu, L.; Liang, Y.; Liu, X.; Tan, J.; Hu, X.G.; et al. High-mobility
group box 1 released by autophagic cancer-associated fibroblasts maintains the stemness of luminal breast
cancer cells. J. Pathol. 2017, 243, 376–389. [CrossRef] [PubMed]

94. Sung, P.J.; Rama, N.; Imbach, J.; Fiore, S.; Ducarouge, B.; Neves, D.; Chen, H.W.; Bernard, D.; Yang, P.C.;
Bernet, A.; et al. Cancer-associated fibroblasts produce netrin-1 to control cancer cell plasticity. Cancer Res.
2019, 79, 3651–3661. [CrossRef]

95. Piersma, B.; Hayward, M.K.; Weaver, V.M. Fibrosis and cancer: A strained relationship. Biochim. Biophys.
Acta Rev. Cancer 2020, 1873, 188356. [CrossRef]

96. Cox, T.R.; Erler, J.T. Molecular pathways: Connecting fibrosis and solid tumor metastasis. Clin. Cancer Res.
2014, 20, 3637–3643. [CrossRef]

97. Bertero, T.; Oldham, W.M.; Grasset, E.M.; Bourget, I.; Boulter, E.; Pisano, S.; Hofman, P.; Bellvert, F.;
Meneguzzi, G.; Bulavin, D.V.; et al. Tumor-stroma mechanics coordinate amino acid availability to sustain
tumor growth and malignancy. Cell Metab. 2019, 29, 124–140. [CrossRef]

98. Zhang, X.H.F.; Jin, X.; Malladi, S.; Zou, Y.; Wen, Y.H.; Brogi, E.; Smid, M.; Foekens, J.A.; Massagué, J. Selection
of bone metastasis seeds by mesenchymal signals in the primary tumor stroma. Cell 2013, 154, 1060–1073.
[CrossRef]

99. Dai, J.; Escara-Wilke, J.; Keller, J.M.; Jung, Y.; Taichman, R.S.; Pienta, K.J.; Keller, E.T. Primary prostate cancer
educates bone stroma through exosomal pyruvate kinase M2 to promote bone metastasis. J. Exp. Med. 2019,
216, 2883–2899. [CrossRef]

100. Shahriari, K.; Shen, F.; Worrede-Mahdi, A.; Liu, Q.; Gong, Y.; Garcia, F.U.; Fatatis, A. Cooperation among
heterogeneous prostate cancer cells in the bone metastatic niche. Oncogene 2017, 36, 2846–2856. [CrossRef]

101. Johnston, K.A.; Lopez, K.M. Lysyl oxidase in cancer inhibition and metastasis. Cancer Lett. 2018, 417, 174–181.
[CrossRef] [PubMed]

102. Cox, T.R.; Rumney, R.M.H.; Schoof, E.M.; Perryman, L.; Høye, A.M.; Agrawal, A.; Bird, D.; Latif, N.A.;
Forrest, H.; Evans, H.R.; et al. The hypoxic cancer secretome induces pre-metastatic bone lesions through
lysyl oxidase. Nature 2015, 522, 106–110. [CrossRef] [PubMed]

103. Brechbuhl, H.M.; Barrett, A.S.; Kopin, E.; Hagen, J.C.; Han, A.L.; Gillen, A.E.; Finlay-Schultz, J.; Cittelly, D.M.;
Owens, P.; Horwitz, K.B.; et al. Fibroblast subtypes define a metastatic matrisome in breast cancer. JCI Insight
2020, 5, e130751. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjc.2013.768
http://www.ncbi.nlm.nih.gov/pubmed/24335925
http://dx.doi.org/10.1016/j.canlet.2019.02.044
http://www.ncbi.nlm.nih.gov/pubmed/30851420
http://dx.doi.org/10.1016/j.jtho.2016.05.025
http://dx.doi.org/10.1186/s12885-018-5035-9
http://dx.doi.org/10.1016/j.bbadis.2017.12.021
http://dx.doi.org/10.1016/j.canlet.2017.02.026
http://dx.doi.org/10.1038/onc.2014.212
http://www.ncbi.nlm.nih.gov/pubmed/25065597
http://dx.doi.org/10.1038/ncb2048
http://www.ncbi.nlm.nih.gov/pubmed/20418870
http://dx.doi.org/10.1002/path.4958
http://www.ncbi.nlm.nih.gov/pubmed/28802057
http://dx.doi.org/10.1158/0008-5472.CAN-18-2952
http://dx.doi.org/10.1016/j.bbcan.2020.188356
http://dx.doi.org/10.1158/1078-0432.CCR-13-1059
http://dx.doi.org/10.1016/j.cmet.2018.09.012
http://dx.doi.org/10.1016/j.cell.2013.07.036
http://dx.doi.org/10.1084/jem.20190158
http://dx.doi.org/10.1038/onc.2016.436
http://dx.doi.org/10.1016/j.canlet.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29309816
http://dx.doi.org/10.1038/nature14492
http://www.ncbi.nlm.nih.gov/pubmed/26017313
http://dx.doi.org/10.1172/jci.insight.130751
http://www.ncbi.nlm.nih.gov/pubmed/32045383


Cancers 2020, 12, 2896 17 of 18

104. Kuo, M.C.; Kothari, A.N.; Kuo, P.C.; Mi, Z. Cancer stemness in bone marrow micrometastases of human
breast cancer. Surgery 2018, 163, 330–335. [CrossRef]

105. Sansone, P.; Berishaj, M.; Rajasekhar, V.K.; Ceccarelli, C.; Chang, Q.; Strillacci, A.; Savini, C.; Shapiro, L.;
Bowman, R.L.; Mastroleo, C.; et al. Evolution of cancer stem-like cells in endocrine-resistant metastatic breast
cancers is mediated by stromal microvesicles. Cancer Res. 2017, 77, 1927–1941. [CrossRef]

106. Pinto, V.; Bergantim, R.; Caires, H.R.; Seca, H.; Guimarães, J.E.; Vasconcelos, M.H. Multiple myeloma:
Available therapies and causes of drug resistance. Cancers 2020, 12, 407. [CrossRef]

107. Frassanito, M.A.; Rao, L.; Moschetta, M.; Ria, R.; Di Marzo, L.; De Luisi, A.; Racanelli, V.; Catacchio, I.;
Berardi, S.; Basile, A.; et al. Bone marrow fibroblasts parallel multiple myeloma progression in patients and
mice: In vitro and in vivo studies. Leukemia 2014, 28, 904–916. [CrossRef]

108. Frassanito, M.A.; Desantis, V.; Di Marzo, L.; Craparotta, I.; Beltrame, L.; Marchini, S.; Annese, T.; Visino, F.;
Arciuli, M.; Saltarella, I.; et al. Bone marrow fibroblasts overexpress miR-27b and miR-214 in step with
multiple myeloma progression, dependent on tumour cell-derived exosomes. J. Pathol. 2019, 247, 241–253.
[CrossRef]

109. Sasaki, S.; Baba, T.; Nishimura, T.; Hayakawa, Y.; Hashimoto, S.; Gotoh, N.; Mukaida, N. Essential roles of
the interaction between cancer cell-derived chemokine, CCL4, and intra-bone CCR5-expressing fibroblasts
in breast cancer bone metastasis. Cancer Lett. 2016, 378, 23–32. [CrossRef]

110. Comito, G.; Giannoni, E.; Segura, C.P.; Barcellos-de-Souza, P.; Raspollini, M.R.; Baroni, G.; Lanciotti, M.;
Serni, S.; Chiarugi, P. Cancer-associated fibroblasts and M2-polarized macrophages synergize during prostate
carcinoma progression. Oncogene 2014, 33, 2423–2431. [CrossRef]

111. Comito, G.; Segura, C.P.; Taddei, M.L.; Lanciotti, M.; Serni, S.; Morandi, A.; Chiarugi, P.; Giannoni, E.
Zoledronic acid impairs stromal reactivity by inhibiting M2-macrophages polarization and prostate
cancer-associated fibroblasts. Oncotarget 2017, 8, 118–132. [CrossRef] [PubMed]

112. Brasil da Costa, F.H.; Lewis, M.S.; Truong, A.; Carson, D.D.; Farach-Carson, M.C. SULFS1 suppresses
Wnt3a-driven growth of bone metastatic prostate cancer in perlecan-modified 3D cancer-stroma-macrophage
triculture models. PLoS ONE 2020, 15, e0230354. [CrossRef] [PubMed]

113. Elmusrati, A.A.; Pilborough, A.E.; Khurram, S.A.; Lambert, D.W. Cancer-associated fibroblasts promote bone
invasion in oral squamous cell carcinoma. Br. J. Cancer 2017, 117, 867–875. [CrossRef] [PubMed]

114. Di Pompo, G.; Lemma, S.; Canti, L.; Rucci, N.; Ponzetti, M.; Errani, C.; Donati, D.M.; Russell, S.; Gillies, R.;
Chano, T.; et al. Intratumoral acidosis fosters cancer-induced bone pain through the activation of the
mesenchymal tumor-associated stroma in bone metastasis from breast carcinoma. Oncotarget 2017, 8,
54478–54496. [CrossRef]

115. Koliaraki, V.; Pasparakis, M.; Kollias, G. IKKβ in intestinal mesenchymal cells promotes initiation of
colitis-associated cancer. J. Exp. Med. 2015, 212, 2235–2251. [CrossRef]

116. Pallangyo, C.K.; Ziegler, P.K.; Greten, F.R. IKKβ acts as a tumor suppressor in cancer-associated fibroblasts
during intestinal tumorigenesis. J. Exp. Med. 2015, 212, 2253–2266. [CrossRef]

117. Cremasco, V.; Astarita, J.L.; Grauel, A.L.; Keerthivasan, S.; MacIsaac, K.; Woodruff, M.C.; Wu, M.; Spel, L.;
Santoro, S.; Amoozgar, Z.; et al. Fap delineates heterogeneous and functionally divergent stromal cells in
immune-excluded breast tumors. Cancer Immunol. Res. 2018, 6, 1472–1485. [CrossRef]

118. Friedman, G.; Levi-Galibov, O.; David, E.; Bornstein, C.; Giladi, A.; Dadiani, M.; Mayo, A.; Halperin, C.;
Pevsner-Fischer, M.; Lavon, H.; et al. Cancer-associated fibroblast compositions change with breast cancer
progression linking the ratio of S100A4 + and PDPN + CAFs to clinical outcome. Nat. Cancer 2020, 1, 692–708.
[CrossRef]

119. Hosseini, H.; Obradovic, M.M.S.; Hoffmann, M.; Harper, K.L.; Sosa, M.S.; Werner-Klein, M.; Nanduri, L.K.;
Werno, C.; Ehrl, C.; Maneck, M.; et al. Early dissemination seeds metastasis in breast cancer. Nature 2016,
540, 552–558. [CrossRef]

120. Köllermann, J.; Heseding, B.; Helpap, B.; Köllermann, M.W.; Pantel, K. Comparative immunocytochemical
assessment of isolated carcinoma cells in lymph nodes and bone marrow of patients with clinically localized
prostate cancer. Int. J. Cancer. J. Int. Cancer 1999, 84, 145–149. [CrossRef]

121. Juhl, H.; Stritzel, M.; Wroblewski, A.; Henne-Bruns, D.; Kremer, B.; Schmiegel, W.; Neumaier, M.; Wagener, C.;
Schreiber, H.W.; Kalthoff, H. 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, 330–335. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.surg.2017.07.027
http://dx.doi.org/10.1158/0008-5472.CAN-16-2129
http://dx.doi.org/10.3390/cancers12020407
http://dx.doi.org/10.1038/leu.2013.254
http://dx.doi.org/10.1002/path.5187
http://dx.doi.org/10.1016/j.canlet.2016.05.005
http://dx.doi.org/10.1038/onc.2013.191
http://dx.doi.org/10.18632/oncotarget.9497
http://www.ncbi.nlm.nih.gov/pubmed/27223431
http://dx.doi.org/10.1371/journal.pone.0230354
http://www.ncbi.nlm.nih.gov/pubmed/32413029
http://dx.doi.org/10.1038/bjc.2017.239
http://www.ncbi.nlm.nih.gov/pubmed/28742795
http://dx.doi.org/10.18632/oncotarget.17091
http://dx.doi.org/10.1084/jem.20150542
http://dx.doi.org/10.1084/jem.20150576
http://dx.doi.org/10.1158/2326-6066.CIR-18-0098
http://dx.doi.org/10.1038/s43018-020-0082-y
http://dx.doi.org/10.1038/nature20785
http://dx.doi.org/10.1002/(SICI)1097-0215(19990420)84:2&lt;145::AID-IJC9&gt;3.0.CO;2-5
http://dx.doi.org/10.1002/ijc.2910570307
http://www.ncbi.nlm.nih.gov/pubmed/8168992


Cancers 2020, 12, 2896 18 of 18

122. Fehm, T.; Banys, M.; Rack, B.; Jäger, B.; Hartkopf, A.; Taran, F.A.; Janni, W. Presence of disseminated
tumor cells in bone marrow correlates with tumor stage and nodal involvement in cervical cancer patients.
Int. J. Cancer 2014, 134, 925–931. [CrossRef] [PubMed]

123. Quayle, L.; Ottewell, P.D.; Holen, I. Bone metastasis: Molecular mechanisms implicated in tumour cell
dormancy in breast and prostate cancer. Curr. Cancer Drug Targets 2015, 15, 469–480. [CrossRef] [PubMed]

124. Barkan, D.; El Touny, L.H.; Michalowski, A.M.; Smith, J.A.; Chu, I.; Davis, A.S.; Webster, J.D.; Hoover, S.;
Simpson, R.M.; Gauldie, J.; et al. Metastatic growth from dormant cells induced by a col-i-enriched fibrotic
environment. Cancer Res. 2010, 70, 5706–5716. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ijc.28417
http://www.ncbi.nlm.nih.gov/pubmed/23921989
http://dx.doi.org/10.2174/1568009615666150506092443
http://www.ncbi.nlm.nih.gov/pubmed/25968899
http://dx.doi.org/10.1158/0008-5472.CAN-09-2356
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Phenotypes and Origins of Fibroblasts and CAFs 
	Bone Metastasis Process 
	CAFs in Bone Metastasis Formation 
	Conclusions and Future Perspective 
	References

