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Abstract Cancer metastasis is highly inefficient and com-
plex. Common features of metastatic cancer cells have been
observed using cancer cell lines and genetically reconstituted
mouse and human tumor xenograft models. These include
cancer cell interaction with the tumor microenvironment and
the ability of cancer cells to sense extracellular stimuli and
adapt to adverse growth conditions. This review summarizes
the coordinated response of cancer cells to soluble growth
factors, such as RANKL, by a unique feed forward mech-
anism employing coordinated upregulation of RANKL
and c-Met with downregulation of androgen receptor. The
RANK-mediated signal network was found to drive epithelial
to mesenchymal transition in prostate cancer cells, promote
osteomimicry and the ability of prostate cancer cells to assume
stem cell and neuroendocrine phenotypes, and confer the
ability of prostate cancer cells to home to bone. Prostate
cancer cells with activated RANK-mediated signal network
were observed to recruit and even transform the non-
tumorigenic prostate cancer cells to participate in bone and
soft tissue colonization. The coordinated regulation of cancer
cell invasion and metastasis by the feed forward mechanism
involving RANKL, c-Met, transcription factors, and VEGF-
neuropilin could offer new therapeutic opportunities to target
prostate cancer bone and soft tissue metastases.

Keywords Osteomimicry . ß-2microglobulin . Signal
amplification . Transcription factors . Cooperation in
metastasis . Cancer dormancy

1 Introduction

Cancer metastasis is a highly inefficient process. Only a few
cancer cells can successfully colonize metastatic sites [1–4].
Cancer cells increase the odds of colonizingmetastatic sites by
preparing themselves for increased local migration and inva-
sion through interaction with their surrounding microenviron-
ments, turning on genes that increase angiogenesis and survi-
vorship for improved distant dissemination, and interacting
and cooperating with cells at metastatic sites to augment the
success of metastatic spread. A number of the molecular
processes closely associated with metastasis have been inves-
tigated extensively, including epithelial to mesenchymal tran-
sition (EMT), which allows cancer cells to dissociate from
each other by downregulating a cell adhesion molecule, E-
cadherin, to gain increased migratory and invasive properties
by synthesizing, releasing and responding to numerous solu-
ble and insoluble factors in the tumor microenvironment via
an enhanced cell signaling network that confers increased cell
proliferation, survival and resistance to therapy. Cancer cells
also induce angiogenesis by recruiting the host vasculogenic
network [5] and enhance growth and survival potentials upon
transition from primary to distant sites by genetically and
epigenetically modifying their response to environmentally
induced stress and metabolic derangements [6], evading host
immune surveillance [7], enduring shear forces during their
transit from primary or secondary sites of growth through the
circulatory system [8], and ultimately arrive at metastatic sites
by establishing reciprocal interaction and cooperation with
host cells through soluble growth factors, extracellular matri-
ces, and oncosomal communication [9]. This review focuses
specifically on lethal bone metastasis, the source of mortality
and morbidity in affected patients. We employ prostate cancer
(PCa) as a model to illustrate the multiple steps of cancer
metastasis and distant colonization. We focus on the receptor
activator of NF-κB (RANK)-mediated signaling network
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because: (a) RANK receptor in PCa cells responds to the
action of RANK ligand (RANKL), which drives PCa to un-
dergo EMT and enhances the potential development of bone
metastasis [10, 11]. (b) RANKL, one of the osteomimicry
associated genes, is expressed in PCa cells and closely associ-
ated with PCa patient survival [12, 13]. This association re-
flects the potential roles of cancer osteomimicry and cancer
metastasis. (c) RANKL, a paracrine factor that promotes bone
turnover [14] and expands the stem cell compartment in the
development of normal mammary gland [15], could be the
driver for castration-resistant prostate cancer (CRPC) and the
initiation of PCa skeletal metastasis. (d) RANKL expression is
elevated in castrated hosts [16] and in experimental mice fed
with high cholesterol, suggesting the pathogenesis of PCa
metastasis may derive in part from a dysfunctional RANK-
mediated signal network in PCa [17]. (e) The RANK-mediated
signal network affects both cancer cells and cells in the cancer
microenvironment [18]. (f) Targeting RANKL-RANK inter-
action has profound effects in reducing bone resorption in
osteoporosis and reducing pain and skeletal related events in
PCa patients [19, 20]. (g) The RANK-mediated signal path-
way is closely linked to c-Met and its activation. Through
increased expression of a family of transcription factors
(TFs) and effector molecules, PCa cells exhibit various phe-
notypes with an enhanced ability to metastasize [21, 22]. In
this review, we will first summarize the importance of signal-
ing amplification as a recurring theme for cancer cells to gain a
foothold at metastatic sites. We will then review the highly
coordinated cell signal network established by cancer cells and
cells in the tumormicroenvironment.Wewill next discuss how
cancer cells employ different strategies including amplifying
cell signaling networks and recruiting bystander cells to in-
crease their odds of success at metastatic sites. Among the
mixed cell populations contributing to cancer metastasis, we
discuss the possible contribution of bystander “dormant”
cells or bone marrow-derived mesenchymal cells partic-
ipating in the metastatic cascade. We discuss the poten-
tial transdifferentiation or transforming roles by which
metastasis-initiating cells impinge on their neighbors so
that metastasis can be fully established. Understanding
the metastasis cascade can suggest a new therapeutic
paradigm with treatment protocols that could help alleviate
the pain and suffering of PCa patients who develop CRPC and
skeletal lesions.

2 Osteomimicry in the PCa bone metastatic phenotype
activates cell signaling networks: the potential role of β-2
microglobulin (β-2m)

Osteomimicry occurs when cancer cells begin to express
genes normally restricted to bone cells, such as Runx2,
osteocalcin, osteopontin, bone sialoprotein, osteonectin,

RANK, RANKL, and parathyroid hormone-related peptide
(PTHrP) [23, 24]. Changes in gene expression profiles in
PCa toward the bone phenotype were first observed by
Knerr et al. in 2004 using large-scale transcripts profiling
PCa cells after exposing these cells to factors produced by
osteoblasts. In response to osteoblast-derived factors, they
validated the expression of cell adhesion and anchoring mol-
ecules by PCa that promoted cancer cells to colonize bone
[25]. Osteomimicry was also found to be a common feature of
human breast and lung cancer cells that could increase cancer
cell growth, survival and ability to thrive in bone microenvi-
ronments [24, 26]. Soluble factors found to be involved in
osteomimicry included BMP-2, RANKL, IGF-1, TGF-β,
TNF-α, M-CSF, G-CSF, GM-CSF, 17β-estradiol, and
miR218 [27, 28]. These factors likely mediate the osteogenic
program in cancer cells through a complex of intracellular cell
signal networks involving Twist, Wnt, NF-κB, Svep-1,
RANK, and c-Met [21–23, 29, 30]. We found that β-2m, a
pleiotropic factor, regulates osteomimicry through binding to
a cell-surface receptor, HFE, a hemochromatosis gene known
to regulate RANKL [10, 11] and iron flux in cells [31]. β-2m,
best known for its function as a co-receptor for histocompati-
bility complex (MHC) class I antigen, also controls the stabil-
ity of IgG, albumin in fetal development, and the proliferation,
survival, apoptosis and metastasis of cancer cells. β-2m regu-
lates a diverse array of cellular functions, including transcrip-
tional regulation of osteocalcin (OC) and bone sialoprotein
(BSP) in human prostate cancer cells [32, 33], promotes cell
cycle progression resulting in increased cell growth and sur-
vival, drives PCa cells to undergo EMT and increase their
migratory, invasive, and metastatic capability through tran-
scriptional upregulation of RANKL expression and increased
RANKL-RANK signaling [31], modulates AR-mediated sig-
naling to enhance the development of a castration- and drug-
resistance phenotype [32, 34], and increases metabolism by
promoting lipogenesis and ROS production [34], known to
enhance the degree of malignancy of PCa.

β-2m enhances OC and BSP gene expression by cAMP-
dependent PKA activity through a cAMP-responsive element-
binding protein, CREB. This activation can induce explosive
tumor growth in mouse skeleton via a coordinated increase of
pCREB and its activated target genes including OC, BSP,
cyclin A, cyclin D1, and VEGF [32–34]. β-2m stimulates cell
growth and enhances cancer cell ability to invade and migrate
through EMT, and eventually supporting the lethal progression
of cancer to bone and soft tissues in mice. PCa cells expressing
β-2m show increased bone turnover, and generated mixed
osteolytic and osteoblastic responses in mouse skeleton [31].
β-2m activated not only β-2m/PKA/CREB signaling but also
activated its convergent cell survival signaling network, phos-
phatidylinositol 3-kinase (PI3K)/Akt/extracellular signal-
regulated kinase (ERK). Furthermore, recombinant β-2m pro-
tein could phosphorylate the Bcl-xL/Bcl-2-associated death-
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promoting protein, Bad, via activated PI3K/Akt/ERK signal-
ing pathways in human SN12C kidney cancer cells [35–37].
Human PCa, breast, lung and kidney cancer cells stably
transfected with β-2m had consistently activated STAT3,
Snail, LIV-1, and RANKL protein, showed EMT induction
and promoted bone metastasis upon intracardiac administra-
tion [10, 31, 38]. These results collectively support the concept
that EMT occurs subsequent to β-2m expression and that this
phenotype is stable in vivo and can be induced by enhanced
RANKL-RANK signaling which drives bone metastasis in
multiple human tumors.

Gross et al. reported that β-2m is a downstream AR target
gene [39]. Huang et al. showed a reciprocal β-2m regulation
of AR and PSA in PCa cells [32, 34]. β-2m has been reported
to interact with both classical and non-classical members of
MHC class I [40, 41]. Josson et al. reported that HFE protein,
a non-classical MHC class I member, interacts with β-2m to
modulate iron homeostasis by interacting with the transferrin
receptor (TFR) and its complex, TFRC, which together gov-
ern EMTand ROS in cancer cells. β-2m protected against the
influx and accumulation of intracellular iron, and lower levels
of intracellular iron activated HIF-1α and its target genes
including EMT markers and VEGF [31, 36]. Knocking down
either the HFE protein or β-2m resulted in mesenchymal to
epithelial transition (MET), a reversal of EMT, decreased cell
proliferation and increased apoptosis in PCa cells [42]. β-2m
activates intracellular signaling axes mediated by ERK and
sterol regulatory element-binding protein-1 (SREBP-1), that
drive lipogenesis and lipid and lipid raft-mediated signaling
and could potentially enhance the survival of cancer cells [34].
These results together with the demonstration that β-2m-
mediated multiple downstream converging signaling path-
ways, including AR, lipid, iron and ROS [31, 36, 42, 43],
could exert powerful influences on the fate of PCa cells and
their clinical behavior.

Because genetic knockdown of β-2m or its receptor HFE
drives the reversal of EMT with evidence of PCa cell death,
we and others have employed anti-β-2m antibodies as re-
agents to treat both liquid [44, 45] and solid [32, 34, 36, 42]
tumors in mice. While these antibodies have no observable
effects on the growth of normal organs and cells, application
of these antibodies caused remarkable remission of both liquid
and solid tumors in experimental mice, compared to the
effects of isotype-specific control antibodies [34, 44, 45]. β-
2m and its receptor HFE constitute promising new therapeutic
targets.

3 Amplification of the cell signaling network through
a feed forward mechanism in metastatic cancer cells

While homeostasis in normal organisms is maintained by a
negative feedback loop, cancer cells could become “addicted”

to a feed forward or positive-feedback loop to survive. In
breast cancer bone metastasis, signal amplification via a “vi-
cious cycle” has been shown to maintain a metastatic pheno-
type. Bone acts as a storage site for growth factors, releasing
TGF-β1 and inducing cancer cells to produce PTHrP, which
enhanced osteoblast expression of RANKL, increased subse-
quent interaction with preosteoclast progenitor cells and fur-
ther enhanced bone turnover and increased further growth
factor release from bone to facilitate and support further
cancer bone colonization [46]. In a search for new hedgehog
signal downstream targets in basal cell carcinoma (BCC),
Atwood et al. demonstrated the successful use of a protein
screen comprised of scaffold protein MIM (missing in metas-
tasis) which interacts and regulates GLI-1 [47, 48]. They
uncovered aPKC-t/λ, an atypical protein kinaseCt/λ that me-
diates its action by binding to GLI-1 and breaking the positive
feedback between GLI-1 and Prkci, both of which are elevated
in BCC. During wound healing and tumor invasion and
metastasis, Dunkel et al. [49] demonstrated that a new
metastasis-associated Gα-interacting vesicle-associated pro-
tein, GIV, can be regulated by STAT3 in a feed forward loop
by binding to a single cis-element in the GIV promoter region.
Hassan et al. [50] observed that miR218 exerted a positive
feedback action on Wnt signaling in osteoblasts and breast
cancer cells but not normal breast epithelial cells. miR218 was
found to stimulate the Wnt pathway by downregulating three
Wnt signaling inhibitors, Sclerostin (SOST), Dickkopf2
(DKK2), and secreted frizzled-related protein2 (SFRP2)
during osteogenesis. Activated Wnt signaling increased
miR218 expression, which further exacerbated Wnt target
gene transcription enhancing interactions of osteoblasts
and breast cancer cells, potentially increasing breast cancer
invasion and metastasis. Other studies, however, found that
miR218 has tumor suppressive effects by targeting the
focal adhesion pathway in cervical squamous cell carcino-
ma [51–55]. A feed forward loop could also operate in two
lineage-unrelated stromal and epithelial cells. Tang et al.
reported that matrix metalloproteinases (MMPs), a family
of metal-dependent endopeptidases secreted primarily by
tumor stromal cells, can be upregulated by a tumor cell-
associated extracellular matrix metalloproteinase inducer,
EMMPRIN [56–58]. By genetically engineering a human
breast cancer cell line to overexpress recombinant EMMPRIN,
they found the engineered cell line could induce breast
cancer stromal fibroblasts to produce MMP-2, MMP-9, and
EMMPRIN in co-culture. These results suggest that
EMMPRIN-positive tumor cells could engage in cancer metas-
tasis by a feed forward action on breast fibromuscular stromal
cells. This example of an intercellular feed forward loop could
account for increased breast cancer invasion through the deg-
radation of extracellular matrices, ultimately causing increased
tumor angiogenesis, tumor growth, and metastatic progres-
sion. It should be kept in mind, however, that the roles of
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MMPs or proteases can be cell context dependent. Maspin,
a member of the serine protease inhibitor family, can be
lost or gained dependent upon cancer cell type and the
intracellular location of this protein seems to play a role
in determining whether the overall protease activity alters
cell adhesion to a local substratum [59].

Using RANKL-overexpressing human prostate cancer
cells as a model, we demonstrated markedly elevated bone
and soft tissue metastatic potential in an indolent LNCaP PCa
cell line [21]. The increased bone metastasis can be complete-
ly blocked by genetically deleting RANK receptor from
RANKL-overexpressing LNCaP cells [60, 61]. We studied
the molecular mechanisms underlying RANK-mediated sig-
naling network and found a feed forward loop linking in-
creased transcription of RANKL and c-Met with activation
of a host of common transcription factors (TFs) orchestrating a
wide range of cellular functions including EMT promotion,
osteomimicry, stemness, and neuroendocrine differentiation in
PCa cells (Fig. 1). These results, taken together, suggest the
crucial roles of feed forward mechanism in conferring cell
signaling amplification, whichmay be tightly regulated during
cancer invasion, migration, and metastasis. To understand the
potential clinical implications of the amplified RANKL-
RANK and c-Met signaling in cell models, we performed
multiplex quantum-dot based labeling (mQDL) of primary
human PCa tissues with known survival properties [12, 13,
22]. Our results demonstrated that different components in the
RANK-mediated cell signaling network predicts the survival
of PCa patients in a racially dependent manner in patients of
Caucasian-, African-American and Chinese background,
confirming the roles of feed forward mechanism in both PCa
models and in clinical PCa specimens [13]. The knowledge
gained by these mechanistic studies could be applied in the
future for more effective targeting of PCa bone and soft tissue
metastases (see below).

4 Activation of a coordinated cell signal network
by switching-on common TFs and regulatory RNAs

Metastatic cancer cells are evolved to resist hypoxia by effi-
ciently generating new blood supply routes so nutrients can be
delivered and toxic metabolites be removed.Metastatic cancer
cells must also be able to adapt to their microenvironment so
they can establish effective communication networks with
their neighbors and gain functions by increasing plasticity
and attracting protective and supporting stroma to alter their
behaviors, increase growth and aggressiveness, resist therapy-
induced cancer cell death, and evade host immunity. When
cancer growth and expansion are threatened by failure to meet
their minimal metabolic needs, metastatic cancer cells can
undergo long-term dormancy to preserve their survivability.

Metastatic cancer cells share the common mechanisms to
achieve resistance to hypoxia, increased plasticity, cross-talk
with cells in their microenvironments, and undergo dormancy.
Metastatic cancer cells are able to activate, in a coordinated
manner, the specific cell signal networks by switching TFs on
or off, recruiting common and regulatory RNAs, and together
regulating cancer and developmentally related genes to inte-
grate cell signal networks and promote cancer metastasis.

4.1 Hypoxia resistance

In response to hypoxia, cancer cells survive and thrive by
upregulating key TFs such as HIF-1α and HIF-2α that
heterodimerize with their β-subunits to turn on more than
1,000 hypoxia-induced target genes, such as TFs, chromatin
modifiers, receptors, kinases, transporters, small GTPases,
and regulatory micorRNAs (miRNAs) that promote a broad
range of cellular functions including neoangiogenesis,
stemness, EMT, growth, survival, metastasis, and resistance
to therapeutic inhibitory signals to protect the survival of
cancer cells despite exposure to detrimental hypoxic condi-
tions [62–64]. Specifically, for example, upregulation of
Twist1, Snail, Slug, Zeb1, and Zeb2 could modify cellular
EMT programs through either canonical or non-canonical
pathways. Smith and Odero-Marah [65] showed that Snail
regulates EMT by canonical signaling pathways but regulates
bone turnover and neuroendocrine phenotypes by non-
canonical pathways in PCa cells. HIF-mediated target genes
also regulate inflammation, affecting many developmental
pathways [66–70]. Brabletz et al. showed that Zeb1 and
miR200 play a reciprocal role in a negative feedback loop
controlling Notch signaling in cancer cells [71]. They found
that the Zeb1-miR200 negative feedback loop regulates EMT,
stem cell maintenance and therapeutic resistance in aggressive
pancreatic adenocarcinoma and basal type mammary tumors.
Their conclusions were largely supported by Guo et al. who
greatly expanded the integrated signaling roles of two circuit-
ries involving Stat3-coordinated Lin-28-let-7-HMGA2 and
miR-200-ZEB1. Both are responsible for the initiation and
maintenance of oncostatinM-driven EMT in breast cancer cell
lines and xenograft models [72]. These data collectively sug-
gest that cancer metastasis and therapeutic resistance, preced-
ed by inflammation, EMT, and/or cancer cell stemness, can be
co-targeted by modulating TFs, miRNAs, and specific factors
regulating stem cell and EMT phenotypes.

4.2 Increased plasticity and cross-talk in the tumor
microenvironment

The concept that tumor–stroma interaction plays key roles
in dictating cancer growth and differentiation came from
a rich developmental biology literature. Local organ
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development can be profoundly programmed by embryonic
connective tissue microenvironments [73–77]. The interaction
is reciprocal and the consequence is largely cell context de-
pendent. Cancer cells have remarkable ability to mimic bone
(osteomimicry) [24, 26, 78–80], blood vessels (vasculogenic
mimicry) [81–86], mesenchymal cells via EMT [87–89], stem
cells [90–93], and neuroendocrine cells via upregulation of
specific TFs [94–97], through their interaction with tumor
microenvironments. These phenotypic transitions can be tran-
sient or permanent depending greatly on physical conditions
in the environment, such as 2-D vs. 3-D growth [98–100] and
the stiffness of the substratum [101, 102].When ARCaPE PCa
cells were exposed to soluble growth factors in 2-D culture,
they underwent EMT reversibly but when the same cells were
injected or metastasized to mouse bone, their EMT transition
is permanent [103, 104]. Likewise, LNCaP cells cultured in

rotary wall vessels under 3-D conditions in the presence of
prostate or bone stromal cells exhibit permanent phenotypic
and genotypic changes, and co-evolution of LNCaP and pros-
tate and bone stromal cells were observed [105, 106]. These
results suggest the possible roles of the in vivoenvironment, as
cells cultured under 3-D conditions differed from cells grown
in 2-D, and induced transdifferentiation or exerted
“transforming” effects on PCa cells (see below). Our results
are in agreement with a recently published review by Kaplun
et al. who examined the binding of TFs to the promoter
regions of the target genes of maspin, a tumor suppressor lost
during PCa progression, by computational analysis [107].
Although PCa cells shared common maspin-induced TFs
under different culture conditions, more common TFs either
up- or down-regulated by maspin seemed to be shared be-
tween 3-D growth and PCa grown in vivo in bone

Fig. 1 RANK-mediated signal network in human prostate cancer cells.
RNAseq was conducted using prostate cancer cells, with LNCaP back-
ground, overexpressing RANKL to compare with cells transduced with a
control neo gene. The plot highlighted the interrelationship of differential
gene expression between cells with high RANKL-mediated signal net-
work as opposed to the control cells. Genes associated with EMT,

stemness, neuroendocrine, osteomimicry, and metastasis were revealed
in RANKL-mediated signal network, and these genes are known to be
associated with the ability of PCa cells to develop aggressive phenotypes.
In addition, we observed a number of LncRNAs either up- or downreg-
ulated. In this figure, genes marked in red represent the upregulated genes,
whereas genes marked in blue represent the downregulated genes
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microenvironments than with 2-D growth. Since maspin,
identified as an endogenous peptide inhibitor of histone
deacetylase-1, functions as a rheostat responsible for fine-
tuning or reprogramming epithelial homeostasis, it is possible
that the differences in TF profiles identified in PCa cell growth
under different culture and in vivo conditions could be con-
tributed epigenetically by histone and chromatin modifica-
tions. The participation of TFs in various key cellular func-
tions believed to be the determinants of PCa bone metastasis
was revealed in our recent studies of two bone metastatic
human prostate cancer cell lines, ARCaPM, which endoge-
nously expressed RANKL, and LNCaP, which was
transfected genetically with constitutive RANKL expression
vector. We found that both of these models exhibit high
propensity for bone metastasis. Analyzing RNA-seq data by
a computational method revealed that a RANKL-RANK sig-
naling network in LNCaP cells with constitutive RANKL
expression activated a number of master regulator TFs regu-
lating EMT (Twist1, Slug, Zeb1, Zeb2), stem cells (Sox2,
Myc, Oct3/4 and Nanog), neuroendocrine cells (Sox 9, HIF-
1α and FoxA2) and osteomimicry (c-Myc/Max, Sox2, Sox9,
HIF1α and Runx2). The RANK-mediated signal network
apparently established a premetastatic niche through a
feed forward loop by inducing RANKL and c-Met but
repressing androgen receptor (AR) expression and down-
stream signal pathways through a common transcription factor
complex, c-Myc/Max and AP4, which was identified by site-
directed mutagenesis and transcription factor deletion/
interference assays [21]. These data in aggregate suggest
potential new targets focusing on TFs and cell signaling
networks for the control of PCa bone metastasis. Figure 1
shows an extended RANK-mediated cell signaling network
linking gene expression and cell behaviors in PCa cells. In this
RANK-mediated network, we detected both up- (in red) or
down- (in blue) regulated gene closely associated with EMT,
stemness, neuroendocrine cell, androgen-independence,
osteomimicry, and metastasis. In addition, a number of long
non-coding RNAs (LncRNA) were also detected to be asso-
ciated with PCa cell to develop aggressive phenotype.

4.3 Dormancy

Cancer dormancy has been observed frequently in patients. A
tumor can be quiescent with no evidence of disease for years
until the disease rebounds. Ruppender et al. [108] defined
three types of dormancy: micrometastatic dormancy, angio-
genic dormancy, and conditional dormancy, referring respec-
tively to restrictive factors such as proliferation/apoptosis
equilibrium, angiogenesis, and responsiveness to microenvi-
ronmental cues, preventing the cancer cells from colonizing
metastatic sites. Coordinated gene expression involving spe-
cific sets of TFs has been shown in bacteria, plants and animal
cells when they enter and exit from dormancy [109, 110]. In

cancer cells, for example, hedgehog signaling could coordi-
nate a response by releasing sonic hedgehog protein from
stroma to activate epithelial gene expression via Patched-1
inhibitory receptor, which can release Smoothened to activate
GLI-1 transcription factor and increase the expression of GLI-
1 downstream target genes, and revive the growth signal in
PCa cells [111, 112]. Many other versions of the roles of Hh
signaling have been proposed in different cancer types such as
GLI-2 as the TF target in breast cancer cells [113] and the
involvement of normal prostate stroma as the Hh target in PCa
cells [112]. Lu et al. [114] reported the transition of indolent
micrometastasis to overt metastasis by overexpressing vascu-
lar cell adhesionmolecule on the surface of breast cancer cells,
which binds to their cognate receptor α4β1 and recruits
monocytic osteoclast progenitors, expands the osteoclasto-
genesis program and results in increased tumor bone coloni-
zation. Taichman and colleagues [115, 116] demonstrated the
functional link between the GAS6 (secreted by osteoblasts)/
Mer, Tyro3 or Axl (receptors on the cell surface of tumor cells)
axes in acute lymphoblastic leukemia (ALL) and PCa. In
ALL, the GAS6-Mer signaling axis overcame dormancy by
promoting cancer cell survival over apoptosis. In PCa, the
functions of GAS6 are switched by the relative ratios of Axl
and Tyro3 expression in which higher Axl/Tyro3 favors qui-
escence in a population of disseminated tumor cells (DTCs) in
the skeleton whereas reversing these ratios favors the transi-
tion of DTCs from a dormant to an active state. LNCaP, a
quiescent dormant PCa cell line when inoculated in experi-
mental animals, can become highly metastatic upon the acti-
vation of the RANK-mediated cell signaling network [21, 22].
Based on differential gene expression profile analyses, we
speculate that RANK-mediated signal activation can over-
come all three restrictions surrounding dormancy, by increas-
ing the ratios of proliferation/apoptosis, recruiting angiogene-
sis components, and enhancing the responsiveness of PCa
cells to local derived growth factors and extracellular matrices
(ECMs, see Fig. 1). Increasingly, research indicates that tumor
dormancy is controlled by miRNAs. Lim et al. [117] showed
that co-culture of breast cancer and bone stromal cells resulted
in the transfer of miR-127, -197, -222, and -223 to breast
cancer cells, mediated by gap junctions, decreasing their
CXCL12 expression to restrict these cells to dormancy.
Almog et al. [118, 119] found that miR190 enhances tumor
dormancy by altering several transcriptional factors, tumor
suppressor genes and interferon response pathways. This same
group of investigators showed that a cluster of consensus sets
of 19 dormancy related miRNAs (DmiRs), can govern the
phenotypic switch of dormant human breast carcinoma, glio-
blastoma, osteosarcoma, and liposarcoma tumors to rapid
growth. By upregulating DmiR-580, 588 or 190, they ob-
served a transcriptional reprogramming of tumors while down-
regulating pro-angiogenic factors such as TIMP-3, bFGF and
TGFα reversed fast-growing tumors to undergo dormancy.
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5 Recruitment and cooperation with host bystander cells
in cancer metastasis

In 2008, Bidard et al. reviewed how cancer cells cooperate in
metastasis. They speculated that by means of microenviron-
ment changes, metastatic colonization by non-metastatic pri-
mary cancer cells is possible [120]. Five years later, with
technological advances including genetically tagged cancer
cells and molecular imaging, we have documented that a class
of metastasis-initiating or enabling PCa cells (MICs) can
trigger microenvironment changes, such as increased osteo-
clastogenesis, and successfully recruit bystander non-
tumorigenic cancer and host cells and promote their metastatic
colonization in bone and soft tissues [21, 22]. Our studies used
genetically tagged PCa cells as models. We observed the
participation of bystander non-tumorigenic cancer cells with
MICs to form skeletal and soft tissue metastases. We have
advanced the concept proposed by Bidard et al. to show that
bystander non-tumorigenic cancer cells [21, 22] or normal

host mouse cells [121] can be reprogrammed by malignant
cancer cells to exhibit their mimicry phenotypes (e.g.
osteomimicry) and even undergo genetic transformation and
gain the ability to colonize mouse skeleton through multiple
steps, such as EMT, shedding, homing and colonization in
bone and soft tissues (Fig. 2). This can be accomplished in part
through specific TFs and effector molecules from malignant
PCa cells which can turn on the same TFs and effector
molecules in bystander cells via feed forward mechanisms.
However, how the genetic changes are switched on in the non-
tumorigenic cells after encountering MICs remains unknown
at this time. Cancer metastasis can also be achieved thorough
metabolic cooperation between cells. Liu et al. [122] charac-
terized a PCa and bone mesenchymal model based on
genome-wide expression analyses data and found that IL-1β
derived from tumor cooperated with COX-2 produced by
bone mesenchymal cells to support the growth and neuroen-
docrine differentiation of PCa cells. Giatromanolaki et al.
[123] reported improved energy recycling between tumor-

Fig. 2 Cooperation of metastasis-initiating cells and bystander cancer
and normal host cells. Cancer cells with activated RANKL-mediated
signal network undergo EMT with increased migratory, invasive, and
metastatic potential. These cells gain access to blood supply and
intravasate into vascular space. Upon interaction with vascular endothe-
lial sheath in the bone marrow, a small number of the circulating tumor
cells are believed to extravasate into bone marrow space through
transendothelial migration. Most of the tumor cells in bone, known as
disseminated tumor cells, are dormant but can be activated upon the

arrival of a poorly defined metastasis-initiating cell population. Positive
signal amplification between the dormant cancer cells and normal host
cells with metastasis-initiating cells create a favorable growth environ-
ment allowing non-tumorigenic cancer cells to break their dormancy. The
cooperation with metastasis-initiating cells could provoke permanent
gene expression and behavioral changes in the responding bystander
cancer cells and normal host cells that are believed to contribute to bone
and soft tissue metastases
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associated stroma (TAS) and cancer epithelium in which
cancer epithelium predominately utilizes an anaerobic metab-
olism to drive the production of lactate whereas the TAS
compartment picks up the lactate and converts it into pyruvate
for aerobic metabolism and energy production to support the
growth of PCa. However, tumor cells are heterogeneous and
both aerobic and anaerobic metabolism takes place; hence
lactate produced by stromal fibroblasts can also feed the
metabolic needs of cancer epithelium. Additionally, Sotgia
et al. [124] reported that caveolin-1 loss in the stroma
could be used as a predictor for the lethal progression
of breast cancer. They proposed a parasitic epithelial-
stromal metabolic coupling via glutamine (produced by
reactive stromal through autophagy that feeds the growth of
cancer cells) and ammonia (produced by the cancer epithelium
through an oxidative mitochondrial metabolism that helps
maintain autophagy in the stromal compartment), resulting
in metabolic collaboration facilitating the maintenance of
breast cancer aggressiveness.

6 Therapeutic paradigm for targeting bone metastasis
based on an understanding of the RANK-mediated signal
network

Metastatic castration-resistant PCa (mCRPC) is considered
lethal and currently there are limited therapeutic options for
managing this condition. Laboratory data support the hypoth-
esis that the RANK-mediated signal network is the driving
force for PCa bone metastasis. Based on current bone-directed
targeting strategies, we suggest including the following targets
downstream from the RANK-mediated signal network: (a)
ß-2m. As a pleiotropic signaling molecule for cancer growth
and survival, anti-ß-2m antibodies or drugs interfering with iron
flux can be used in combination with chemotherapy or radiation
therapy to enhance the cytotoxicity of antibodies or drugs in
tumor cells [42]. (b) c-Met. Using ATP-competitive (PF
02341066, MK-2461) [125, 126] or non-competitive (ARQ-
197) [127] c-Met inhibitors, or cabozatinib (XL-184) [128]
which is a receptor tyrosine kinase inhibitor targeting both c-
Met and VEGFR2. Additionally, ligand-independent c-Met
activation can be blocked by Dasatinib, a Src-kinase inhibitor
[129]. (c) Inhibition of c-Myc/Max heterodimerization. There
are a number of the small molecules modified from the first
generation of inhibitor, 10058-F4 [130, 131], and a newer
inhibitor of 10074-GS is in the early stages of drug develop-
ment. (d) Inhibition of EMT by small designed molecules has
been shown to have potential for inhibiting epithelium transi-
tion to mesenchyme and stem cells [132, 133]. 5) Inhibition of
VEGF-neuropilin complex. Small molecules such as EG0229,
EG-3287 and VEGF (amino acid-111-165) are under develop-
ment. In addition to RANK-mediated signal network compo-
nents, it should be emphasized that agents interfering with

stromal autophagy and miRNA regulators could be developed
to interfere with RANK-mediated signal networks. These
agents, once developed, can be used in combination with
standard hormonal therapy, chemotherapy, immunotherapy,
and radiation therapy.

7 Summary and conclusions

Cancer metastasis is a very inefficient process. Cancer cells
must escape various host barriers before they can survive and
establish metastatic colonization at distant sites. Cancer me-
tastasis to the skeleton represents an advanced and lethal form
of the disease. This review summarized how PCa cells mimic
bone and establish communication with bone cells through
secreted soluble factors. PCa cells amplify the RANK-
mediated signal network and reciprocate these signals be-
tween metastatic and non-tumorigenic bystander cells.
Remarkably, metastatic PCa cells not only amplify RANK-
mediated signals in bystander cells, they are also capable of
transforming these bystander cells through a feed forward
loop to reprogram them from non-tumorigenic status to tu-
morigenic and bone colonizing PCa cells. Our understanding
of the RANK-mediated cell signaling network and its down-
stream effectors suggests novel therapeutic approaches
targeting PCa bone metastasis.
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