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Breast cancer (BC) is the most frequent malignancy and the first cause of cancer-related death in women.
The majority of patients with advanced BC develop skeletal metastases which may ultimately lead to

serious complications, termed skeletal-related events, that often dramatically impact on quality of life
and survival.
Therefore, the identification of biomarkers able to stratify BC patient risk to develop bone metastases

(BM) is fundamental to define personalized diagnostic and therapeutic strategies, possibly at the earliest
stages of the disease.
In this regard, the advent of ‘‘omics” sciences boosted the investigation of several putative biomarkers

of BC osteotropism, including deregulated genes, proteins and microRNAs.
The present review revisits the current knowledge on BM development in BC and the most recent stud-

ies exploring potential BM-predicting biomarkers, based on the application of omics sciences to the study
of primary breast malignancies.
� 2020 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Breast cancer (BC) is the most frequent female malignancy
worldwide, representing about one third of cancer diagnoses and
the first cause of cancer-related death in women. In the United
States of America, as many as 276,480 new cases and 42,170
deaths were estimated for 2020 [1], while 404,920 new BC in
women were estimated in Europe for 2018 [2], with an age-
adjusted annual incidence of 113.7/100,000 [3].

Despite these figures, BC mortality has progressively decreased
in western countries, due to both the widespread diffusion of
screening programs, leading to earlier diagnoses, and the therapeu-
tic advances with innovative drugs which enabled more personal-
ized treatments [4]. Indeed, the age-standardized mortality rate for
BC in Europe has improved from 16.44 to 13.36 in the last decade
[5].

The natural history of BC is frequently characterized by tumour
cell seeding in the skeleton which, indeed, represents one of the
most common sites of distant metastases. At the time of diagnosis,
approximately 5–6% of BC patients exhibit bone metastases (BM),
while up to 65–75% of women with advanced hormone receptor-
positive breast tumours experience skeletal dissemination during
the course of the disease [6,7].

It has been demonstrated that approximately 30% of BC patients
host disseminated tumour cells (DTC) within the bone marrow,
even in the absence of any clinical and radiological signs, and these
metastatic niches constitute the reservoir for subsequent tumour
recurrence [8].

BM may be either asymptomatic or symptomatic, with bone
pain representing the most frequent clinical presentation. More-
over, several patients develop serious complications termed
skeletal-related events (SREs) which include hypercalcaemia,
pathological fractures, spinal cord injuries and intractable pain
requiring palliative radiotherapy or surgery. Besides interfering
with patients’ quality of life, SREs severely affect their autonomy
and negatively impact on survival [9,10].

Randomized clinical trials have demonstrated that the addition
of bisphosphonates to standard adjuvant treatments significantly
reduces the risk of BM onset in a sub-population of BC patients
[11–15], although their administration did not improve hard
end-points such as survival, not to take into account that these
agents are not free from potential side effects and require adequate
patient monitoring [14].

In this context, the discovery of biomarkers suitable to define
the risk of BM since the time of BC diagnosis would enable the
timely identification of high-risk patients, with appropriate imple-
mentation of diagnostic and therapeutic strategies. Several authors
attempted the identification of specific bone turnover markers
(BTM) potentially correlated with the onset of BM and their evolu-
tion during treatment. However, BTM levels are influenced by a
number of factors, including patients’ age, food intake, circadian
2

and seasonal fluctuations, as well as concomitant diseases and
medications [16], making their interpretation often unaffordable
in clinical practice, though intriguing.

More recently, ‘‘omics” sciences have been applied to the iden-
tification of molecules and/or genomic aberrations of primary
tumours as potential prognostic biomarkers; however, their
wide-scale clinical application has to be established yet [17].

Here we review the most compelling research in BC aimed at
identifying such potential biomarkers of osteotropism, based on
the development of omics technologies in the ‘‘precision medicine”
era.

2. Pathogenesis of BM in BC

According to their clinical behavior, metastatic breast malig-
nancies can be classified into three main categories, namely
tumours seeding the skeleton only, which exhibit a more favorable
outcome, those giving origin to extra-skeletal metastases, and neo-
plasms seeding in both skeletal and visceral sites [18].

In women with early BC, several clinico-pathological features
have been proposed as risk factors for subsequent development
of BM, including primary tumour size larger than 2 cm, the expres-
sion of estrogen and/or progesterone receptors (ER and PgR,
respectively), the presence of more than four metastatic lymph
nodes and young age at the time of diagnosis [19].

Besides these factors, invasive ductal histotype as well as high
concentration of alkaline phosphatase (ALP) and serum tumor
markers (e.g. CA 15.3 and CA 125), together with low hemoglobin
levels, have been closely related to the development of BM [20].

BM from BC are usually lytic, whereas approximately 15–20% of
patients exhibit osteoblastic or mixed lesions [6]. The axial skele-
ton is the most frequent site of BC seeding in bone [21].

BC osteotropism is regulated by different gene signatures and
signaling pathways activated in malignant epithelial cells. Indeed,
the development of BM from BC is a multi-step process (Fig. 1) in
which, on the one hand, BC cells undergo epithelial-to-
mesenchymal transition (EMT), namely a reversible process char-
acterized by the loss of intercellular junctions, the acquisition of
spindle-like shape and high motility and invasiveness, as well as
the up-regulation of mesenchymal markers at the expense of
epithelial ones [22].

On the other hand, BC cells release exosomes, growth factors
(e.g. transforming growth factor beta, TGF-b; vascular endothelial
growth factor, VEGF; placental growth factor, PlGF) and cytokines,
such as tumour necrosis factor-a (TNF-a), that recruit bone
marrow-derived stromal cells to prepare and establish the ‘‘pre-
metastatic niches”, to sustain metastatic tumour cell growth and
proliferation.

Chemokine/chemokine receptor axes and some integrin com-
plexes, such as amb3 and a4b1, are involved in tumour cell tropism
towards bone. Interestingly, C–X–C motif chemokine receptor-4



Fig. 1. The multi-step process leading to the development of BM in BC. Within the primary tumour, BC cells may undergo EMT while releasing exosomes, cytokines and
growth factors to recruit bone marrow-derived stromal cells. The latter participate in the establishment of ‘‘pre-metastatic niches”, resulting from increased vascular
permeability, remodeling of the ECM and induced immunosuppression. Months or years after their seeding in the skeleton, DTC may start proliferating inside the niches,
acquiring the phenotypic characteristics of bone cells (osteomimicry) and causing a progressive alteration of the physiological turnover, shifting its balance towards excessive
osteolysis or osteogenesis, which ultimately lead to the development of clinically detectable BM.
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(CXCR-4)/CXC-ligand-12 (CXCL-12) axis has been demonstrated to
drive the bone homing process of several malignancies, including
BC [23,24]. More recently, CXCR-2 and its ligands CXCL-5, CXCL-6
and CXCL-8 have been found capable to sustain the processes of
bone homing and proliferation in BC cells [25,26]. In addition,
the expression of calcium sensing receptor and the receptor activa-
tor of nuclear factor r-B (RANK) have been shown to participate in
BC cell attraction towards osteolytic areas [27,28].

Once nested in bone, BC cells undergo the so-called ‘‘os-
teomimicry” process, namely the acquisition of typical bone cell-
markers (e.g. intercellular adhesion molecule 1, ICAM-1;
cadherin-11, CDH11; osteopontin, SPP1; bone sialoproteins; cellu-
lar communication network factor 3, CCN3; etc) with consequent
evasion of immune response [29–31].

DTC may start proliferating inside the niches several months or
years after bone colonization, causing a progressive alteration of its
physiological turnover. In particular, tumour cells produce pro-
osteoclastogenic factors (e.g. TNFa; interleukin 8, IL-8; parathyroid
hormone-related protein, PTH-rP, etc) which enhance bone resorp-
tion. The latter, in turn, perpetuates this circle through the release
of growth factors physiologically stored in the bone matrix, such as
TGF-b, insulin-like growth factor (IGF) and platelet-derived growth
factor (PDGF) that further sustain the proliferation of cancer cells
[30].

The mechanisms supporting sclerotic bone formation in BC are
not completely elucidated, although a number of tumour-derived
growth factors, including TGF-b, bone morphogenetic proteins
and fibroblast growth factor (FGF) have been found capable to
enhance the differentiation of mesenchymal progenitors into
osteoblasts, shifting the balance of bone turnover in favor of osteo-
genesis [7,32].
3

3. Current knowledge on BTM role in the management of bone-
metastatic BC

3.1. Physiological bone turnover and BTM release

Physiologically, bone turnover results from the balanced activi-
ties of osteoclasts and osteoblasts. The former derive from
monocyte-macrophages and are responsible for bone resorption
by releasing protons and enzymes, such as tartrate resistant acid
phosphatase 5b (TRACP-5b) and cathepsin K (CTSK). During this
process, type I collagen is cleaved and its degradation peptides
(e.g. N-telopeptide, NTX; C-telopeptide, CTX; Pyridoline, PYD;
Deoxypyridoline, DPD) become detectable in both blood and urine
[33]. By contrast, the latter derive from mesenchymal stem cells
and are deputed to bone tissue formation and production of pro-
collagen, whose cleavage at C- and N-terminals releases serum
pro-collagen type I C-terminal (P1CP) and N-terminal (P1NP)
pro-peptides [34]. Osteoblasts secrete also bone-specific alkaline
phosphatase (BALP or BSAP) that contributes to bone matrix min-
eralization [30].

Bone turnover is regulated by RANK/RANK-ligand (RANK-L)/
osteoprotegerin (OPG) axis. In particular, stromal cells and osteo-
blasts release RANK-L that, by interacting with its receptor (RANK)
expressed by pre-osteoclasts and osteoclasts, primes their differen-
tiation and activation. In order to prevent excessive bone resorp-
tion, OPG acts as a soluble decoy receptor for RANK-L. Several
systemic factors, including sex hormones, vitamin D, parathyroid
hormone and calcitonin contribute to the maintenance of such a
delicate equilibrium [35].
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3.2. Clinical studies investigating BTM applications in bone metastatic
BC

Several authors explored the potential applications of BTM in
the management of skeletal metastases from BC. In this context,
both bone formation and bone resorption markers were investi-
gated for their putative diagnostic role, due to the significantly
higher levels found in bone metastatic BC patients, as compared
to those without BM [36,37], and their correlation with the extent
of skeletal disease [38].

Moreover, elevated levels of either serum or urine NTX were
associated with increased risk of SREs, disease progression and
death [39,40] while, among bone formation markers, BALP corre-
lated with subsequent skeletal complications [40].

Interestingly, Elfar and coworkers attempted to integrate serum
levels of RANK-L and OPG into a single parameter (RANK-L/OPG
ratio), which yielded a 73% sensitivity and 72% specificity for BM
detection [41]; Lumachi and colleagues described similar data after
combining TRAcP-5b with BALP and P1NP [42]. Such results con-
firmed that the alteration of both bone turnover phases critically
contributes to the establishment of BC-related bone disease. In this
regard, P1NP and CTX higher serum levels have recently emerged
as prognostic for subsequent BM development (p < 0.05 in both
instances) in patients enrolled in the AZURE clinical trial of
chemotherapy and/or hormone therapy with or without zole-
dronate, in women with stage II or III BC [43].

The clinical application of BTM has also been attempted in bone
metastatic patients receiving anti-resorptive drugs, with the pur-
pose to develop surrogate biomarkers of response to treatment.
Interestingly, urine NTX levels not only reflected the response to
bisphosphonates [44] but also predicted their efficacy in patients
with highly aggressive metastatic bone disease [45]. Moreover,
Fig. 2. ‘‘Omics” technology portrait. The figure provides an overview of the omics tech
secondary tumour samples and circulating tumour cells (CTCs). Four major categories o
commonly performed, namely genomics and epigenomics (i.e. analysis of the DNA sequen
and metabolomics (identification and quantification of all cell metabolites). List of abb
sequencing; ATAC-seq, assay for transposase-accessible chromatin using sequencing;
Transcriptome Amplification; RNA-seq, RNA sequencing; CyTOF, cytometry by time of fl
GS-MS, Gas chromatography mass spectrometry; NMR, nuclear magnetic resonance; MA
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the persistence of either urine NTX or serum BALP levels above
the normal range after three months of anti-resorptive treatment
was associated with poor clinical outcome, in terms of overall sur-
vival, risk of disease progression at any site and risk of progression
in bone [46].

However, the high intra- and inter-individual variability found
in BTM measurement, due to both patient features and technical
issues [30], have limited their routine clinical application, espe-
cially for diagnostic purposes, underlying the need for more reli-
able and reproducible biomarkers.
4. Application of ‘‘omics sciences to the early identification of
osteotropic breast malignancies

In the past decade, a rapid development of omics sciences
applied to cancer research has provided improved knowledge of
both tumour biology and genes involved in cell proliferation and
metastasis [47]. This enabled the discovery of druggable molecular
targets and dramatically improved the clinical management of sev-
eral solid malignancies, paving the way to the so called ‘‘precision
medicine” era [48].

The ‘‘omics” sciences include the study of genes (genomics),
epigenetic processes (epigenomics), transcripts (transcriptomics),
proteins (proteomics) and metabolites (metabolomics) that are
expressed by a cell, organ or a whole organism (Fig. 2). Among
omics science applications in oncology, genomics includes the
study of cancer germline and somatic DNA sequence variants, such
as mutations, single nucleotide polymorphisms (SNPs) and copy
number variations (CNV) [49]. Non-small cell lung cancer is an
emblematic example of neoplasm whose natural history has radi-
cally changed since driver gene mutations were identified and tar-
geted therapeutic agents were developed [50]. A similar advance
nologies currently applicable to cancer research, based on the analysis of primary/
f these technologies, based on high-throughput methods (listed in the picture), are
ce), transcriptomics (analysis of transcribed RNA), proteomics (analysis of proteins)
reviations: DNA-Seq, DNA sequencing; ChIP-seq, chromatin immunoprecipitation
BS-seq, bisulfite sequencing; WGA, Whole Genome Amplification; WTA, Whole
ight; MS, mass spectrometry; CE-MS, Capillary electrophoresis mass spectrometry;
LDI-MS, Matrix Assisted Laser Desorption/Ionization mass spectrometry.



Table 1
Main studies on genomic alterations related to BC osteotropism.

PUTATIVE BIOMARKERS TECHNIQUE OF BIOMARKER
INVESTIGATION

VALIDATION ON CELL LINES OR CLINICAL
SAMPLES

MAJOR MECHANISMS OF BM REGULATION REFERENCES

ND NGS mutational analysis of 50
commonly mutated cancer-
related genes

389 BC patients ND [54]

MAF Oligonucleotide
Array Assays and FISH

Bone-homing human BC cell lines 334
primary BC

Control of tumour cell/bone stroma interaction; regulation of cell
adhesion, migration and osteoclast differentiation; regulation of
PTH-rP expression.

[55]

FISH 1739 BC patients enrolled in AZURE
clinical trial

[56]

102-gene signature, including CXCR4, FGF5, CTGF, IL11,
MMP1, FST, ADAMTS1, PRG1 (fold change > 4)

Microarray analysis MDA-MB-231 human BC cell subclones
divided in weakly and highly metastatic to
bone

Modulation of tumour cell invasion, angiogenesis, bone-homing,
osteoclastogenesis and osteoclast activation

[57]

31-gene signature Microarray analysis Human B02 BC cells derived from BM
caused by MDA-MB-231 cells

Osteoblast differentiation [58]

APOPEC3B, ATL2, C6orf61, C6orf167, KCNS1, MFAP3L,
NIP7, NUP155, PALM2, PGD5, SFT2D2, STEAP,
NAT1, BBS1, PH-4.

Microarray analysis 157 metastatic BC patients + a dataset of
376 BC used as validation cohort

EMT, invasion/migration, bone-homing [47]

IL-1B RT-PCR
IHC

Bone-homing sub-clone of MDA-MB-231
cells;
150 primary BC

Bone homing [59]

RT-PCR MDA-MB-231 human BC cell line;
1300 patients included in AZURE clinical
trial

promotion of EMT, invasion, migration, and bone homing [60]

IL-6 gene signature Microarray analysis RT-PCR Co-culture of MDA-MB231 BC cell line
with osteoblast;
295 early stage BC from Netherlands
Cancer Institute

osteoclast activation, BC stem cell biology [62]

ZNF217 gene signature RT-PCR 113 women with primary breast tumours tumour cell invasion/migration, EMT, osteogenesis, bone remodeling
and metastasis

[64]

FOXF2 RT-PCR 118 primary BC tissues EMT, bone homing, epithelial-to-osteomimicry transition [65]
ESR1, PGR, BCL2, REPS2, NAT1, GATA3, ANXA9,

C9orf116
Nanostring
Gene expression analysis

92 BC patients with and without BM stimulation of cell proliferation, apoptosis inhibition and
modulation of metastatic profile acquisition

[66]

66-gene signature Computational Analysis Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) genomics
data repository

extracellular matrix (ECM)-receptor interaction, calcium signaling,
Wnt, PI3K/AKT signaling and focal adhesion kinase (FAK)

[67]

Abbreviations not mentioned in the main text: ND; Not described; NGS, next generation sequencing; FISH, Fluorescent in situ hybridization;
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was reached in other diseases, such as melanoma, colorectal and
breast cancers [48]. Other applications of omics sciences in oncol-
ogy include the study of cancer transcriptome and gene expression
profile [49,51], the search for peptides and epigenetic modifica-
tions able to act as prognostic and predictive biomarkers, as well
as novel therapeutic targets [52].

The next sections will summarize recent attempts made by
researchers to define BC osteotropism, by applying the above men-
tioned approaches.
4.1. Identification of genomic alterations related to BC osteotropism

BC is a heterogeneous family of malignancies, whose therapeu-
tic management needs to be adjusted to molecular tumour fea-
tures. Indeed, based on the expression of ER and PgR and/or the
presence of human epidermal growth factor (Her)-2 amplification,
different targeted therapies can be proposed, both in the early dis-
ease as well as in the metastatic setting. Furthermore, commercial
tests (i.e. Oncotype Dx, MammaPrint and PAM50) have recently
been developed to identify the risk of relapse in the early disease

setting [53].
With respect to extensive mutational analyses performed in the

‘‘osteotropism” field of research, 389 primary BC samples were
screened for the presence of hot spot somatic mutations within
50 common cancer-related genes (including ERBB2, PIK3CA, TP53
and others) by next-generation sequencing, without finding any
significant associations between gene alterations and the onset of
bone-only metastases as first relapse [54].

On the other hand, the application of genomics techniques led
to the identification, in bone-homing BC cell lines, of a 16q23 gain
copy number aberration encoding the transcription factor v-maf
avian muscolo aponeurotic fibro-sarcoma oncogene homolog
(MAF) that regulates the expression of several genes involved in
BC spreading to bone, including PTH-rP. Interestingly, this CNV
was also tested in an independent validation set of 334 primary
BC patient samples, and the presence of at least 1.5 copies of the
region, normalized to the CEP16 centromeric probe, significantly
correlated with BM occurrence at any time (hazard ratio,
HR = 14.5, 95% CI = 6.4 to 32.9, p < 0.001) [55]. Moreover, MAF
over-expression was associated with high-risk primary tumour
features and worse prognosis in pre-menopausal BC patients
enrolled in the zoledronate arm of AZURE clinical trial, further con-
firming the potential utility of this molecular alteration in the
management of BC [56] (Table 1).

One of the first attempts made to identify a gene expression
profile associated with BC osteotropism was described by Kang
and coworkers who, by using microarray analysis on several sub-
clones of MD Anderson metastatic BC (MDA-MB)-231 cell line,
divided in two groups based on their degree of osteotropism, iden-
tified 102 differentially expressed genes (DEGs) between the two
cell categories. Among over-expressed genes found in bone-
homing cells, those with a fold change greater than 4 were CXCR4,
FGF5, connective tissue-derived growth factor (CTGF), IL11, matrix
metalloproteinase-1 (MMP1), follistatin (FST), a disintegrin-like
and metalloproteinase with thrombospondin type 1 (ADAMTS1)
and proteoglycan-1 (PRG1). This signature included genes encoding
both secreted and cell surface proteins, playing roles in different
steps of BM onset, such as tumour cell invasion and homing
towards the skeleton, as well as osteoclastogenesis and osteoclast
activation [57] (Table 1). In addition, functional studies performed
on female BALB/c-nu/nu nude mice showed that the osteoclastic
and angiogenic capacities of IL-11 and CTGF were increased by
the activity of the pro-metastatic cytokine TGFb [57].

Similarly, Bellahcène and co-authors, by using microarray anal-
ysis, performed a transcriptomic study on B02 cells, namely a sub-
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clone derived from the MDA-MB-231 cell line and characterized by
high capacity to form BM in vivo. The analysis demonstrated the
presence of a cluster of 31 DEGs (20 up- and 11 down-regulated)
related to the osteoblastic differentiation process [58].

Later, Savci-Heijink and coworkers identified by a similar
microarray analysis a smaller signature including 15 genes
expressed in up to 82.4% of bone metastatic breast malignancies,
on a series of 157 primary BC samples and on a public dataset of
376 breast tumours, used as validation cohort. In this panel, 12
down-regulated genes (APOPEC3B, ATL2, C6orf61, C6orf167, KCNS1,
MFAP3L, NIP7, NUP155, PALM2, PGBD5, SFT2D2 and STEAP) encoded
several membrane-bound proteins and peptides, while the overex-
pressed NAT1, BBS1 and PH-4 ones were involved in the EMT pro-
cess [47]. However, despite such a huge panel, none of the genes
of this putative bone signature overlapped the DEGs previously
identified by Kang et al. [57].

In subsequent studies, IL-1 b gene expression was found by Real
Time-PCR (RT-PCR) significantly up-regulated in another bone-
homing sub-clone of MDA-MB-231 cells. On this basis, 150 primary
BC cores, belonging to patients undergone long-term follow-up
after adjuvant anti-cancer treatment, were analyzed for IL-1 b
expression by immunohistochemistry (IHC), observing a statisti-
cally significant correlation between the levels of this biomarker
in the primary tumour and the subsequent development of BM
(p < 0.0001) [59].

These data have been recently confirmed on 1,300 patients
included in AZURE clinical trial [60] and have led to the successful
pre-clinical evaluation of Anakinra, namely an IL-1 b receptor
antagonist, and Canakinumab, a monoclonal anti-IL-1 b antibody,
for the prevention and treatment of BM in murine models of BC
[60,61]. Interestingly, the administration of either Anakinra or
Canakinumab significantly reduced the number of circulating BC
cells and the size of bone skeletal lesions in mice, confirming the
role of IL-1 b signaling in the BM process [60].

In a similar fashion, Rajski and co-workers investigated the
presence of a specific gene cluster named ‘‘IL-6 gene signature”,
consisting of 72 DEGs, first detected in a co-culture of MDA-
MB231 cells with osteoblasts and subsequently identified in 295
early BC specimens from the Netherlands Cancer Institute. The
authors described a correlation between the presence of such sig-
nature and BM-free survival at 10 years (74% vs 83% in patients
with high vs low gene expression levels, respectively; p = 0.048)
[62]. Interestingly, a more recent study has showed that a mono-
clonal antibody against the human IL-6 receptor (Tocilizumab)
reduced lytic BM development in a murine model of BC, by inter-
fering with tumour cell proliferation, neoangiogenesis, and RANK
signaling [63].

Bellanger and co-workers evaluated the zinc-finger protein 217
(ZNF217) gene expression in 113 samples from primary BC and
observed that higher mRNA levels were associated with shorter
metastasis-free survival (p = 0.023) and bone-only metastases
(p = 0.005). Subsequent transcriptomic analyses on MDA-MB-231
cells stably transfected with ZNF217 demonstrated that increased
levels of ZNF217 were associated with the presence of a cluster
of 67 DEGs, correlated with the functions of osteogenesis, bone
remodeling and metastasis [64]. Interestingly, 17 out of 67 genes
(25%) and 28 of 67 genes (42%) overlapped those detected in the
gene expression signatures previously described by Kang [57]
and Bellahcene [58], respectively.

More recently, Wang and co-workers have demonstrated, by
investigating data sets of human BC cell lines and then primary
breast tumour mRNAs, that high levels of forkhead box F2 (FOX2)
were related to BM. The biological process underlying the role of
this molecule, also ascertained with in vivo studies, relies in the
capability of FOXF2, as a master transcription factor, to induce can-
cer cells to develop into BM seeds through the ‘‘epithelium-to-ost



Table 2
Main studies on miRNAs related to BC osteotropism.

PUTATIVE
BIOMARKERS

TECHNIQUE OF
BIOMARKER
INVESTIGATION

VALIDATION ON CELL LINES OR CLINICAL SAMPLES MAJOR MECHANISMS OF BM REGULATION REFERENCES

miR-373, miR-520c RT-PCR MCF-7 human BC cell line;
11 pairs of matched primary breast cancer and lymph node metastasis tumour samples

promotion of BC cell migration and invasiveness by
suppression of CD44

[69]

miR10b RT-PCR HMECs, MCF-10A, MCF-7, MDA-MB-231, HEK293T, SUM149, SUM159, SUM1315, 67NR, 168FARN,
4TO7 and 4 T1 cell lines;
18 metastatic BC patients

promotion of BC cell migration and invasiveness [70]

miR218 RT-PCR MC3T3-E1 murine and MCF10A human cell line control on Wnt signaling to promote the osteomimicry of
metastatic cancer cells

[71]

miR218-5p RT-PCR MCF-10, MCF-7, MDA-MB-231-a, MDA-MB-231-b cells; tissue biopsies from BM of BC patients promotion of proliferation, increase of Wnt PTHrP
signaling and osteclast differentiation

[72]

miR19a, miR93,
miR106a

Computational
Analysis Small RNA
sequencing

Dataset of 1051 BC patients from TCGA
20 BC patient samples

promotion of tumour cell survival and proliferation,
stimulation of angiogenesis

[73]

miR126, miR335,
miR206

Array-based miRNA
profiling
RT-PCR

Parental and subclones MDA-MB-231 human BC cell line;
20 primary breast tumors

mir126 reduces tumour proliferation; miR-335 and
mir206 suppress tumour cell migration and metastasis

[74]

miR124 ISH Human BC cell lines (BT-549, MDA-MB-231, Hs578T, MDA-MB-468, MDA-MB-436, MCF7, T47D,
BT-474, RAW264.7 and MC3T3-E1);79 pairs of primary BC tissues and para-tumour tissues + 34 BM
samples from BC patients

inhibition of tumour cell migration and invasion [75]

miR-135, miR203 RT-PCR MCF-10A, MCF-7, MDA-MB-231-a, MDA-MB-231-b cell lines;
tissue biopsies derived from primary tumors and BM of patients with BC

decreased expression of Runx2 and target genes as- IL11,
MMP-13, and PTHrP;suppression of tumour cell migration
and proliferation

[76]

miR-429 ISH, H&E, WB,
RT-PCR

MDA-MB-231-a, MDA-MB-231-b cell lines.
21 BM specimens including 7 paired BM tissue and primary BC tissue samples

regulation of bone microenvironment;
suppression of CrkL and MMP-9

[77]

miR30 family RT-PCR 109 BC patients inhibition of invasion, osteomimicry, and bone
destruction by directly targeting multiple BM- associated
genes

[78]

Abbreviations not mentioned in the main text: ISH, In situ hybridization; H&E, Hematoxylin and eosin staining; WB, Western Blotting.
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Table 3
Main studies on proteins involved in BC osteotropism.

PUTATIVE BIOMARKERS TECHNIQUE OF
BIOMARKER
INVESTIGATION

VALIDATION ON CELL LINES OR
CLINICAL SAMPLES

MAJOR MECHANISMS OF BM
REGULATION

REFERENCES

ICAM-1, cadherin-11, osteoactivin, bone sialoprotein,
CCN3, IL-11, CCL2, CITED2, CXCR4, CTGF, OPN, CX3CR1,
TWIST1, adrenomedullin, Enpp1

multiple
techniques

not applicable (review) cell proliferation, differentiation
and adhesion, chemokine
signaling and bone
mineralization

[79]

CAPG, G1PC1 LC/MS/MS
IHC

Metastatic variants of the human
BC cell line MDA-MB-231 homing
to bone (BM1, BM2);
724 BC pts enrolled in AZURE trial

cell cycle regulation, cell
adhesion and migration

[80]

DOCK4 SILAC-MS Metastatic variants of the human
BC cell line MDA-MB-231 homing
to bone (BM1);
689 patients enrolled in AZURE
trial

promotion of cancer cell
invasiveness

[81]

TGF-b, vimentin IHC 64 breast infiltrating carcinomas,
50 breast benign lesions, and 10
biopsies of BM

promotion of EMT [82,83]

ERRa IHC 100 BC tissue samples + 446
specimens from unilateral
invasive radically-resected BC
patients

RANK axis regulation and
promotion of tumour migration/
proliferation

[85]
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eomimicry transition”, namely the acquisition of osteomimetic fea-
tures through the ectopic expression of genes related to the early
stages of bone differentiation [65].

In a recent study by Cosphiadi et al, 22 genes have been found
differentially expressed between BC samples derived from patients
with BM (with/without other extra-skeletal recurrence) and
tumour samples belonging to women without skeletal lesions.
Once focusing on the comparison between BM-only associated
tumours and non-bone metastatic BC, 17 DEGs were identified.
In particular, the two differential analyses shared eight DEGs,
namely ESR1, PGR, BCL2, REPS2, NAT1, GATA3, ANXA9 and
C9orf116, which may deserve validation in prospective clinical
studies as putative osteotropism biomarkers [66].

Finally, Chen and co-workers have used a novel computational
approach to identify the molecular mechanisms associated with BC
osteotropism. The authors have analyzed a microarray gene
expression profile dataset relative to patients with BC from the
Gene Expression Omnibus (GEO) data repository and applied a Sig-
nificance Analysis of Microarrays (SAM) to obtain a specific signa-
ture of 66 DEGs. Through a functional protein association network
construction, various pathways have been identified, such as extra-
cellular matrix (ECM)-receptor interaction, calcium signaling, Wnt,
PI3K/AKT signaling and focal adhesion kinase (FAK) ones, closely
associated with the ability of BC to metastasize to the skeleton
[67].

Clearly, the huge number of data emerged from such an exten-
sive research confirms the importance of this topic and the high
complexity and heterogeneity of breast malignancies, whose
molecular characterization is, probably, far from being completed.
None of the mentioned signatures has presently entered the rou-
tine clinical practice, suggesting the need for further, prospective
investigation.

4.2. Role of microRNAs (miRNAs) in the establishment of BM from BC

Even if not encoding protein products, noncoding RNA (ncRNAs)
are critical regulators of cellular processes. In particular, miRNAs
are small (approximately 22 base pairs) ncRNAs that act as epige-
netic modulators by targeting the turnover of specific mRNAs,
through which they regulate a huge number of processes, includ-
ing signal transduction, cell cycle, cell proliferation and metabo-
lism, all of them playing key roles in cancer [68,69]. miRNAs
8

have been investigated for their capability to participate in the
bone homing process and act as potential biomarkers of BC skeletal
colonization (Table 2).

In this regard, preclinical studies showed that the up-regulation
of miR-10b, miR-373 and miR-520c was correlated with migration
and invasiveness of BC cells, both in vitro and in vivo [69,70], while
miR-218 acted on Wnt signaling to promote the osteomimicry of
metastatic cancer cells [71].

In the latter case, it has also been proven that the over-
expression of miR-218-5p in BC cells is able to reduce the Wnt
inhibitors SOST and sFRP-2, resulting in the activation of Wnt sig-
naling that, in turn, influences the process of metastatization to
bone through both autocrine and paracrine mechanisms. Indeed,
anti-miR-218-5p delivery to MDA-MB-231 cells impaired their
growth in bone microenvironment and interrupted the vicious
cycle of osteolytic BM in vivo [72].

More recently, a miRNA signature score (including miR19a,
miR-93 and miR 106a) has been developed by using a bioinformat-
ics approach applied to a dataset of 1051 BC patients from The Can-
cer Genome Atlas (TCGA) network. The high miRNA-based score,
determined in primary tumour samples and further validated in
three independent cohorts, significantly correlated with poor BC
patient prognosis (p = 0.0005) and risk of BM onset (p = 0.0052)
[73].

On the other hand, miR-126, miR-335 and miR-206 have been
shown to restrain tumour cell proliferation, migration and inva-
siveness. An array-based miRNA profiling of MDA-MB-231 cell
sub-clones with different organotropism showed down-
regulation of those miRNAs in bone-homing cells, while their up-
regulation, induced by retroviral transduction, significantly
impaired BM onset in mice. Moreover, low expression of miR-
335, miR-126 or miR-206 in primary BC samples correlated with
shorter median time to metastasis [74].

Similarly, Cai and coworkers described by in situ hybridization
the down-regulation of miR-124 in a bone metastatic sub-clone of
MDA-MB-231 cells, as well as in primary BC and BM specimens
[75]. Based on their results, the authors argued that low levels of
miR-124 determine aggressive clinical characteristics and shorter
BM-free survival. Notably, lentivirus-induced stable miR-124
expression in tumour cells impaired BM formation in a murine
model of BC, while the administration of a specific inhibitor
exerted an opposite effect. The authors also described a negative
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correlation between the miRNA levels and IL-11 expression, in
both BC cell lines and human metastatic bone tissues, suggesting
this pro-osteoclastogenic cytokine as a potential downstream tar-
get of miR-124 [75].

Interestingly, the aberrant expression of Runx2, namely a tran-
scription factor which participates to BM development by modu-
lating the expression of bone-related genes, including IL-11,
MMP-13 and PTHrP, has been associated with the loss of miR-135
and miR-203 in osteotropic BC cells [76].

Other miRNAs that have emerged as inhibitors of the BM pro-
cess include miR-429, that has been recently shown to counteract
osteoclast differentiation while promoting osteoblastogenesis
in vitro, and to restrain skeletal destruction in murine models of
BC, by negatively regulating the expression of V-crk sarcoma virus
CT10 oncogene homolog-like (CrkL) and MMP-9 genes [77].

In a similar fashion, members of miR-30 family have been
recently defined as suppressors of BC homing to bone through
the regulation of multiple processes including osteomimicry and
tumour cell invasion; moreover, among the target genes of miR-
30 family, CTGF, ITGB3, ITGA5, DKK-1, RUNX2, IL-8, TWIF1/IL-11,
and CDH11 emerge for their critical role in BM development. In
agreement with these data, low expression of mi-R30s in primary
BC samples was associated with poor relapse free survival [78].

The results of all these studies suggest that miRNAs could act
not only as potential prognostic biomarkers for skeletal coloniza-
tion, but also promising therapeutic targets to restore physiological
bone homeostasis and counteract cancer-induced skeletal destruc-
tion, although further clinical investigation is needed before any
clinical application of these molecules.

4.3. Proteomics studies applied to the investigation of BC osteotropism

Several peptides have been investigated as potential BM-
predicting biomarkers in BC (Table 3), to be theoretically employed
for patient stratification and selection for adjuvant bisphosphonate
treatment.

Indeed, a systematic review by Awolaran and coworkers sum-
marized the state of the art up to 2016 and collected data on 15
proteins whose over-expression in BC cells had been correlated
with BM onset in vivo. This panel included molecules involved in
key cell processes (e.g. proliferation, differentiation and adhesion)
as well as chemokine signaling and bone mineralization [79].

In a quantitative proteomic analysis performed by liquid chro-
matography/mass spectrometry/mass spectrometry (LC/MS/MS)
on both parental and bone-homing sub-populations of MDA-MB-
231 cells, a number of peptides, including the macrophage
capping-protein (CAPG) and PDZ domain-containing protein mem-
ber 1 (GIPC1), were found significantly up-regulated in the latter
and further investigated as prognostic biomarkers [80]. In particu-
lar, the expression of both CAPG and GIPC1 was subsequently
investigated and clinically validated by IHC on 427 primary BC
samples belonging to patients enrolled in the already mentioned
AZURE clinical trial [12,14] and a significant correlation was
described between the up-regulation of both proteins and the risk
of BM onset (HR = 4.5, 95% CI = 2.1 to 9.8, p < 0.001). Interestingly,
high-risk patients (CAPGhigh/GIPC1high) substantially benefited
from adjuvant zoledronate administration in terms of HR reduction
for first recurrence in bone (10-fold reduction vs placebo,
p = 0.008) [80].

By using a quantitative proteomics approach with stable iso-
tope labelling by amino acids in cell culture-mass spectrometry
(SILAC-MS), Westbrook and co-workers identified another protein
up-regulated in the bone-homing MDA-MB-231 sub-clone, namely
high dedicator of cytokinesis protein 4 (DOCK4). In a successive
clinical validation step, DOCK4 over-expression in early BC sam-
ples from AZURE trial was significantly correlated with first recur-
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rence in the skeleton in control (HR 2.13, 95%CI 1.06–4.30,
p = 0.034), but not in zoledronate arm (HR 0.812, 95%CI 0.176–
3.76, p = 0.790), confirming the capability of the bisphosphonate
to prevent BM in high-risk patients; notably, DOCK4 up-
regulation showed no correlation with extra-skeletal dissemina-
tion (p = 0.08) [81].

Scimeca et al. have recently demonstrated that the appearance
of casting-type calcifications within breast tissues could be related
with the formation of osteoblast-like cells (BOLCs) which might
play a role also in the development of BM from BC [82]. In a subse-
quent work, the authors have detected by IHC a significant up-
regulation of TGF-b and vimentin in BC samples with high BOLC
count (p < 0.0001 in both instances), suggesting that the hyper-
activation of the EMT process could be crucial in the progression
of such malignancies [83].

In addition, the expression of estrogen-related receptor alpha
(ERRa) has been recently correlated with tumour cell invasiveness,
RANK expression by cancer cells and spontaneous formation of
bone micrometastases in a murine model of BC. Moreover, ERRa
levels have been evaluated by IHC on primary BC samples derived
from patients enrolled in the ABCSG-6 trial [84] demonstrating a
significant correlation between its over-expression and poor
distant-recurrence free survival. A transcriptomic analysis on BC
samples has further confirmed this association, leading to the pre-
clinical pharmacological inhibition of ERRa through a specific
inverse agonist, which has successfully reduced both primary
tumour growth and bone micro-metastases formation in mice [85].
5. Conclusions and future perspectives

BM represent a common and feared complication of BC, respon-
sible for significant quality of life impairment, poor prognosis and
socio-economic consequences, especially when accompanied by
the onset of SREs [7].

Once DTC colonize the skeleton, curative aims cannot be pur-
sued, and BC patients usually receive both anti-cancer drugs and
bone-targeting agents for symptom palliation and prevention of
disease progression [7]. On the other hand, the administration of
bisphosphonates in the adjuvant setting has been shown to reduce
the risk of BM development in postmenopausal BC patients and
young women undergoing ovarian suppression [11–15], and has
been recently introduced in European guidelines for BM preven-
tion [86].

In this context, there is still an unmet need for reliable and
reproducible means to quantify BM risk since the earliest stages
of the disease, in order to plan appropriate and personalized
follow-up and therapeutic strategies, potentially able to modify
the course of the disease. Moreover, elucidation of the cellular
and molecular mechanisms underlying BC homing towards the
skeleton could contribute to the development of further therapeu-
tic agents to manage and, hopefully, prevent BM.

Several authors have pursued this aim, by applying omics tech-
nologies to the study of primary BC samples, with the purpose to
identify prognostic and predictive biomarkers. A huge number of
molecules has been identified so far, including proteins, miRNAs
and genes, whose aberrant structure and/or expression have been
correlated with several steps of BM development. Among these,
MAF CNV as well as CAPG/GIPC1 and DOCK-4 over-expression in
the primary tumour have been found to correlate not only with
subsequent BM onset, but also with adjuvant zoledronate effec-
tiveness [56,80,81]. Moreover, based on results of pre-clinical and
clinical studies [59–63,72], high intra-tumour levels of IL-1 b, IL-
6 or miR-218-5p could not only provide prognostic information,
but also potentially be targeted by novel therapeutic agents.
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Prospective clinical trials are awaited to validate these markers
before their introduction in the routine clinical practice.

Fundings

This work was supported by the Apulia Region (‘‘Oncogenomic”,
‘‘Precision Medicine” Project, ‘‘Tecnopolo per la Medicina di
Precisione-GR Puglia 2117/2018” projects).

Disclosures

The authors declare no conflicts of interest.

Author contributions

Conceptualization: SD; Data curation: MG, AC, DL, RP, SD; Orig-
inal draft writing: MG, AC, SD; Review and editing: CP, FS, SD.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2020, CA Cancer J. Clin. 70 (1)
(2020) 7–30, https://doi.org/10.3322/caac.21590.

[2] U. Dafni, Z. Tsourti, I. Alatsathianos, Breast cancer statistics in the European
Union: incidence and survival across European Countries, Breast Care (Basel)
14 (6) (2019) 344–353.

[3] E.-E.C.I. System, a.o. From https://ecis.jrc.ec.europa.eu, � European Union,
Estimated incidence and mortality breast cancer in Europe, (2020).

[4] E. Senkus, S. Kyriakides, S. Ohno, F. Penault-Llorca, P. Poortmans, E. Rutgers, S.
Zackrisson, F. Cardoso, E.G. Committee, Primary breast cancer: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up, Ann. Oncol. 26
(Suppl 5) (2015) v8–v30.

[5] M. Malvezzi, G. Carioli, P. Bertuccio, P. Boffetta, F. Levi, C. La Vecchia, E. Negri,
European cancer mortality predictions for the year 2019 with focus on breast
cancer, Ann. Oncol. 30 (5) (2019) 781–787.

[6] F. Macedo, K. Ladeira, F. Pinho, N. Saraiva, N. Bonito, L. Pinto, F. Goncalves, Bone
metastases: an overview, Oncol. Rev. 11 (1) (2017) 321.

[7] S. D’Oronzo, R. Coleman, J. Brown, F. Silvestris, Metastatic bone disease:
pathogenesis and therapeutic options: up-date on bone metastasis
management, J. Bone Oncol. 15 (2019) 004-4.

[8] S. Braun, F.D. Vogl, B. Naume, W. Janni, M.P. Osborne, R.C. Coombes, G.
Schlimok, I.J. Diel, B. Gerber, G. Gebauer, J.Y. Pierga, C. Marth, D. Oruzio, G.
Wiedswang, E.F. Solomayer, G. Kundt, B. Strobl, T. Fehm, G.Y. Wong, J. Bliss, A.
Vincent-Salomon, K. Pantel, A pooled analysis of bone marrow
micrometastasis in breast cancer, N. Engl. J. Med. 353 (8) (2005) 793–802.

[9] R.E. Coleman, Clinical features of metastatic bone disease and risk of skeletal
morbidity, Clin. Cancer Res. 12 (20) (2006) 6243s–6249s, https://doi.org/
10.1158/1078-0432.CCR-06-0931.

[10] I. Kuchuk, B. Hutton, P. Moretto, T. Ng, C.L. Addison, M. Clemons, Incidence,
consequences and treatment of bone metastases in breast cancer patients—
Experience from a single cancer centre, J. Bone Oncol. 2 (4) (2013) 137–144.

[11] M. Gnant, B. Mlineritsch, H. Stoeger, G. Luschin-Ebengreuth, M. Knauer, M.
Moik, R. Jakesz, M. Seifert, S. Taucher, V. Bjelic-Radisic, M. Balic, H. Eidtmann,
W. Eiermann, G. Steger, W. Kwasny, P. Dubsky, U. Selim, F. Fitzal, G.
Hochreiner, V. Wette, P. Sevelda, F. Ploner, R. Bartsch, C. Fesl, R. Greil, B.
Austrian, V.A. Colorectal Cancer Study Group, Zoledronic acid combined with
adjuvant endocrine therapy of tamoxifen versus anastrozol plus ovarian
function suppression in premenopausal early breast cancer: final analysis of
the Austrian Breast and Colorectal Cancer Study Group Trial 12, Ann Oncol 26
(2) (2015) 313-320.

[12] R.E. Coleman, M. Collinson, W. Gregory, H. Marshall, R. Bell, D. Dodwell, M.
Keane, M. Gil, P. Barrett-Lee, D. Ritchie, A. Bowman, V. Liversedge, R.H. De Boer,
J.L. Passos-Coelho, S. O’Reilly, G. Bertelli, J. Joffe, J.E. Brown, C. Wilson, J.C.
Tercero, J. Jean-Mairet, R. Gomis, D. Cameron, Benefits and risks of adjuvant
treatment with zoledronic acid in stage II/III breast cancer. 10 years follow-up
of the AZURE randomized clinical trial (BIG 01/04), J. Bone Oncol. 13 (2018)
123–135.

[13] G. Early Breast Cancer Trialists’ Collaborative, Adjuvant bisphosphonate
treatment in early breast cancer: meta-analyses of individual patient data
from randomised trials, Lancet 386(10001) (2015) 1353-1361.

[14] R. Coleman, D. Cameron, D. Dodwell, R. Bell, C. Wilson, E. Rathbone, M. Keane,
M. Gil, R. Burkinshaw, R. Grieve, P. Barrett-Lee, D. Ritchie, V. Liversedge, S.
10
Hinsley, H. Marshall, A. investigators, Adjuvant zoledronic acid in
patients with early breast cancer: final efficacy analysis of the AZURE
(BIG 01/04) randomised open-label phase 3 trial, Lancet Oncol. 15(9)
(2014) 997-1006.

[15] S. D’Oronzo, E. Silvestris, A. Paradiso, M. Cives, M. Tucci, Role of bone targeting
agents in the prevention of bone metastases from breast cancer, Int. J. Mol. Sci.
21 (8) (2020).

[16] R. Coleman, L. Costa, F. Saad, R. Cook, P. Hadji, E. Terpos, P. Garnero, J. Brown, J.
J. Body, M. Smith, K.A. Lee, P. Major, M. Dimopoulos, A. Lipton, Consensus on
the utility of bone markers in the malignant bone disease setting, Crit. Rev.
Oncol. Hematol. 80 (3) (2011) 411–432.

[17] S. D’Oronzo, J. Brown, R. Coleman, The value of biomarkers in bone metastasis,
Eur. J. Cancer Care (Engl.) 26 (6) (2017).

[18] A. Soni, Z. Ren, O. Hameed, D. Chanda, C.J. Morgan, G.P. Siegal, S. Wei, Breast
cancer subtypes predispose the site of distant metastases, Am. J. Clin. Pathol.
143 (4) (2015) 471–478.

[19] M. Colleoni, A. O’Neill, A. Goldhirsch, R.D. Gelber, M. Bonetti, B. Thurlimann, K.
N. Price, M. Castiglione-Gertsch, A.S. Coates, J. Lindtner, J. Collins, H.J. Senn, F.
Cavalli, J. Forbes, A. Gudgeon, E. Simoncini, H. Cortes-Funes, A. Veronesi, M.
Fey, C.M. Rudenstam, Identifying breast cancer patients at high risk for bone
metastases, J. Clin. Oncol. 18 (23) (2000) 3925–3935.

[20] W.Z. Chen, J.F. Shen, Y. Zhou, X.Y. Chen, J.M. Liu, Z.L. Liu, Clinical characteristics
and risk factors for developing bone metastases in patients with breast cancer,
Sci. Rep. 7 (1) (2017) 11325.

[21] T. Ibrahim, L. Mercatali, D. Amadori, A new emergency in oncology: bone
metastases in breast cancer patients (Review), Oncol. Lett. 6 (2) (2013) 306–
310.

[22] F. Meng, G. Wu, The rejuvenated scenario of epithelial-mesenchymal
transition (EMT) and cancer metastasis, Cancer Metastasis Rev. 31 (3–4)
(2012) 455–467.

[23] M. Cives, D. Quaresmini, F.M. Rizzo, C. Felici, S. D’Oronzo, V. Simone, F.
Silvestris, Osteotropism of neuroendocrine tumors: role of the CXCL12/CXCR4
pathway in promoting EMT in vitro, Oncotarget 8 (14) (2017) 22534–22549.

[24] C.S. Hung, H.Y. Su, H.H. Liang, C.W. Lai, Y.C. Chang, Y.S. Ho, C.H. Wu, J.D. Ho, P.L.
Wei, Y.J. Chang, High-level expression of CXCR4 in breast cancer is associated
with early distant and bone metastases, Tumour Biol. 35 (2) (2014) 1581–
1588.

[25] R. Romero-Moreno, K.J. Curtis, T.R. Coughlin, M.C. Miranda-Vergara, S. Dutta, A.
Natarajan, B.A. Facchine, K.M. Jackson, L. Nystrom, J. Li, W. Kaliney, G.L. Niebur,
L.E. Littlepage, The CXCL5/CXCR2 axis is sufficient to promote breast cancer
colonization during bone metastasis, Nat. Commun. 10 (1) (2019) 4404.

[26] B. Sharma, K.C. Nannuru, S. Saxena, M.L. Varney, R.K. Singh, CXCR2, A novel
mediator of mammary tumor bone metastasis, Int. J. Mol. Sci. 20 (5) (2019).

[27] S. Das, P. Clezardin, S. Kamel, M. Brazier, R. Mentaverri, The CaSR in
pathogenesis of breast cancer: a new target for early stage bone metastases,
Front. Oncol. 10 (2020) 69.

[28] D.H. Jones, T. Nakashima, O.H. Sanchez, I. Kozieradzki, S.V. Komarova, I. Sarosi,
S. Morony, E. Rubin, R. Sarao, C.V. Hojilla, V. Komnenovic, Y.-Y. Kong, M.
Schreiber, S.J. Dixon, S.M. Sims, R. Khokha, T. Wada, J.M. Penninger, Regulation
of cancer cell migration and bone metastasis by RANKL, Nature 440 (7084)
(2006) 692–696.

[29] M. Mohme, S. Riethdorf, K. Pantel, Circulating and disseminated tumour cells
—mechanisms of immune surveillance and escape, Nat. Rev. Clin. Oncol. 14 (3)
(2017) 155–167.

[30] S. D’Oronzo, J. Brown, R. Coleman, The role of biomarkers in the management
of bone-homing malignancies, J. Bone Oncol. 9 (2017) 1–9.

[31] Véronique Ouellet, K. Tiedemann, A. Mourskaia, J.E. Fong, D. Tran-Thanh, E.
Amir, M. Clemons, B. Perbal, S.V. Komarova, P.M. Siegel, CCN3 impairs
osteoblast and stimulates osteoclast differentiation to favor breast cancer
metastasis to bone, Am. J. Pathol. 178 (5) (2011) 2377–2388.

[32] S.C. Lin, Y.C. Lee, G. Yu, C.J. Cheng, X. Zhou, K. Chu, M. Murshed, N.T. Le, L.
Baseler, J.I. Abe, K. Fujiwara, B. deCrombrugghe, C.J. Logothetis, G.E. Gallick,
L.Y. Yu-Lee, S.N. Maity, S.H. Lin, Endothelial-to-osteoblast conversion
generates osteoblastic metastasis of prostate cancer, Dev. Cell 41 (5)
(2017), 467-480 e3.

[33] M.B. Greenblatt, J.N. Tsai, M.N. Wein, Bone turnover markers in the diagnosis
and monitoring of metabolic bone disease, Clin. Chem. 63 (2) (2017) 464–474.

[34] J.E. Brown, S. Sim, Evolving role of bone biomarkers in castration-resistant
prostate cancer, Neoplasia 12 (9) (2010) 685–696.

[35] R. Coleman, J. Brown, E. Terpos, A. Lipton, M.R. Smith, R. Cook, P. Major, Bone
markers and their prognostic value in metastatic bone disease: clinical
evidence and future directions, Cancer Treat. Rev. 34 (7) (2008) 629–639.

[36] B. Desoize, V. Veiler, C. Pourny, L. Comoe, J.C. Jardillier, Isoenzymes of alkaline
and acid phosphatases as bones metastasis marker in breast cancer patients,
Anticancer Res. 9 (4) (1989) 1105–1109.

[37] P.-J. Tong, L.-M. Yin, W.-X. Du, S.-F. Duan, J.-J. Chen, J.-F. Huang, Serum bone-
specific alkaline phosphatase as a biomarker for osseous metastases in
patients with malignant carcinomas: a systematic review and meta-analysis,
J. Can. Res. Ther. 10 (7) (2014) 140.

[38] G. Oremek, H. Sauer-Eppel, M. Klepzig, Total procollagen type 1 amino-
terminal propeptide (total P1NP) as a bone metastasis marker in gynecological
carcinomas, Anticancer Res. 27 (4A) (2007) 1961–1962.

[39] S.M. Ali, L.M. Demers, K. Leitzel, H.A. Harvey, D. Clemens, N. Mallinak, L. Engle,
V. Chinchilli, L. Costa, C. Brady, J. Seaman, A. Lipton, Baseline serum NTx levels
are prognostic in metastatic breast cancer patients with bone-only metastasis,
Ann. Oncol. 15 (3) (2004) 455–459.

https://doi.org/10.3322/caac.21590
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0010
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0010
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0010
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0020
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0020
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0020
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0020
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0025
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0025
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0025
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0030
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0030
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0040
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0040
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0040
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0040
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0040
https://doi.org/10.1158/1078-0432.CCR-06-0931
https://doi.org/10.1158/1078-0432.CCR-06-0931
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0050
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0050
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0050
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0060
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0075
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0075
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0075
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0080
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0080
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0080
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0080
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0085
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0085
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0090
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0090
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0090
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0095
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0095
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0095
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0095
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0095
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0100
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0100
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0100
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0105
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0105
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0105
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0110
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0110
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0110
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0115
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0115
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0115
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0120
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0120
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0120
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0120
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0125
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0125
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0125
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0125
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0130
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0130
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0135
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0135
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0135
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0140
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0140
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0140
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0140
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0140
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0145
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0145
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0145
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0150
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0150
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0155
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0155
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0155
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0155
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0160
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0160
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0160
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0160
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0160
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0165
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0165
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0170
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0170
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0175
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0175
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0175
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0180
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0180
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0180
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0185
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0185
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0185
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0185
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0190
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0190
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0190
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0195
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0195
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0195
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0195


M. Gentile, A. Centonza, D. Lovero et al. Journal of Bone Oncology 26 (2021) 100337
[40] J.E. Brown, R.J. Cook, A. Lipton, L. Costa, R.E. Coleman, Prognostic factors for
skeletal complications from metastatic bone disease in breast cancer, Breast
Cancer Res. Treat. 123 (3) (2010) 767.

[41] G.A. Elfar, M.A. Ebrahim, N.M. Elsherbiny, L.A. Eissa, Validity of osteoprotegerin
and receptor activator of NF-kappaB ligand for the detection of bone
metastasis in breast cancer, Oncol. Res. 25 (4) (2017) 641–650.

[42] F. Lumachi, S.M.M. Basso, V. Camozzi, R. Tozzoli, R. Spaziante, M. Ermani, Bone
turnover markers in women with early stage breast cancer who developed
bone metastases. A prospective study with multivariate logistic regression
analysis of accuracy, Clin. Chim. Acta 460 (2016) 227–230.

[43] J. Brown, E. Rathbone, S. Hinsley, W. Gregory, F. Gossiel, H. Marshall, R.
Burkinshaw, H. Shulver, H. Thandar, G. Bertelli, K. Maccon, A. Bowman, A.
Hanby, R. Bell, D. Cameron, R. Coleman, Associations between serum bone
biomarkers in early breast cancer and development of bone metastasis: results
from the AZURE (BIG01/04) trial, J. Natl. Cancer Inst. 110 (8) (2018) 871–879.

[44] L. Costa, L.M. Demers, A. Gouveia-Oliveira, J. Schaller, E.B. Costa, M.C. de
Moura, A. Lipton, Prospective evaluation of the peptide-bound collagen type I
cross-links N-Telopeptide and C-telopeptide in predicting bone metastases
status, J. Clin. Oncol. 20 (3) (2002) 850–856.

[45] R.E. Coleman, A. Lipton, L. Costa, R.J. Cook, K.-A. Lee, F. Saad, J.E. Brown, E.
Terpos, P.P. Major, N. Kohno, M. Smith, J.-J. Body, Possible survival benefits
from zoledronic acid treatment in patients with bone metastases from solid
tumours and poor prognostic features—An exploratory analysis of placebo-
controlled trials, J. Bone Oncol. 2 (2) (2013) 70–76.

[46] A. Lipton, M.R. Smith, K. Fizazi, A.T. Stopeck, D. Henry, J.E. Brown, N.D. Shore, F.
Saad, A. Spencer, L. Zhu, D.J. Warner, Changes in bone turnover marker levels
and clinical outcomes in patients with advanced cancer and bone metastases
treated with bone antiresorptive agents, Clin. Cancer Res. 22 (23) (2016)
5713–5721.

[47] C.D. Savci-Heijink, H. Halfwerk, J. Koster, M.J. van-de-Vijver, A novel gene
expression signature for bone metastasis in breast carcinomas, Breast Cancer
Res. Treat. 156 (2) (2016) 249–259.

[48] H. Nakagawa, M. Fujita, Whole genome sequencing analysis for cancer
genomics and precision medicine, Cancer Sci. 109 (3) (2018) 513–522.

[49] S.L. Wood, J.A. Westbrook, J.E. Brown, Omic-profiling in breast cancer
metastasis to bone: implications for mechanisms, biomarkers and treatment,
Cancer Treat. Rev. 40 (1) (2014) 139–152.

[50] D.L. Longo, M. Reck, K.F. Rabe, Precision diagnosis and treatment for advanced
non–small-cell lung cancer, N. Engl. J. Med. 377 (9) (2017) 849–861.

[51] A. Woolston, K. Khan, G. Spain, L.J. Barber, B. Griffiths, R. Gonzalez-Exposito, L.
Hornsteiner, M. Punta, Y. Patil, A. Newey, S. Mansukhani, M.N. Davies, A.
Furness, F. Sclafani, C. Peckitt, M. Jiménez, K. Kouvelakis, R. Ranftl, R. Begum, I.
Rana, J. Thomas, A. Bryant, S. Quezada, A. Wotherspoon, N. Khan, N. Fotiadis, T.
Marafioti, T. Powles, S. Lise, F. Calvo, S. Guettler, K. von Loga, S. Rao, D. Watkins,
N. Starling, I. Chau, A. Sadanandam, D. Cunningham, M. Gerlinger, Genomic
and transcriptomic determinants of therapy resistance and immune landscape
evolution during anti-EGFR treatment in colorectal cancer, Cancer Cell 36 (1)
(2019) 35–50.e9, https://doi.org/10.1016/j.ccell.2019.05.013.

[52] A.M. Tsimberidou, E. Fountzilas, M. Nikanjam, R. Kurzrock, Review of precision
cancer medicine: evolution of the treatment paradigm, Cancer Treat. Rev. 86
(2020) 102019.

[53] D. Hamdan, T.T. Nguyen, C. Leboeuf, S. Meles, A. Janin, G. Bousquet, Genomics
applied to the treatment of breast cancer, Oncotarget 10 (46) (2019) 4786–
4801.

[54] M. Kono, T. Fujii, N. Matsuda, K. Harano, H. Chen, C. Wathoo, A.Y. Joon, D.
Tripathy, F. Meric-Bernstam, N.T. Ueno, Somatic mutations, clinicopathologic
characteristics, and survival in patients with untreated breast cancer with
bone-only and non-bone sites of first metastasis, J. Cancer 9 (19) (2018) 3640–
3646.

[55] M. Pavlovic, A. Arnal-Estape, F. Rojo, A. Bellmunt, M. Tarragona, M. Guiu, E.
Planet, X. Garcia-Albeniz, M. Morales, J. Urosevic, S. Gawrzak, A. Rovira, A. Prat,
L. Nonell, A. Lluch, J. Jean-Mairet, R. Coleman, J. Albanell, R.R. Gomis, Enhanced
MAF oncogene expression and breast cancer bone metastasis, J. Natl. Cancer
Inst. 107 (12) (2015) djv256.

[56] R. Coleman, A. Hall, J. Albanell, A. Hanby, R. Bell, D. Cameron, D. Dodwell, H.
Marshall, J. Jean-Mairet, J.C. Tercero, F. Rojo, W. Gregory, R.R. Gomis, Effect of
MAF amplification on treatment outcomes with adjuvant zoledronic acid in
early breast cancer: a secondary analysis of the international, open-label,
randomised, controlled, phase 3 AZURE (BIG 01/04) trial, Lancet Oncol. 18 (11)
(2017) 1543–1552.

[57] Y. Kang, P.M. Siegel, W. Shu, M. Drobnjak, S.M. Kakonen, C. Cordón-Cardo, T.A.
Guise, J. Massagué, A multigenic program mediating breast cancer metastasis
to bone, Cancer Cell 3 (6) (2003) 537–549.

[58] A. Bellahcène, R. Bachelier, C. Detry, R. Lidereau, P. Clézardin, V. Castronovo,
Transcriptome analysis reveals an osteoblast-like phenotype for human
osteotropic breast cancer cells, Breast Cancer Res. Treat. 101 (2) (2007) 135–
148.

[59] F. Nutter, I. Holen, H.K. Brown, S.S. Cross, C.A. Evans, M. Walker, R.E. Coleman, J.
A. Westbrook, P.J. Selby, J.E. Brown, P.D. Ottewell, Different molecular profiles
are associated with breast cancer cell homing compared with colonisation of
bone: evidence using a novel bone-seeking cell line, Endocr. Relat. Cancer 21
(2) (2014) 327–341.

[60] C. Tulotta, D.V. Lefley, K. Freeman, W.M. Gregory, A.M. Hanby, P.R. Heath, F.
Nutter, J.M. Wilkinson, A.R. Spicer-Hadlington, X. Liu, S.M.J. Bradbury, L.
Hambley, V. Cookson, G. Allocca, M. Kruithof de Julio, R.E. Coleman, J.E. Brown,
I. Holen, P.D. Ottewell, Endogenous production of IL1B by breast cancer cells
11
drives metastasis and colonization of the bone microenvironment, Clin. Cancer
Res. 25 (9) (2019) 2769–2782.

[61] I. Holen, D.V. Lefley, S.E. Francis, S. Rennicks, S. Bradbury, R.E. Coleman, P.
Ottewell, IL-1 drives breast cancer growth and bone metastasis in vivo,
Oncotarget 7 (46) (2016) 75571–75584.

[62] M. Rajski, B. Vogel, F. Baty, C. Rochlitz, M. Buess, Global gene expression
analysis of the interaction between cancer cells and osteoblasts to predict
bone metastasis in breast cancer, PLoS One 7 (1) (2012), e29743.

[63] H. Wakabayashi, T. Hamaguchi, N. Nagao, S. Kato, T. Iino, T. Nakamura, A. Sudo,
Interleukin-6 receptor inhibitor suppresses bone metastases in a breast cancer
cell line, Breast Cancer 25 (5) (2018) 566–574.

[64] A. Bellanger, C.F. Donini, J.A. Vendrell, J. Lavaud, I. Machuca-Gayet, M. Ruel, J.
Vollaire, E. Grisard, B. Gy}orffy, I. Bièche, O. Peyruchaud, J.-L. Coll, I. Treilleux,
Véronique Maguer-Satta, Véronique Josserand, P.A. Cohen, The critical role of
the ZNF217 oncogene in promoting breast cancer metastasis to the bone:
ZNF217 drives breast cancer metastasis to the bone, J. Pathol. 242 (1) (2017)
73–89.

[65] S. Wang, G.-X. Li, C.-C. Tan, R. He, L.-J. Kang, J.-T. Lu, X.-Q. Li, Q.-S. Wang, P.-F.
Liu, Q.-L. Zhai, Y.-M. Feng, FOXF2 reprograms breast cancer cells into bone
metastasis seeds, Nat. Commun. 10 (1) (2019).

[66] I. Cosphiadi, T.D. Atmakusumah, N.C. Siregar, A. Muthalib, A. Harahap, M.
Mansyur, Bone metastasis in advanced breast cancer: analysis of gene
expression microarray, Clin. Breast Cancer 18 (5) (2018) e1117–e1122.

[67] X. Chen, Z. Pei, H. Peng, Z. Zheng, Exploring the molecular mechanism
associated with breast cancer bone metastasis using bioinformatic analysis
and microarray genetic interaction network, Medicine 97 (37) (2018) e12032.

[68] F. Mannavola, S. D’Oronzo, M. Cives, L.S. Stucci, G. Ranieri, F. Silvestris, M.
Tucci, Extracellular vesicles and epigenetic modifications are hallmarks of
melanoma progression, Int. J. Mol. Sci. 21 (1) (2019).

[69] Q. Huang, K. Gumireddy, M. Schrier, C. le Sage, R. Nagel, S. Nair, D.A. Egan, A. Li,
G. Huang, A.J. Klein-Szanto, P.A. Gimotty, D. Katsaros, G. Coukos, L. Zhang, E.
Puré, R. Agami, The microRNAs miR-373 and miR-520c promote tumour
invasion and metastasis, Nat. Cell Biol. 10 (2) (2008) 202–210.

[70] L. Ma, J. Teruya-Feldstein, R.A. Weinberg, Tumour invasion and metastasis
initiated by microRNA-10b in breast cancer, Nature 449 (7163) (2007) 682–
688.

[71] M.Q. Hassan, Y. Maeda, H. Taipaleenmaki, W. Zhang, M. Jafferji, J.A. Gordon, Z.
Li, C.M. Croce, A.J. van Wijnen, J.L. Stein, G.S. Stein, J.B. Lian, miR-218 directs a
Wnt signaling circuit to promote differentiation of osteoblasts and
osteomimicry of metastatic cancer cells, J. Biol. Chem. 287 (50) (2012)
42084–42092.

[72] H. Taipaleenmaki, N.H. Farina, A.J. vanWijnen, J.L. Stein, E. Hesse, G.S. Stein, J.B.
Lian, Antagonizing miR-218-5p attenuates Wnt signaling and reduces
metastatic bone disease of triple negative breast cancer cells, Oncotarget 7
(48) (2016) 79032–79046.

[73] T. Kawaguchi, L. Yan, Q. Qi, X. Peng, S.B. Edge, J. Young, S. Yao, S. Liu, E. Otsuji,
K. Takabe, Novel MicroRNA-based risk score identified by integrated analyses
to predict metastasis and poor prognosis in breast cancer, Ann. Surg. Oncol. 25
(13) (2018) 4037–4046.

[74] S.F. Tavazoie, C. Alarcón, T. Oskarsson, D. Padua, Q. Wang, P.D. Bos, W.L. Gerald,
J. Massagué, Endogenous human microRNAs that suppress breast cancer
metastasis, Nature 451 (7175) (2008) 147–152.

[75] W.-L. Cai, W.-D. Huang, B. Li, T.-R. Chen, Z.-X. Li, C.-L. Zhao, H.-Y. Li, Y.-M. Wu,
W.-J. Yan, J.-R. Xiao, microRNA-124 inhibits bone metastasis of breast cancer
by repressing Interleukin-11, Mol. Cancer 17 (1) (2018).

[76] H. Taipaleenmäki, G. Browne, J. Akech, J. Zustin, A.J. van Wijnen, J.L. Stein, E.
Hesse, G.S. Stein, J.B. Lian, Targeting of Runx2 by miR-135 and miR-203
impairs progression of breast cancer and metastatic bone disease, Cancer Res.
75 (7) (2015) 1433–1444.

[77] X. Zhang, X. Yu, Z. Zhao, Z. Yuan, P. Ma, Z. Ye, L. Guo, S. Xu, L. Xu, T. Liu, H. Liu, S.
Yu, MicroRNA-429 inhibits bone metastasis in breast cancer by regulating CrkL
and MMP-9, Bone 130 (2020) 115139.

[78] M. Croset, F. Pantano, C.W.S. Kan, E. Bonnelye, F. Descotes, C. Alix-Panabières,
C.-H. Lecellier, R. Bachelier, N. Allioli, S.-S. Hong, K. Bartkowiak, K. Pantel, P.
Clézardin, miRNA-30 family members inhibit breast cancer invasion,
osteomimicry, and bone destruction by directly targeting multiple bone
metastasis–associated genes, Cancer Res. 78 (18) (2018) 5259–5273.

[79] O. Awolaran, S.A. Brooks, V. Lavender, Breast cancer osteomimicry and its role
in bone specific metastasis; an integrative, systematic review of preclinical
evidence, Breast 30 (2016) 156–171.

[80] A. Westbrook, D.A. Cairns, J. Peng, V. Speirs, A.M. Hanby, I. Holen, S.L. Wood, P.
D. Ottewell, H. Marshall, R.E. Banks, P.J. Selby, R.E. Coleman, J.E. Brown, CAPG
and GIPC1: breast cancer biomarkers for bone metastasis development and
treatment, J. Natl. Cancer Inst. 108 (4) (2016).

[81] A. Westbrook, S.L. Wood, D.A. Cairns, K. McMahon, R. Gahlaut, H. Thygesen, M.
Shires, S. Roberts, H. Marshall, M.R. Oliva, M.J. Dunning, A.M. Hanby, P.J. Selby,
V. Speirs, G. Mavria, R.E. Coleman, J.E. Brown, Identification and validation of
DOCK4 as a potential biomarker for risk of bone metastasis development in
patients with early breast cancer, J. Pathol. 247 (3) (2019) 381–391.

[82] M. Scimeca, C. Antonacci, N. Toschi, E. Giannini, R. Bonfiglio, C.O. Buonomo, C.
A. Pistolese, U. Tarantino, E. Bonanno, Breast osteoblast-like cells: a reliable
early marker for bone metastases from breast cancer, Clin. Breast Cancer 18 (4)
(2018) e659–e669.

[83] M. Scimeca, N. Urbano, R. Bonfiglio, O. Schillaci, E. Bonanno, Breast osteoblast-
like cells: a new biomarker for the management of breast cancer, Br. J. Cancer
119 (9) (2018) 1129–1132.

http://refhub.elsevier.com/S2212-1374(20)30092-0/h0200
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0200
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0200
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0205
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0205
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0205
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0210
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0210
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0210
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0210
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0215
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0215
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0215
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0215
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0215
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0220
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0220
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0220
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0220
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0225
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0225
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0225
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0225
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0225
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0230
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0230
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0230
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0230
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0230
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0235
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0235
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0235
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0240
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0240
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0245
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0245
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0245
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0250
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0250
https://doi.org/10.1016/j.ccell.2019.05.013
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0260
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0260
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0260
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0265
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0265
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0265
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0270
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0270
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0270
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0270
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0270
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0275
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0275
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0275
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0275
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0275
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0280
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0285
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0285
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0285
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0290
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0290
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0290
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0290
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0295
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0295
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0295
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0295
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0295
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0300
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0305
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0305
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0305
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0310
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0310
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0310
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0315
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0315
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0315
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0320
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0325
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0325
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0325
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0330
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0330
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0330
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0335
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0335
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0335
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0340
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0340
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0340
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0345
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0345
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0345
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0345
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0350
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0350
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0350
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0355
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0355
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0355
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0355
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0355
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0360
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0360
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0360
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0360
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0365
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0365
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0365
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0365
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0370
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0370
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0370
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0375
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0375
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0375
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0380
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0380
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0380
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0380
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0385
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0385
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0385
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0390
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0390
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0390
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0390
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0390
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0395
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0395
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0395
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0400
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0400
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0400
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0400
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0405
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0405
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0405
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0405
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0405
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0410
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0410
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0410
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0410
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0415
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0415
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0415


M. Gentile, A. Centonza, D. Lovero et al. Journal of Bone Oncology 26 (2021) 100337
[84] M. Gnant, G. Pfeiler, H. Stoger, B. Mlineritsch, F. Fitzal, M. Balic, W. Kwasny, M.
Seifert, M. Stierer, P. Dubsky, R. Greil, G. Steger, H. Samonigg, C. Fesl, R. Jakesz,
The predictive impact of body mass index on the efficacy of extended adjuvant
endocrine treatment with anastrozole in postmenopausal patients with breast
cancer: an analysis of the randomised ABCSG-6a trial, Br. J. Cancer 109 (3)
(2013) 589–596.

[85] G. Vargas, M. Bouchet, L. Bouazza, P. Reboul, C. Boyault, M. Gervais, C. Kan, C.
Benetollo, M. Brevet, M. Croset, M. Mazel, L. Cayrefourcq, S. Geraci, S. Vacher, F.
12
Pantano, M. Filipits, K. Driouch, I. Bieche, M. Gnant, W. Jacot, J.E. Aubin, M.
Duterque-Coquillaud, C. Alix-Panabieres, P. Clezardin, E. Bonnelye, ERRalpha
promotes breast cancer cell dissemination to bone by increasing RANK
expression in primary breast tumors, Oncogene 38 (7) (2019) 950–964.

[86] R. Coleman, P. Hadji, J.J. Body, D. Santini, E. Chow, E. Terpos, S. Oudard, O.
Bruland, P. Flamen, A. Kurth, C. van Poznak, M. Aapro, K. Jordan, E.G.
Committee, Bone health in cancer: esmo clinical practice guidelines, Ann.
Oncol. (2020).

http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0420
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0425
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0430
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0430
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0430
http://refhub.elsevier.com/S2212-1374(20)30092-0/h0430

	Application of “omics” sciences to the prediction of bone metastases from breast cancer: State of the art
	1 Introduction
	2 Pathogenesis of BM in BC
	3 Current knowledge on BTM role in the management of bone-metastatic BC
	3.1 Physiological bone turnover and BTM release
	3.2 Clinical studies investigating BTM applications in bone metastatic BC

	4 Application of “omics” sciences to the early identification of osteotropic breast malignancies
	4.1 Identification of genomic alterations related to BC osteotropism
	4.2 Role of microRNAs (miRNAs) in the establishment of BM from BC
	4.3 Proteomics studies applied to the investigation of BC osteotropism

	5 Conclusions and future perspectives
	Fundings
	Disclosures
	Author contributions
	Declaration of Competing Interest
	References


