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Editorial on the Research Topic

Bone Metastases

Solid tumors often metastasize into bones affecting quality of life and overall survival of cancer
patients. Despite improvement of diagnostic tools, the presence of bone metastases often reveals an
advanced disease stage with a median survival of a few months and limited appropriate therapies.
Moreover, patients with bone metastases suffer from considerable morbidity including pain,
fractures and hypercalcemia (1). Bone metastases are often detected in patients with breast,
prostate and lung cancers but it is also increasingly recognized that the ability of other types of
cancer to form bone lesions has been underestimated for many decades.

Metastasization is a multi-step process where cancer cells escape from the primary tumor,
intravasate, survive in the bloodstream and later extravasate from the circulation to develop at a
distant site; lymphatics represent another route for migrating cancer cells that will first colonize
nodes and later on potentially reach the circulation. Adaptation to the new environment is a pre-
requisite for effective growth in conditions different from the primary site. Bone metastases result
from complex interactions of cancer cells with hematopoietic stem cells, endothelial cells as well as
bone cells (osteoblasts with bone forming activity and osteoclasts with bone resorption activity). In
the last years, the contribution of osteoclasts to bone metastasization has been largely investigated
including through the dissection of their crosstalk with cancer cells (2). The latter were for instance
documented to play a central role in destroying bone upon lowering of extracellular pH, a
prerequisite for osteoclast activity (3, 4). Other studies have revealed that cancer cells interact
with bone cells either to modulate their dormancy or promote drug resistance (5, 6).

This Research Topic includes two reviews that paint a very broad picture of how the interplay
between tumor and bone-resident cells drives the local development of metastases. While Gyori and
Moscai review the different osteoclast signaling pathways that are related to the pathological bone
loss, Haider et al. describe the interaction between tumor cells and endosteal niche cells during the
early stages of breast cancer bone metastasis, with a particular focus on mesenchymal-derived
osteoblasts and fibroblasts. The role of calcium, an important building block of bones but also a
recognized actor in the development of bone metastases is also addressed in this RT. Through the
review of major calcium channels and/or calcium-related routes (ie, TRPs, VGCCs, SOCE, and
P2Xs), Yang et al. provide evidence that alterations in calcium homeostasis in bone metastases
directly participate in tumor progression. Das et al. also examine the role of calcium by focusing on
the Ca2+-sensing receptor (CaSR), a dimeric class-C G protein-coupled receptor (GPCR). In their
review, these authors explore the hypothesis of CaSR acting as an oncogene in breast cancer and
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associated bone metastases, facilitating a vicious cycle wherein
osteolysis promotes tumor growth and inversely.

Several articles within this RT explore recent developments in
the search for therapeutic strategies targeting bone metastases.
Kratzsch et al. describe how mTOR inhibitor everolimus but also
axitinib, a specific VEGF receptor tyrosine kinase inhibitor,
may prevent and retard formation of symptomatic spinal
metastases. Interestingly, La Manna et al. who used patient-
derived organoids and xenografts (PDX) models from bone-
metastatic prostate cancer report the therapeutic benefit of
mTORC1/2 inhibitor Rapalink-1, further supporting a role of
mTOR pathway in cancers metastasizing in bones. Besides the
above anti-oncogenic approaches, targeting metabolism
represents another option which may take advantage of the
emerging development of new drugs in this field. Tiedemann
et al. examine current evidence underlying how altered
metabolism in cancer cells may impact on substrate availability
for bone cells, and on consecutive alterations in osteoclast
differentiation and activity. Xu et al. follow a more focused
approach examining how a component of the electron
transport chain complex I (ie, NDUFA4L2) accounts for
epithelial-to-mesenchymal transition of osteosarcoma cells,
pointing out OXPHOS as a critical metabolic path in the
Frontiers in Oncology | www.frontiersin.org 25
development of primary malignant bone tumors. Finally, Xu
et al. discuss recent progress on evaluating the role of
endoplasmic reticulum stress on bone metastases, identifying a
set of potential targets to develop new therapeutic modalities
directed against bone metastases. Besides therapeutic
approaches, this RT also emphasizes the obvious interest to
identify patients at risk for bone metastases in order to treat
them at an earlier stage and thereby improve clinical outcomes;
current studies evaluating such prognostic biomarkers are
summarized by Iuliani et al.

Altogether, the different contributions to this RT offer a series
of insightful sets of data to better understand mechanisms
involved in the multi-cellular process driving bone metastases
and open new perspectives of treatment to counteract the onset
of this major life-threatening cancer complication.
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The Ca2+-sensing receptor (CaSR) is a class-C G protein-coupled receptor which plays

a pivotal role in calciotropic processes, primarily in regulating parathyroid hormone

secretion to maintain systemic calcium homeostasis. Among its non-calciotropic roles,

where the CaSR sits at the intersection of myriad processes, it has steadily garnered

attention as an oncogene or tumor suppressor in different organs. In maternal breast

tissues the CaSR promotes lactation but in breast cancer it acts as an oncoprotein and

has been shown to drive the pathogenesis of skeletal metastases from breast cancer.

Even though research has made great strides in treating primary breast cancer, there

is an unmet need when it comes to treatment of metastatic breast cancer. This review

focuses on how the CaSR leads to the pathogenesis of breast cancer by contrasting its

role in healthy tissues and tumorigenesis, and by drawing brief parallels with the tissues

where it has been implicated as an oncogene. A class of compounds called calcilytics,

which are CaSR antagonists, have also been surveyed in the instances where they have

been used to target the receptor in cancerous tissues and constitute a proof of principle

for repurposing them. Current clinical therapies for treating bone metastases from breast

cancer are limited to targeting osteoclasts and a deeper understanding of the CaSR

signaling nexus in this context can bolster them or lead to novel therapeutic interventions.

Keywords: CaSR, calcium-sensing receptor, breast cancer, mammary gland, bone metastasis, calcilytics

INTRODUCTION: THE CALCIUM SENSING RECEPTOR

The concept that extracellular Ca2+ acts directly on parathyroid cells to regulate PTH secretion
had been afloat since the 1960’s (1, 2). However, the first precise assertion of the hypothesis
suggesting a “possible existence of a divalent cation receptor” on the cellular surface came from
electrophysiological experiments performed in rat parathyroid cells in 1983 (3). The concept of a
calcium receptor gained traction in the 1980’s, and by 1990 several characteristics had been revealed.
In 1991, two independent groups (4, 5) showed a viable strategy for cloning the calcium receptor
in Xenopus oocytes, an approach later used by Ed Brown et al. in cloning the cDNA encoding the
bovine parathyroid calcium receptor (6). The irrefutable evidence on the existence of the receptor
in 1993 was further reinforced by the clinically significant discovery that mutations in the calcium
sensing receptor gene gave rise to inherited disorders of disrupted calcium homeostasis (7).
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The extracellular CaSR is a dimeric class-C G protein-coupled
receptor (GPCR), closely related to metabotropic glutamate
receptors, gamma-aminobutyric acid type B (GABAB) receptors,
various taste receptors and pheromone receptors. The human
CaSR is a 1,078 amino acid protein, with a large 612 amino acid
extracellular domain making up two lobes which adopt a Venus
flytrap (VFT) conformation (8). Upon agonist stimulation, an
open cleft of the VFT closes in, which is believed to induce
conformational changes in the other domains, initiating signal
transduction (9). Although the nomenclature points toward the
main ligand of this receptor (Ca2+ ion), it does little to disclose
its promiscuity of responding to various di- and trivalent cations,
basic polypeptides, amyloid β-peptides and some aminoglycoside
antibiotics (10–14). These constitute orthosteric agonists or type
I calcimimetics which stimulate the receptor in the absence of
Ca2+ or increases the sensitivity to calcium, albeit with different
potencies. The second type of CaSR agonists are called allosteric
modulators. These generally bind to a site different from that
of orthosteric agonists, affecting the signaling and affinity of
the orthosteric agonists either positively (calcimimetics) or
negatively (calcilytics).

Signaling through the CaSR is multifaceted. Based on the
majority of studies of this receptor in parathyroids, it has
been shown to mainly interact with Gq/G11 heterotrimeric
G protein (15, 16). Various intracellular cascades finally lead
to a decrease in the secretion of parathyroid hormone (PTH)
and a reduction in renal tubular Ca2+ reabsorption (17).
Intracellular Ca2+ kinetics has been reported to be influenced
by G12/13 pathways in different cell types. An example of such
a modulation has been reported in the bone, where a G12/13
mediated activation promoted osteoblastic differentiation and
downregulated osteoclastogenesis (18, 19). Also, since G12/13
signaling has been implicated in cell migration, it has been
hypothesized to aid metastatic spread of breast and prostate
tumors (20–22). CaSR mediated Gs signaling has been observed
in pituitary cells and has been shown to affect human fetal
lung development (23, 24). Being a multimodal chemosensor
involved in transducing extracellular metabolic signals, the CaSR
is also involved in preferential activation of distinct intracellular
pathways in a phenomenon termed as “biased signaling” or
“stimulus bias” (25). This is being leveraged in contemporary
strategies for drugs targeting GPCRs (including the CaSR) while
minimizing side-effects (26, 27). The alternation in coupling
of G-proteins between normal and transformed breast cells
was first hypothesized by Mamillapalli et al. and we have
summarized it separately in our review as this is an important
facet. This section aims to provide an opportunity to appreciate
the various evidences of multiple G-protein couplings of this
GPCR without deep-diving into the details of the downstream
signaling pathways. For a comprehensive discourse on signaling,
one can refer to an excellent review by Conigrave et al. (25).

The CaSR senses minor perturbations in serum Ca2+ levels
and thus maintains an equilibrium by tightly regulating PTH
secretion, renal calcium control, and bone remodeling. When
the CaSR senses a dip in the extracellular Ca2+ concentration,
it induces PTH secretion from the parathyroid glands. The
secreted PTH acts by reducing kidney Ca2+ excretion, increasing

intestinal Ca2+ absorption, and increasing bone resorption to
release skeletal Ca2+. On the other hand, an increase in the
physiological Ca2+ level causes receptor activation and inhibition
in PTH synthesis and secretion (28). As already mentioned,
the physiological significance became apparent when various
inherited disorders like familial hypocalciuric hypercalcemia
(FHH) and neonatal severe hyperparathyroidism (NSHPT) were
found to be caused by loss-of-function mutations in the CaSR
gene (7). Alternatively, gain-of-function mutations were found
to give rise to autosomal dominant hypocalcemia (ADH) and
Bartter Syndrome type V (29, 30). However, the receptor
is not restricted to calcium homeostasis but also has been
implicated in diverse processes like cellular proliferation, cellular
differentiation, secretion, and gene expression in different tissues
such as stomach, intestines, skin, brain, liver, and heart (31–39).
Before delving into a rationale for targeting this versatile receptor
in breast cancer, we will briefly look into its function in the
mammary gland and how it plays a role in cancer progression.

CASR IN THE NORMAL MAMMARY
FUNCTION

The first report of localization and confirmation of expression
of CaSR in human breast tissues was published by Dr. Edward
M. Brown’s laboratory (40). They observed the expression of
both mRNA and protein levels in ductal epithelial cells which
was further confirmed by successive findings in mice (41).
Immunofluorescence staining of lactating glands revealed the
expression of the receptor in luminal epithelial cells at the
basolateral surface and in the cytoplasm (41, 42). Although it
is reasonable to surmise that the CaSR is mainly located on
epithelial cells in the breast, these studies do not exclude minimal
presence of the receptor in stromal cells (43). The role of the
receptor was elucidated to be involved in controlling lactation
by modulating the production of PTHrP and regulating calcium
(41). The expression of CaSR in mammary epithelial cells was
subsequently shown to be upregulated during lactation and
downregulated during pregnancy (41). To circumvent neonatal
deaths from a homozygous CaSR gene disruption, the CaSR
gene was disrupted in mammary epithelial cells in mice at the
onset of lactation which resulted in altered maternal calcium
homeostasis (44). This genetic ablation had a domino effect- the
lactating mothers were hypercalcemic, showed decreased PTH
secretion (with increased renal excretion of calcium), increased
secretion of PTHrP intomilk, and reduced calcium transport into
the milk (44). The suckling neonates demonstrated decreased
calcium accumulation, evident from their ash calcium content
(44). Although the lactating breast coordinates maternal and
neonatal calcium homeostasis, it can be concluded from studies
till date that the CaSR does not play a pivotal role in the
development or differentiation in the normal mammary gland.
The caveat of this conclusion is that most studies have focused
on the period of lactation where there is the highest expression of
CaSR (42).

Culmination of intensive work at understanding the
pathophysiology of humoral hypercalcemia of malignancy
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(HHM) led to the discovery of the parathyroid hormone-related
protein (PTHrP) (45). Owing to the N-terminal homology of
PTH and PTHrP, both interacts with the same GPCR termed
as type 1 PTH/PTHrP receptor (PTH1R). Unlike PTH which
functions like a peptide hormone, PTHrP does not circulate
(except during lactation and cancer) (46). In Pthlh−/− and
Pth1r−/− embryos, loss of PTHrP signaling led to arrested
mammary and nipple morphogenesis; while the overexpression
of PTHrP (via the keratin 14 promoter) gave rise to ectopic
nipples (45–47). A classic endocrine negative feedback loop is set

up by CaSR signaling in the lactating breast which suppresses
PTHrP production to counter bone calcium resorption, which
has been proved both genetically and pharmacologically (41, 48).

CASR IN BREAST CANCER

The CaSR seems to function as an oncogene or tumor suppressor
gene based on the cancer site (Figure 1). The expression of CaSR
is greatly reduced or nullified in neuroblastomas, parathyroid

FIGURE 1 | The role of CaSR in cancer.
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cancer, and colorectal cancer (49–51). In our tissue of interest,
the mammary gland, most of the evidences point toward its role
in promoting cancer progression. Besides this, the CaSR also acts
as an oncogene in several cancers such as ovarian, prostate, and
testicular cancer (52–54). Although we will be focusing on the
mammary gland, it is important to keep inmind the tissues where
the CaSR aids tumor progression; cumulative evidences of similar
function in different tissues would help us decipher the intricacies
of the signaling aspects of the CaSR.

Genetic Aspects of the CaSR
Studies have aimed to find a correlation between breast cancer
risk and single nucleotide polymorphisms (SNPs) of the CaSR
gene. According to a recent review, only four articles (comprising
of case-control and meta-analyzes studies) point toward a
significant association (55). The African-American Breast Cancer
Epidemiology and Risk (AMBER) study demonstrated that the
SNP in CASR rs112594756 presented with a higher odds ratio
for estrogen receptor status in breast cancer (56). Li et al. found
that the SNP rs17251221 was associated with reduced mRNA and
protein levels of CaSR and could be a risk factor as well as a
prognostic indicator of breast cancer. It is noteworthy that the
same intronic polymorphism with “AG” and “GG” genotypes
lowered the risk for ovarian cancer, even if it didn’t correlate
with survival (57, 58). CaSR SNP at rs1801725 was shown to have
associated breast cancer with circulating calcium levels. Wang L.
et al. showed that the decreased sensitivity of the CaSR to calcium
due to the aforementioned polymorphism might predispose
risk of breast cancer in up to 20% of cases with aggressive
breast tumors linked to calcium in circulation (59). BRCA1 is
a well-characterized tumor-suppressor gene, which is involved
in various cellular functions and women who carry a mutated
BRCA1 allele are at higher risk of developing breast cancer.
Functional linkage studies between the CaSR and BRCA1 showed
that cells harboring BRCA1 mutants with loss of expression of
BRCA1 had downregulated CaSR expression. Data from these
studies also showed that BRCA1 functioned through the CaSR
in inhibiting survivin (an anti-apoptotic factor) expression. This
means that the CaSR could rescue, in part, the deleterious effect
of loss in BRCA1 function (60).

PTHrP-CaSR Axis
We already discussed the role of PTHrP in the normal
functioning of the breast, but it becomes interesting how
it interacts with the CaSR in contributing to pathogenesis.
Some excellent research by the Wysolmerski lab led to a
possible explanation of the opposing effects of CaSR on PTHrP
production based on alternate G-protein coupling. Generally,
PTHrP secretion is suppressed by rising calcium levels in the
normal breast tissue, but it is stimulated in breast cancer cells.
It was seen that the CaSR used the Gαi coupling in normal
mammary epithelial cells but switched to Gαs in MCF-7 and
Comma-D cells. The alternative coupling stimulated adenyl
cyclase activity (as opposed to inhibition in non-transformed
cells), resulting in activation of cAMP/PKA pathways which are
known to regulate PTHrP gene expression and PTHrP secretion
(61). Manipulating the cAMP levels independent from CaSR

activity was seen to produce a similar effect in PTHrP production
in the mentioned cell types (62). Activation the CaSR can also act
in a concerted way with transforming growth factor β to promote
PTHrP secretion, as seen in MCF-7 and MDA-MB-231 cells (48).

PTHrP was discovered to be a causal factor in HHM but has
been subjected to conflicting reports in its function in primary
tumors. While some reports suggest that PTHrP production
by primary breast tumors is a marker of bone metastases,
others, notably a large prospective study, suggested that PTHrP
production by the primary tumor confers a “less invasive
phenotype” and inversely correlates with bone metastases (63,
64). The PTHrP gene, on the other hand, was recently identified
as a genomic locus for breast cancer susceptibility (65). However,
efforts aimed at deciphering the relation between CaSR and
PTHrP in breast cancer demonstrated that the action of CaSR
is mediated by nuclear PTHrP and partly affects proliferation
and apoptosis. When a mutant form of PTHrP which couldn’t
translocate into the nucleus was transduced into cells, they failed
to rescue the phenotype affected by depletion of the CaSR.
When either the CaSR or PTHrP was knocked down in BT474
and MDA-MB-231 cells in vitro, it sensitized them to cellular
death in response to increasing concentrations extracellular
calcium. Furthermore, ablating the CaSR in MMTV-PyMT
(mouse mammary tumor virus-polyoma middle tumor-antigen)
transgenic mouse model tumor cells promoted apoptosis and
inhibited growth ex vivo (66). Mice bearing C26-DCT colon
tumors treated with Cinacalcet to reduce hypercalcemia presents
an interesting case as the tumor cells do not express the CaSR.
The attenuation in PTHrP-mediated increase in serum Ca2+, as
observed in parathyroidectomized rats in which hypercalcemia
had been induced with PTHrP injections, resulted from increased
secretion of calcitonin and suggests calcimimetics didn’t act
directly on the tumor cells (67, 68).

BONE METASTASIS

Following Paget’s seed and soil hypothesis, the bone
microenvironment provides a fertile “soil” for breast and
prostate cancer “seeding,” among other carcinomas, by hosting
a plethora of biochemical or physical properties that makes it
attractive for tumor growth (69, 70). This metastatic niche also
provides homing signals like pH and extracellular Ca2+, which
can be said to lure the cancer cells. Our team showed that highly
bone-metastatic cells were prone to a greater migratory effect
compared to less metastatic ones in response to Ca2+ and siRNA
directed against the CaSR was able to mitigate that effect (71).
Taking that hypothesis forward, we were also able to show in vivo
that overexpression of a functional CaSR in MDA-MB-231 cells
greatly increased their osteolytic potential mediated by epiregulin
secretion, and downregulation of OPG (Osteoprotegerin) in
osteoblastic cells, which could upregulate osteoclastogenesis (72).
As adhesion also plays a key role in metastasis, Tharmalingam
et al. reported for the first time that the coupling of CaSR and
integrins in rat medullary thyroid carcinoma cells, along with
release of [Ca2+]i, promotes adhesion and migration (73).
This builds upon the studies which have shown that CaSR aids
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metastasis and hematopoietic stem cell harboring in adult bone
marrow- which are also dependent on integrin-mediated cell
adhesion (74, 75).

Before cancer cells find their way into the circulation, they
may have to adopt an invasive phenotype, a phenomenon
referred to as the epithelial–mesenchymal transition (EMT).
During this adoption, an overlooked feature of breast tumors is
the biological significance of microcalcifications in situ, mainly
comprising of calcium oxalate or hydroxyapatite (76, 77). This
had been partly explored long back, where the osteotropism
of breast cancer was correlated with its ability of inducing
microcalcifications by expressing bone matrix proteins (78).
Clinically, mammographic calcifications aid in distinguishing
benign from potentially malignant changes (79). Although
calcium oxalate is mostly associated with benign tumors,
hydroxyapatite has been linked to both benign and malignant
ones (80). Taken together, it points toward a significant role
of calcium signaling. Davis et al. found that the EGF-induced
EMT in MDA-MB-468 cells was calcium signal dependent (81).
Activation of the CaSR in breast cancer cells have also been
shown to stimulate cell proliferation acting through membrane
metalloproteinases, upregulating the transient receptor potential
channel 1, stimulating EGFR, and ERK1/2 phosphorylation (82,
83). The link between CaSR and EMT in breast cancer is yet
to be explored, but studies have shown that inducing CaSR
in colon cancer (where it acts as a tumor-suppressor) inhibits
EMT and lower expression in lung adenocarcinomas promotes
a mesenchymal phenotype (84–86). The estrogen receptor alpha
(ER) expression in primary breast cancers is linked to incidence
of bone metastases and its activity is a clinically important
metric (87). It was reported that high Ca2+ levels which are
released during tumor induced bone resorption, and specific
CaSR agonists increases ER transcriptional activity and decreases
ER protein levels (88). Although there is a need for confirming
an unequivocal role of the CaSR in bone metastasis, we can still
speculate the mechanisms by which the bone microenvironment
might act through the CaSR in promoting osteolysis or bone
metastases. The tumor cells needs to adapt to this Ca2+ rich
microenvironment to proliferate and promote osteolysis, and
increased PTHrP secretion might be contributing to this by
its paracrine actions (61). Bone marrow stromal cells and
osteoblasts express the PTH1R which binds to PTHrP produced
by skeletal metastatic breast cancer cells initiating the vicious
cycle and is exacerbated by the calcium-CaSR signaling. Of all the
factors released during bone resorption, matrix-derived growth
factors can aid tumor cell survival and/or PTHrP production
(43), feeding the cycle of osteolysis and thus, investigating the
CaSR-PTHrP axis might open doors on a therapeutic front. If
metastatic cell growth can be halted, the tumor-bone vicious
cycle can be targeted, and the bone microenvironment can be
rendered inhospitable for tumor colonization- it can be the ideal
therapeutic option, which makes targeting the PTHrP-CaSR axis
seems so compelling.

In the “vicious cycle” fueled by tumor cells that leads to a
disrupted osteoblast-osteoclast coupling, the CaSRmay also serve
as a target on osteoclasts. It was shown that by either antagonizing
the receptor on osteoclasts or in those lacking a functional CaSR

led to increased apoptosis induced by high extracellular Ca2+ and
also impaired osteoclastogenesis. Their data also suggested that
CaSR mediated NF-κB translocation to the nucleus of osteoclasts
and their activation led to apoptosis of mature osteoclasts (89).
Identifying the interplay between the CaSR and various factors
which aid tumor cell homing, survival and proliferation in the
bonemicroenvironment can shed light on the extent it is involved
in the processes.

CALCILYTICS AND MODE OF ACTION

The definition of “calcilytics” is based on its function and doesn’t
account for its structure or CaSR-binding sites. The rationale for
developing such compounds stemmed from the requirement of
alternative small molecule calcilytics for treating osteoporosis;
the standard of care at that time being anabolic therapies using
PTH analogs (teriparatide) and PTH-related peptides (90). In
2001, the compound labeled as NPS-2143 became the first one to
be reported in having the ability to inhibit CaSR activity (91, 92).
Its potency was apparent, having an IC50 of 43nM in blocking
Ca2+ accumulation in response to receptor activation (carried
out in HEK 293 cells), going as high as 3µM without affecting
several other structurally similar GPCRs. Intravenous infusions
in normal rats caused a rapid 4- to 5- fold increase in circulating
PTH levels, and plasma Ca2+ levels were significantly elevated
only after 90min into the infusion with a slow return to baseline
levels. Pharmacokinetic studies revealed an oral bioavailability of
11% in rats and high rate of clearance attesting to its low t1/2 of
2 h. Additionally, a single oral dose led to a sustained increase
(>4 h) in plasma PTH levels, owing to its lipophilic nature which
possibly causes prolonged systemic exposure (91, 92).

Despite harboring promise, calcilytics failed in treating
osteoporosis in clinical settings; it has been well-reviewed but we
will summarize the findings (93). Three calcilytic compounds,
namely ronacaleret, JTT-305/MK-5442, and AXT914, were able
to advance into Phase II clinical trials but halted due to lack
of efficacy at pre-specified interim analyses. However, they were
well-tolerated and had no off-target effects that staked their
safety/efficacy (92, 93). Their failure due to on-target effects on
bone is because administering calcilytics is equivalent to ablating
the CaSR and blocking the CaSR in bone cells has been shown
to influence bone turnover (93–95). There have been many
studies to show the essential role of the CaSR in osteoblast
differentiation, survival, and proliferation (96). In osteoclasts,
calcilytics have a different pharmacological profile, as compared
to parathyroid cells, which can be due to decreasing pH in the
resorption pits which makes the CaSR less responsive (96–98).

Calcilytics and Cancer
We previously stated that the CaSR acts as an oncogene in the
prostrate, ovarian, and testicular cancer. In addition, Brenner lab
showed that the bone metastasis caused by renal cell carcinoma
(RCC) was promoted by the extracellular Ca2+ through the
CaSR. They found that the CaSR was highly expressed in patient
samples from those with bone metastases as compared to those
with no or lung metastases. The calcilytic NPS-2143 acted in a
predictable manner by blunting the response to calcium induced
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migration and proliferation of bone metastatic primary RCC
cells (99). Very recently, their lab also implicated the receptor
in promoting bone metastases in mice, using 786-O (RCC) cells
with stably transfected CaSR gene. NPS-2143 was able to inhibit
the phosphorylation of SHC, AKT, ERK, JNK and p90RSK in
response to high Ca2+ in these transfected cells (100).

An overlooked aspect of the targeting CaSR is its interplay
with cytokines and growth factors, which is quite interesting
given that they play a significant role in cancer. Nielsen et al.
were probably the first ones who demonstrated the positive
correlation between the cytokine IL-1β and CaSR mRNA levels
in bovine parathyroid gland samples. They were investigating
the paracrine nature of IL-1 on PTH secretion, PTH mRNA,
and CaSR mRNA; IL-1β (2,000 pg/ml) upregulated CaSR
mRNA levels by 180% (of control) and an IL-1 receptor
antagonist abolished this effect (101). The first direct evidence
of the involvement of the endogenously expressed CaSR in
the secretion of multiple cytokines and growth factors by
metastatic breast cancer cells was reported by Hernández-
Bedolla et al. They reported that CaSR activation in MDA-
MB-231 cells transactivated EGFR and stimulated the secretion
of endothelial chemotactic and pro-angiogenic factors like
GM-CSF (granulocyte-macrophage colony stimulating factor),
EGF (epidermal growth factor), MDC (macrophage-derived
chemokine), FGF-4 (fibroblast growth factor-4), and IGFBP-
2 (insulin-like growth factor-binding protein-2). The receptor
was also shown to diminish the constitutive secretion IL-6 and
β-NGF (β-nerve growth factor). It was interesting to see that
common angiogenic factors (like Vascular endothelial growth
factor) and pro-inflammatory cytokines (like TNF-a, IL-1a, IL-
10, and others) were not detectable in response to PAE (porcine
aortic endothelial) cells in the microarrays used for screening,
implying that the CaSR is selectively responsible for promoting a
specific set of growth factors and cytokines. As anticipated, NPS-
2143 antagonized the receptor response, inhibited the secretion
of the mentioned factors, and attenuated the angiogenic effect
of the breast cancer cells on PAE cells (102). An apparent
paradox regarding the secretory patterns of IL-6 was addressed
later by the same lab. They observed that basal activity of
the endogenously expressed receptor in MDA-MB-231 cells
stimulated IL-6 secretion, but agonist stimulation seemingly
had an opposite effect. Agonist stimulation, with 1.85mM
Ca2+ and R568 (a calcimimetic), engages the CaSR in Rab11a
dependent endosomal recycling and PI3K signaling pathway,
crucial in inhibiting IL-6 secretion. To compare it with “normal”
mammary epithelial MCF-12A cells, CaSR stimulation increased
IL-6 secretion. Regardless of cell type and receptor activation, the
calcilytic NPS-2143 decreased detectable IL-6 levels in the cell
culture supernatants (103). The estrogen receptor (ER) activity
induced by high calcium levels in ER+ breast cancer cells were
also evidenced to be partly rescued with calcilytics (88). A
recent report on the CaSR promoting gastric cancer progression
mentions a few experiments where they used calcilytics in vivo
to bring down tumor growth and metastasis. Mice bearing
xenografted tumors injected with CaCl2 or CaCl2 plus NPS-2143
at the site of implantation had around 46% reduction in tumor
volume with the treatment. Also, MKN45 cells pre-cocultured

with or without NPS-2143 had a significantly lesser number
of metastatic tumors when injected intraperitoneally in nude
mice (104). This is quite intriguing as it is the first time to
our knowledge where calcilytics have been used in vivo, albeit
intratumorally, to directly target tumors where CaSR aids cancer
progression. The team went on to show that there is a functional
link between CaSR and human telomerase reverse transcriptase
(hTERT) in gastric cancers, where calcilytics inhibited Ca-
mediated upregulation of hTERT and accumulation of p-Akt
(105). Amore direct effect of calcilytics on gastric cancer cells was
also reported, where NPS-2143 inhibited migration, invasion,
proliferation, and promoted apoptosis. They also reported the
upregulation of CaSR in gastric cancer cells and tissues (106).
A short communication from Yamamura et al. showed that the
calcilytic NPS-2143 inhibited the proliferation and migration in
prostate cancer cells, suggesting their therapeutic potential (107).
In all these types of cancer where the CaSR is upregulated or acts
as an oncogene, like in breast cancer, the effect of calcilytics in
impeding metastasis is highlighted.

Every therapeutic decision involves a risk-benefit tradeoff.
The CaSR might be therapeutically challenging to target due to
its ubiquity and its role in maintaining physiological functions.
Systemic administration of calcilytics may result in unpredictable
effects in a complex disease like breast cancer. The main risk
would be exacerbating existing hypercalcemia as data amassed
from the various clinical trials with calcilytics showed pre-dose
serum Ca2+ to be elevated in many cases (93). If calcilytics are
suggested as a therapy, it would be important to diagnose if the
patient has hypercalcemia and whether it arose from HHM with
osseous involvement, or hyperparathyroidism from adenomas
(108) because calcilytics would be detrimental in the latter case.
Besides this, clinical trials attest that calcilytics were devoid of any
other major side-effects (90).

Calcilytics were developed to treat osteoporosis by a bone-
anabolic effect and mimics an intermittent PTH treatment.
Continual exposure to PTH has been shown to have catabolic
effect but intermittent administration of PTH or PTHrP results
in net bone formation (109–111). Swami et al. showed that
this effect of intermittent PTH treatment reduced cancer
cell engraftment and incidence of skeletal tumors in vivo in
various models involving MDA-MB-231 cells or 4T1 murine
human breast cancer tumors, and that it rendered a less
metastatic phenotype to the cells. However, pre-treatment of
mice with intermittent PTH in an orthotopic 4T1 breast cancer
model didn’t affect the primary tumor volume. In other pre-
treatment or treatment models, the treatment reduced skeletal
metastases but didn’t affect metastases to other internal organs
(112). This effect of intermittent PTH treatment on the bone
microenvironment to hinder metastases to bones can also be a
mechanism through which calcilytics could function in reducing
tumor burden. Whether or not calcilytics are able to release
the desired amount of PTH to reach the aforementioned effect
require further investigation. The lack of tissue selectivity of
calcilytics is still a challenge and it needs further development
to prevent off-target effects or on-target effects in the bone,
but it is interesting that it can probably infiltrate the bone
microenvironment. However, when coupled to 17β-estradiol in
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FIGURE 2 | The vicious cycle of osteolytic metastasis in breast cancer and therapeutic targets: tumor cells produce PTHrP which acts on osteoblasts (Ob) to

stimulate production of RANKL. When RANKL binds to its receptor RANK, osteoclast precursor cells undergo differentiation to activated osteoclasts (Oc). These

activated Oc now undergo maturation and start active resorption which releases copious amount of Ca2+ and growth factors. Acting via the CaSR on the tumor cells,

Ca2+ is considered to be a chemoattractant and also further stimulates PTHrP synthesis, thereby aggravating the vicious cycle. Clinically, the standard of care is either

RANKL inhibitors like denosumab which binds to it and prevents it from interacting with its receptor RANK or bisphosphonates which are metabolic poisons taken up

by the osteoclasts during resorption. Anabolic therapies, like intermittent teriparatide or the intermittent PTH effect mimicked by administering calcilytics, can be a

promising option as they would increase Ob activity. Calcilytics, which are CaSR antagonists, can also aid by decreasing the chemoattraction of the tumor cells to the

Ca2+ gradient and by hindering PTHrP production.

ovariectomized rats, it led to increase in cancellous bone area
(97), which opens up an interesting possibility of coupling anti-
resorptives and calcilytics.

THERAPEUTIC PERSPECTIVE

The principal therapeutic strategies in the market aim at
targeting osteoclasts, given that most bone metastases intersect
with exacerbated osteoclast activity (Figure 2). Under the broad
umbrella of antiresorptive therapies, one major category is a
class of compounds called bisphosphonates, which in essence are
metabolic poisons inducing apoptosis in osteoclasts. The prodigal
drug of this class appears to be zolendronate, which has braved
various clinical trials to show its effectiveness in reducing skeletal
related events (SREs) and also shown to have anticancer activity
when used as an adjuvant or neoadjuvant (113). Unfortunately,
this therapy comes with its share of side-effects like osteonecrosis
of the jaw, bone pain, hypocalcemia, and fractures. Also their
high affinity for the bone makes them build up in the tissues

and causes adynamic bones (114, 115). Another major category
is the humanized anti-RANKL antibody, denosumab, which
acts by blocking the association of RANK-RANKL and in
turn blocks osteoclastogenesis. Denosumab appears to be the
preferred anti-resorptive therapy in the market as phase III
clinical trials showed that they are more effective in delaying
SREs compared to zolendronate (116). Side-effects of this therapy
include hypocalcemia, nausea, fatigue, and osteonecrosis of the
jaw (116, 117). Both these therapies have also highlighted their
role in antitumoral effects by aiding the antitumor immune
system (118, 119). In patients with osteolytic bone diseases who
are put on such therapies, the disease often progresses and in
50% of the patients there is a recurrence with SREs (120). Recent
alternative therapies for targeting osteoclasts include Cathepsin-
K inhibitors, c-src inhibitors, and integrin inhibitors (121–123).
Some cathepsin-K inhibitors made their way to clinical trials but
had to be discontinued due their side effects on skin, risk of
atrial fibrillation, and stroke. There are ongoing trials with c-src
inhibitors like Dasatinib and Saracatinib, and also with anti-αvβ3
integrin MABs (Etaracizumab) (113, 115).
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Since metastatic cancer cells are unable to destroy the bone on
their own, they hijack the bone cells to create an environment
favorable for their growth leading to the dire complications
associated with bone metastases. Thus, it is quite understandable
why most of the drugs in the market for bone metastatic patients
are bone targeted. An interesting proposition about harnessing
osteoblasts, based on data from patients, in vivo experiments,
and co cultures, suggest that osteoblasts and their secretomes
were hostile to growth of myeloma cells in the bone (124, 125).
Similar in vitro data in the case of breast cancer also showed
that introduction of osteoblasts curbed bone turnover caused
by osteolytic breast cancer (126). Although other therapies have
been tackling cancer related bone diseases, regaining bone health
and quality remains a challenge. It wouldn’t be far-fetched to talk
about bone anabolic agents in such cases. The most widely used
anabolic agent is teriparatide (PTH 1-34) for osteoporosis and
was shown to suppress myeloma growth. The use of teriparatide
in the clinic on patients with cancer is highly improbable as it
was shown to increase incidences of osteosarcoma in rodents-
but the anti-tumor effects of PTH warrants further investigation
into the use of bone anabolic agents against osteolytic breast
cancer. Calcilytics can be a strong contender as there is mounting
evidence toward its inhibitory effects on metastasis of cancer
cells as discussed and that it has a bone anabolic effect. The
risk of using such compounds are that it may exacerbate
the hypercalcemia, and by blocking renal excretion of Ca2+,
further raise serum Ca2+ levels. Research on calcilytics for such
indications should be aimed at increasing its tissue specificity,
reducing off-target effects, targeted delivery, and finding out its
interaction with current therapies in the market. A drug with
direct actions on tumor cells and having a potent anabolic effect
might be quite helpful in the clinic.

CONCLUSION

Since the discovery and cloning of the extracellular CaSR, we have
been able to throw light on its vital role in orchestrating calcium
homeostasis in the body. However, among its non-calciotropic

roles, it has been shown to be expressed in various organs like
the breast and implicated in numerous cellular processes like
differentiation, migration, proliferation, etc. During lactation,
it coordinates maternal and neonatal calcium metabolism.
However, in a diseased setting, where there is rising evidence
of the CaSR acting as an oncogene in breast cancer, it is said
to facilitate a vicious cycle of osteolysis and tumor growth
affecting the pathophysiology of bone metastases. Breast cancer
is the prime cause of cancer mortality in women and although
we have come a long way in diagnosis, treatment, and disease
management, metastatic disease remains a major challenge.
Current therapies are bone-targeted, and we present a case where
CaSR antagonists can be an alternate strategy or further improve
the standard-of-care. The CaSR may sit in a cascade of complex
signaling events and it would be worth investigating if CaSR
based agents can prevent or delay bone destruction, even though
more work is required to elucidate the intricacies of its role and
for producing better targeted drugs.
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Objective: Spinal metastatic disease remains a major problem of oncological diseases.

Patients affectedmay suffer pain, spinal instability, and severe neurological deficits. Today,

palliative surgery and radiotherapy are the mainstays of therapy. In contrast, preventive

treatment strategies or treatment concepts for an early stage are lacking. Here, we have

used a syngeneic, experimental spine metastases model in the mouse to test the efficacy

of mTOR inhibition and anti-angiogenesis on the formation and progression of spinal

melanoma metastases.

Methods: We used our previously established syngeneic spinal metastases mouse

model by injecting luciferin-transfected B16 melanoma cells into the common carotid

artery. Following injection, mice were treated with everolimus, an inhibitor of the

mammalian target of rapamycin (mTOR) complex, axitinib, a tyrosine kinase inhibitor, that

blocks vascular endothelial growth factor receptors (VEGFR) 1-3, as well as placebo.

Animals were followed-up daily by neurological assessment and by repeat in vivo

bioluminescence imaging. With occurrence of neurological deficits, a spinal MRI was

performed, and mice were sacrificed. The whole spine was dissected free and analyzed

by immunohistochemical techniques.

Results: Overall survival was 23 days in the control group, significantly prolonged to

30 days (p = 0.04) in the everolimus group, and to 28 days (p = 0.04) in the axitinib

group. While 78% of mice in the placebo group developed symptomatic metastatic

epidural spinal cord compression, only 50% did so in the treatment groups. The mean

time to manifestation of paralysis was 22 days in the control group, 26 days (p = 0.10)

in the everolimus group, and 27 days (p = 0.06) in the axitinib group. Screening for

spinal metastases by bioluminescence imaging on two different time points showed

a decrease in metastatic tumor formation in the treatment groups compared to the

controls. Immunohistochemical analysis confirmed the bioactivity of the two compounds:

The Ki67 proliferation labeling index was reduced in the everolimus group and numbers

of CD31 positive endothelial cells were reduced in the axitinib group.

Conclusion: Both, the mTOR inhibitor everolimus as well as antiangiogenetic effects

by the VEGFR inhibitor axitinib showed potential to prevent and retard formation of

symptomatic spinal metastases. However, the therapeutic efficacy was only mild in this

experimental model.

Keywords: spinal metastases, targeted therapy, preclinical mouse model, everolimus, axitinib
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INTRODUCTION

Metastatic epidural spinal cord compression is a grave
complication for cancer patients. If untreated, a significant
spinal cord compression due to an epidural tumor mass,
most frequently originating from the vertebra, will lead to
relevant neurological deficits (1, 2). The metastatic process
involves multiple cellular steps, such as intravasation, homing,
extravasation, colony formation, and tumor growth (3). Spinal
metastases occur in approximately 10 percent of cancer patients
(4), they often represent the first manifestation of cancer (5), and
the frequency of metastatic epidural spinal cord narrowing in
cancer patients is estimated up to 8% depending on the primary
tumor (6, 7). Treatment options are surgery and radiotherapy
(8, 10). The gold standard in malignant extradural spinal cord
compression is decompressive surgery within 24 h of diagnosis
most often followed by radiotherapy (9, 10). While these
treatment concepts are palliative in nature preventive therapies
are not available and urgently needed.

In cancer treatment, targeted therapy has successfully
developed in the last decade (11). However, an optimal
pharmacological treatment specific for spinal metastatic tumors,
especially in the recurrent stage or in a prophylactic setting,
is not available yet. In our study, we chose two different
targeted therapies, with the aim to show potential effects on
spinal metastases formation and neurological outcome. Among
others, inhibitors of the enzyme mammalian target of rapamycin
(mTOR), as well as vascular endothelial growth factor receptor
(VEGFR) inhibitors, are interesting targeting pharmaceuticals.
The physiologic function of mTOR is regulating cell growth
and metabolism, that is frequently highly activated in tumor
cells (12), and the mTOR inhibitor and rapamycin derivate
everolimus has shown promising anticancer activity in various
tumor types (13, 14), with beneficial effects on bone turnover in
bone metastases patients (15). Moreover, the mTOR signaling
pathway is known to play a role in bone tissue signaling
and in bone cancer (16). Another available targeted approach
is inhibiting tumor angiogenesis, which is driven by vascular
endothelial growth factor receptors (17). The tyrosine kinase
inhibitor axitinib, currently approved for treatment of renal cell
carcinoma (18), blocks VEGFR types 1, 2, and 3, leading to
inhibition of tumor vascularization and growth (19).

In this study, we hypothesized to target the circulating tumor
cell interactions with the bone vascular network by inhibiting the
VEGFRs, and to block the mTOR signaling pathway to target
the tumor colony formation and growth. We examined, whether
targeting these signaling pathways is capable of preventing
the formation of symptomatic spinal metastases in a murine
hematogenous spinal metastases mouse model.

MATERIALS AND METHODS

Substances
Everolimus/RAD001 as well as axitinib (both Biozol, Eching,
Germany) were solved in an injection solution consisting
of 30% polyethylene glycol (PEG), 65% H2O, 5% Tween
80, and 0.1% Dimethylsulfoxid (Sigma Aldrich, Schnelldorf,

Germany). Everolimus was injected intraperitoneally (i.p.) with
a concentration of 10 mg/kg body weight, and axitinib with a
concentration of 25mg/kg body weight. Placebo was the injection
solution only. The i.p. injection volume was constantly 200µl.
Substances were stored at−20◦C and freshly thawed immediately
before use.

Firefly Luciferase Transfection, Cell Culture
and Spine Metastasis-derived Cell Line
Establishment
B16-F1 murine melanoma cells (ATCC R© CRL-6323) were
infected with a FFLUC-eGFP-Puro vector construct (B16-luc)
as described previously (20). Stable cell clone growth was
maintained in culture flasks stored at 37◦C, 5% CO2, as well
as 95% humidity. Dulbecco’s Modified Eagle Medium (DMEM)
(Invitrogen, Carlsbad, USA) was supplemented with 10% heat-
inactivated fetal calf serum (Thermo Fisher Scientific, Waltham,
USA), 50 units/ml penicillin and 50µg/ml streptomycin, as well
as 5µg/ml puromycin (SigmaAldrich, Schnelldorf, Germany) for
cell selection. The mB16-luc cell line was previously established
by in vivo selection from an already grown B16-luc spinal
tumor (20).

Approval of Animal Experiments
All animal experiments were performed according to the
UK Coordinating Committee on Cancer Research (UKCCR)
Guidelines for theWelfare of Animals in Experimental Neoplasia
(21, 22) and with the permission of the responsible local
authorities from the Charité Universitätsmedizin Berlin and the
LaGeSo Berlin.

Retrograde Carotid Artery Injection
We used female, 20 weeks old, C57/B6J mice (Jax Stock No.
000664). As previously described (20), they were anesthetized
(9mg ketamine hydrochlorid/1mg xylazine per 100 g body
weight) intraperitoneally and the area of the operation was
shaved and kept sterile during the operation. A longitude incision
of the skin was made, and under the parotid gland, the common
carotid artery was prepared and the vagus nerve was separated.
The artery was ligated permanently distal and temporarily
proximal to the aortic arch, in between incised, and a catheter
(diameter 0.8mm, filled with 0.9% sodium chloride solution)
was inserted toward the aortic arch and fixed. The temporary
ligature was opened, and a 100µl cell suspension (1× 105 mB16-
luc cells in serum-free DMEM) was slowly injected, followed by
100µl 0.9% sodium chloride, for 1min, respectively. Finally, the
common carotid artery was completely disabled, the skin was
stitched up, and mice woke up. They were randomly assigned
to the placebo and the treatment groups. Despite fully common
carotid artery occlusion, no neurological deficits, especially no
pareses of limbs, were observed (20, 23).

Treatment Schedule and Animal
Examination
All mice gained access to water and a standard laboratory diet.
Mice were treated with everolimus i.p. daily for consecutive 16
days in one group, with axitinib i.p. daily for consecutive 19 days
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in one group, as well as with placebo daily for consecutive 19 days
in one group. Drug administration started on postoperative day
1, in order to ensure the identical tumor load in all groups at
the start of therapy. Mice were examined daily, after occurrence
of neurologic deficits like limb weakness, inability to run or
paraplegia, or a bad health status, a spinal MRI was performed
and mice were immediately sacrificed. The spine and brain were
dissected, and frozen for further histological analysis.

Bioluminescence Imaging
Imaging was performed on postoperative days 11 and 22 on
every mouse with the IVIS Lumina II equipment (Caliper LS,
Waltham, USA). During the procedure, mice were anesthetized
with 2% isoflurane (Forene, Wiesbaden, Germany), and they
were shaved along the spine for better imaging. D-luciferine
(Caliper LS, Waltham, USA) was administered i.p. analogous to
the manufacturer’s protocol (30 mg/ml, 10 µl/g body weight)
in order to activate cleavage by luciferase, selectively expressed
by the tumor cells. After 5min, mice were transferred into the
imaging system. After an exposure time of 5min, signals were
measured as relative light units with Living Image 3.1 software
(Perkin Elmer, Waltham, USA). A demarcated area above the
spine was defined as one hot spot if it showed a clear signaling and
could be distinguished from other neighboring signaling areas.

Magnetic Resonance Imaging
MRI studies were performed at a seven Tesla small-animal
system BioSpec 70/20 (Bruker BioSpin MRI GmbH, Ettlingen,
Germany) with a BGA-12S HP gradient system and Bruker
software Paravision 6.0.1. For imaging, a 1H−86mm quadrature
volume resonator and a receive—only 1H—phased array rat
brain surface coil were used. DuringMRI examination, mice were
placed on a heated circulating water blanket to ensure constant
body temperature of 37◦C. Anesthesia was maintained with 2.5–
1.5% isoflurane delivered in an O2/N2O mixture (0.3/0.7 l/min)
via a facemask under constant ventilation monitoring (Small
Animal Monitoring & Gating System, SA Instruments, New
York, USA). T2-weighted images of the whole mouse spine in
the sagittal plane were made. For image acquiring, Paravision
6.0.1 software (Bruker, Billerica, USA) was used. For metastases
number analysis, vertebral body as well as intraspinal tumors and
tumors of the posterior column were counted.

Spine Fixation and Preparation
For fixation, a whole animal perfusion was necessary. Mice
were deeply anesthetized with 9mg ketamine hydrochlorid/1mg
xylazine per 100 g body weight i.p. A thoracotomy was
performed, a needle was placed into the left ventricle,
and the right atrium was opened for outflow. Perfusion
began with sodium chloride, until a bright liver indicated
a good effect, and was completed by infusion with 4%
paraformaldehyde (24). Whole spines were dissected, muscle
tissue was completely removed, and samples were fixed
in 4% paraformaldehyde solution on ice for 4 h. Then,
spines were decalcified with 0.5M EDTA solution at 4◦C
for 24 h. After that, samples were stored in 20% sucrose
and 2% polyvinylpyrrolidone for 24 h at 4◦C. Finally,

spines were embedded in a solution of 8 g gelatin, 2 g
polyvinylpyrrolidone, and 20 g sucrose in 100ml PBS, and
stored at−80◦C (25).

Immunohistochemistry
Spine samples were transferred to a cryostat (Leica, Wetzlar,
Germany), and cryosections were made at −20◦C. Slides were
dried and stored at −20 ◦C. For immunostaining, they were
thawed and fixed in methanol (−20◦C for 5min) followed by
30min incubation with blocking buffer (1% casein in PBS).
The primary antibodies against Ki67 (Thermo Fisher Scientific,
Waltham, USA) and CD31/PECAM-1 (BD Pharmingen,
Franklin Lakes, USA) as well as FITC-conjugated and Cy3-
conjugated secondary antibodies (Dianova, Hamburg, Germany)
were added for 2 h, respectively. Cell nuclei staining was
performed by incubation with 4’,6-diamidino-2-phenylindole
(1:100 in PBS, Roth, Karlsruhe, Germany) for 5min. Slides
were covered with Immu-Mount (Thermo Fisher Scientific,
Waltham, USA). By fluorescence microscopy, 30 high-power
fields from three different spinal metastases per group were
randomly chosen, Ki67 positive and negative stained cell
nuclei were compared by percentage with ImageJ software
(NIH, Bethesda, USA), CD31 positive endothelial cells
were counted and subsequently analyzed. Negative controls
without processing primary antibodies did not display any
specific immunoreactivity.

Statistical Analysis
Data were shown as mean ± standard deviation. The Mantel-
Cox test (logrank test) was used for survival analysis as
well as analysis for neurological deficit occurrence. For
immunohistochemical analysis, the Kruskal–Wallis test was used
to test for significant differences among groups (p = 0.009
for the Ki67 analysis, p < 0.001 for the CD31 analysis), and
the Mann–Whitney U-test was applied for group comparisons.
Differences with p < 0.05 were considered as statistically
significant. Statistical differences were calculated with SPSS
software (IBM, Armonk, USA) as well as with GraphPadPrism
software (La Jolla, USA).

RESULTS

Spinal Epidural Metastases Development
In our mouse model, bony metastases in the spine with
epidural spinal cord compression developed within 2–3 weeks,
as previously shown (20, 26), without solid brain metastases
formation, at least in the corresponding time periods, which
could also lead to neurological deficits. Spine column explants
already macroscopically showed black melanoma metastases
(Figure 1A). Both bioluminescence imaging (Figure 1B) and
spinal MRI (Figure 1C) allowed to assess spinal metastatic
burden in vivo. Conventional histology illustrated epidural
metastatic spinal cord compression and demonstrated tumors
that infiltrated the trabecular vertebral bone structure and
compressed the dura and spinal cord (Figures 1D,E).
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FIGURE 1 | (A) A spine column explant with a black melanoma metastasis. (B) Correlating to bioluminescence signals, a (C) spinal sagittal plane MRI shows a

vertebral body metastasis, blue arrow, as well as a metastasis with epidural spinal cord compression, red arrow. (D) Tumor cells infiltrated the trabecular bony

structure (representative hematoxylin and eosin staining). (E) Intraspinal epidural tumor (+), dura impression (*), nervous tissue (#). Bars indicate 100µm.

Prolonged Overall Survival
Treatment with everolimus or axitinib prolonged overall survival
of tumor bearing mice by up to 30% when compared to placebo
(Figure 2A). In the control group, mean survival was 23± 4 days
compared to 30± 8 days in the everolimus group and 28± 6 days
in the axitinib group (Figure 2C). The differences compared to
the placebo group were statistically significant (p= 0.04).

Effect on Neurological Deficit
In contrast to survival, the effect on formation of spine metastasis
was less pronounced. Seventy-eight percent of mice in the control
group showed paralysis of upper or lower limbs, compared to
50% in the treatment groups (Figures 2B,C). MRI confirmed
that all of these episodes of neurological deterioration were
related to a spinal metastasis. The time to development of these
neurological deficits was, however, not statistically different.
Mean time to neurological deficit was 22 ± 5 days in the control
group. In the everolimus group, time to paresis was 26 ± 2 days
(p = 0.10) and in the axitinib group, time to neurological deficit
was 27± 6 days (p= 0.06; Figure 2C).

Spinal MRI Directly After Onset of
Neurological Deficits
After onset of a neurological deficit, a whole spinal MRI was
performed and thereafter, mice were sacrificed. The numbers of
spinal metastases were counted on the spinal MRI in sagittal cuts.
We found a mean metastases number of 2 ± 1 in the control
group, 2 ± 3 in the everolimus group, and 2± 1 in the axitinib
group, respectively (p= 0.91; Figure 2C).

Bioluminescence Tumor Visualization
We conducted a bioluminescence spine metastatic tumor
screening after postoperative days 11 and 22 (Figure 3). Areas of
spinal hot spots correlated well with the results of MR imaging

(Figures 1B,C). After 11 days, we observed similar numbers
of metastases per mouse in the experimental group (control,
everolimus and axitinib group 1 ± 1, 2 ± 1, 1 ± 1, respectively;
p > 0.05), as well as similar numbers on postoperative day 22 (2
± 2, 2 ± 1, 2 ± 1, respectively; p > 0.05). A heightened signal
intensity over time of already existing metastases, indicating
tumor growth, could be measured in all mice.

Histological Analysis
Next we aimed at understanding the mild effects in the treatment
arms. To reveal a possible treatment effect on metastases
proliferation, we examined spinal tumor tissue by Ki67 staining.
In the control group, there was a mean of 22 ± 6% of stained
cell nuclei, compared to 18 ± 5% in the everolimus group (p =

0.013), and 22 ± 5% in the axitinib group (Figures 4A–D). To
assess anti-angiogenic activities, we stained for the endothelial
cell marker CD31. There was a mean number of endothelial
cells per high-power field of 25 ± 4 cells in the controls, of
25 ± 5 cells in the everolimus group, and of 19 ± 5 cells in
the axitinib group. The difference between the axitinib group
and the control group was statistically significant (p < 0.001).
Furthermore, we observed larger vessels within spinal metastases
of axitinib treated mice (Figures 4E–H).

DISCUSSION

In the present study we have shown that in our mouse
model bony metastases developed within the spine causing
epidural spinal cord compression, and it is possible to
monitor the occurrence and numbers of spinal metastases by
bioluminescence imaging or MRI. The principal novel findings
are a significant prolonged overall survival of mice treated
with the mTor inhibitor everolimus or after therapy with
the VEGFR blocker axitinib, as well as a prolonged time to
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FIGURE 2 | Overall survival, time to neurological deficits as well as clinical symptoms. (A) Kaplan-Meier survival plots, comparing the control group (black), everolimus

group (green), and axitinib group (red) with a significantly (*p = 0.04) lower mortality in the treatment groups. (B) Time to neurological deficit, defined by extremity

paresis, with a tendency to a prolonged time to this event during everolimus or axitinib treatment, but without reaching statistical significance (everolimus group p =

0.10, axitinib group p = 0.06). (C) This table summarizes data of all experimental groups. The day number describes the postoperative day, when the respective event

leading to death occurred.

neurological deficit, triggered by a spinal metastatic tumor, in
both treatment modalities.

Malignant spinal cord compression caused by spinal
metastases can lead to neurological symptoms up to paraplegia
with a serious reduction in quality of life. Generally, tumor
metastases are located most frequently in the lungs and liver, but
then followed by the skeletal system including the spine (27).
Malignant spinal cord compression can indicate an advanced
tumor stage, verified by the observation of a limited overall
survival after diagnosis (2, 28).

In the acute situation of a neurological deficit, surgery
is the therapy of choice, in order to improve or retain
neurologic function. If a patient is not operable, radiotherapy
combined with corticosteroids can be initiated (9). Most
often, a resection is accompanied by local radiotherapy and,
depending on the tumor stage, systemic chemotherapy (2).
Nevertheless, the local recurrence rate after treated symptomatic
spinal metastases is about 7 to 14 percent (2, 29, 30). To
focus on these patients, targeted therapies as an adjunct to
the standard treatment seem to be promising, with the aim
to prevent as well as treat these tumors, and to stop the
growth of other possibly existing metastatic tumors within
the spine.

Therefore, we previously established a hematogenous spinal
metastases mouse model to examine basic principles of spinal
metastases formation (20). We adapted a bone metastases mouse
model (31) by injecting tumor cells into the common carotid
artery to avoid the pulmonary filter system, so that tumor
cells spread into the arterial blood leading to an endogenously
spinal metastases formation process. It is assumed that tumor
cells are reaching the vertebral bodies by a hematogenous route
(32), and arterial embolization seems to be the most relevant
mechanism of metastasis development (33). The distribution
of spinal metastases is about 60% in the thoracic, 25% in the
lumbar, and 15% in the cervical spine (1, 6, 34), with similar
distributions in our spinal model shown by bioluminescence
monitoring, indicating a matchable system regarding to the
mechanism of spinal metastases formation, which is, however,
still not fully understood.

In our model, we used murine melanoma cells (35), obtaining
the advantage to use immunocompetent mice, and to retain
potential influences of the immune system. For cell injections,
we used our stable cell line mB16, established from solid grown
B16 spinal metastases in this model by in vivo selection, with
a significantly higher potential to metastasize to the spine (20).
The advantage is that mice, after tumor cell injections, generally
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FIGURE 3 | Metastases visualization by in vivo luminescence imaging. Left side shows mice on postoperative day 11, right side day 22. Blue color implies low signal

intensity, red color high signal intensity, as relative light units in the color scale. In the placebo group, 5 mice already died before measurement on postoperative day 22

could be performed, in the treatment groups, all mice could be measured. A heightened signal intensity over time of metastases correlating with tumor growth could

be shown in all mice.

did not suffer from significant tumor burden in other organs like
the lung, liver or brain, and a nearly spine-specific tumor model
was available.

One aim of our study was to confirm this preclinical model
as valid for therapeutic studies regarding spinal metastases
formation. Moreover, we applied two different targeted therapy
approaches with the following hypothetical impacts: On the one
hand, we wanted to target the potential circulating melanoma
cell interactions with the bone vascular network by inhibiting the
VEGFRs, in order to target the vascular formation step in the
metastases origination cascade. On the other hand, we blocked
the mTOR signaling pathway to potentially target tumor bone
colony formations and spine metastasis growth, as the last step
in metastasis bone formation.

We could find a significantly prolonged overall survival in
both therapy groups. Placebo treated mice lived 23 days on
average, after everolimus or axitinib therapy, mice survived 7
(prolonged by 30%) and 5 days (prolonged by 25%) longer,
respectively. This indicates a general antitumor effect in the
systemic compartment. In order to assess symptomatic spinal
metastases, we focused on acute neurological deficits, e.g., limb
paresis. A causal spinal cord compression was verified by MRI.
Here, we found a 18% prolonged time after mTOR inhibition
by everolimus, and a 23% prolongation after VEGFR blockade
via axitinib therapy, until neurological deficits due to spinal cord

compression occurred. We state that our model serves as a valid
system for examining therapy responses on spinal metastases
formation, and for evaluation of the neurological outcome.

The luminescence reporter imaging for tumor visualization
served to detect possible dynamic effects on spinal metastases
formation and growth in vivo (36). Between two different time
points during therapy, on postoperative days 11 and 22, we did
not detect any significant change in the numbers of spinal tumor
hot-spots among groups. In the spinal MRI, we detected similar
numbers of metastases in comparison with the bioluminescence
method on postoperative day 22, considering the different time
points the methods were applied. The bioluminescence screening
was used on two defined time points, whereas the spinal MRI
was performed directly after the occurrence of a neurological
deficit in order to show the responsible spinal tumor, which
apparently began on different dates for each mouse. Though,
we presume a higher increase in numbers of novel developing
spinal tumor hot-spots during axitinib therapy, in contrast to
a continuous growth of already early existing metastases in the
everolimus group. More frequent time intervals could reveal
clearer effects, and being aware of the limited validity, i.a. the
small differences and the small number of mice in the placebo
group on the second time point, it seems possible that VEGFR
inhibition could delay the time point of the development of
solid spinal metastases, similar to a prophylaxis, maybe due to
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FIGURE 4 | Immunohistochemical analysis. Graphs show the summary of data from all randomly chosen high-power fields from 3 different spinal metastases per

group. (A–D) Fluorescence-provided Ki67 stainings of tumor cell nuclei in the placebo group, axitinib group and everolimus group. The fraction of proliferating cells

was lowered in the everolimus group (p = 0.013). (E–H) Numbers of endothelial cells marked by CD31 immunostainings revealing a lowered number of endothelial

cells as well as larger tumor vessels in axitinib treated mice (p < 0.001).
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angiogenesis inhibition after tumor cells are entrapped passively
(26). For example, in prostate tumors, the expression levels of
VEGF and VEGFRs were higher at the bone metastases site
compared to the primary tumors, indicating the importance of
angiogenesis in metastasis development to the bone (37), and
vascular factors could encourage the nesting of tumor cells in
the bone (38). Angiogenesis inhibition could be revoked by
tumor cell adaptation processes, and the antiangiogenic effects
could be pronounced in early stages of metastases formation.
At this time point, tumors could be most accessible to targeted
VEGFR inhibition, with the focus on vessel formation, delaying
the process of building their own blood supply. This theory could
be addressed in future projects.

Further immunohistochemical analysis showed that in late
stage spinal metastases, the proliferation of tumor cells was
slightly lowered after mTOR inhibition, detected by a decrease in
the Ki67 labeling index. VEGFR inhibition did not influence the
tumor proliferation rate, but reduced the number of endothelial
cells, and larger vessels were observed, indicating a normalization
of the tumor vasculature, and possible antiangiogenic effects.
This indicated two different impacts on malignant tumor
properties after two different targeted treatments against spinal
metastases, also confirming the bioactivity of the two applied
compounds. Here, the mild histological effects could not finally
confirm the expected mode of actions as a therapy target, and our
applied therapy did not elicit a significant impact on the spinal
tumor compartment, though proved significant prolongation of
the overall survival as well as prolongation of the occurrence of
neurological deficits.

In this study, we demonstrated a feasible preclinical
mouse model suitable for investigating targeted therapy
approaches against metastatic spinal cord compression. It is
important to better understand the molecular mechanisms in
spinal metastases formation and further experimental data is

necessary, with the general aim to offer patients individualized
therapy options.
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Cancers have been considered as one of the most severe health problems in the world.

Efforts to elucidate the cancer progression reveal the importance of bone metastasis for

tumor malignancy, one of the leading causes for high mortality rate. Multiple cancers

develop bone metastasis, from which breast cancers exhibit the highest rate and have

been well-recognized. Numerous cells and environmental factors have been believed

to synergistically facilitate bone metastasis in breast cancers, from which breast cancer

cells, osteoclasts, osteoblasts, and their produced cytokines have been well-recognized

to form a vicious cycle that aggravates tumor malignancy. Except the cytokines or

chemokines, calcium ions are another element largely released from bones during bone

metastasis that leads to hypercalcemia, however, have not been well-characterized yet in

modulation of bone metastasis. Calcium ions act as a type of unique second messenger

that exhibits omnipotent functions in numerous cells, including tumor cells, osteoclasts,

and osteoblasts. Calcium ions cannot be produced in the cells and are dynamically fluxed

among extracellular calcium pools, intracellular calcium storages and cytosolic calcium

signals, namely calcium homeostasis, raising a possibility that calcium ions released from

bone during bone metastasis would further enhance bone metastasis and aggravate

tumor progression via the vicious cycle due to abnormal calcium homeostasis in breast

cancer cells, osteoclasts and osteoblasts. TRPs, VGCCs, SOCE, and P2Xs are four

major calcium channels/routes mediating extracellular calcium entry and affect calcium

homeostasis. Here we will summarize the overall functions of these four calcium channels

in breast cancer cells, osteoclasts and osteoblasts, providing evidence of calcium

homeostasis as a vicious cycle in modulation of bone metastasis in breast cancers.

Keywords: calcium homeostasis, calcium channels, vicious cycle, tumor progression, osteoclast activation, bone

metastasis

INTRODUCTION

Cancers have been considered as a worldwide health problem for years. In 2018, 18 million new
cases of cancers were diagnosed and around 9.6 million death was reported, which accounts for the
second leading cause of death in the world (1). Cancermetastasis has been well-recognized as one of
the major causes for cancer progression as well as the high cancer mortality rate, especially the bone
metastasis (2). Multiple type of cancers develop bonemetastasis, including breast, prostate, thyroid,
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lung, renal, melanoma, head and neck, gastrointestinal tract and
ovarian, from which breast cancer and prostate cancer are two
typical types that exhibit highest percentage of bone metastasis
rate, with∼70% in both breast cancers and prostate cancers (3).

Bone metastasis is a process by which primary tumor cells
spread to the bone through the bloodstream or lymph vessel. The
migrated/metastasized tumor cells then proliferate in the bone
and enhance abnormal osteoclastogenesis or osteoblastogenesis
(3). In breast cancers, bone metastasis promotes osteoclast
activation and leads to over-activated osteolysis. The osteolytic
lesions provide comfortable niches that multiple cells including
tumor cells, osteoblasts, and osteoclasts communicating with
each other, resulting in continuous tumor growth in the bone as
well as in the primary sites that forms a vicious cycle (4). The
vicious cycle is frequently observed in the late-stage of breast
cancers (stage IV) and is a multi-step processes require numerous
types of cells to participate in. Briefly, breast cancer cells in the
primary sites invade in the surrounded blood vessels probably
via the epithelial–mesenchymal transition (5). The infiltrated
tumor cells survive in the vessel with interacting with host
cells, including red blood cells, neutrophils, platelets, etc., and
migrate to different sites for organ invasion. Bone metastasis
is occurred when the tumor cells in the vessel migrate to the
bone, where the tumor cells undergo mesenchymal-epithelial
transition (6, 7). Also, neovascularization is accompanied with
bone metastasis, which the endothelial cells could be activated
by angiogenic factors secreted by tumor cells and bone marrow
(8, 9). This vasculogenesis has also been believed to facilitate
bone metastasis of breast cancer cells (10). Other cells, include
adipocytes, myeloid cells and Treg, all have been shown to
promote bone metastasis via direct cell-cell contacts or indirect
secretion of cytokines.

Numerous chemokines or cytokines facilitate bone metastasis
through either the autocrine or the paracrine pattern, which have
been well-summarized in these two decades (4, 11–13). Recently,
calcium ions have also been reported to greatly modulate cancer
progression (14, 15), however, have not been well-summarized
yet. Calcium ions are one of the important second messengers
that decode extracellular stimulation and thus regulate biological
functions (15, 16). Unlike other second messengers, calcium ions
are not produced by cell itself, but all come from extracellular
calcium entry, which forms calcium homeostasis in a cell (17).
Calcium homeostasis is largely affected during bone metastasis
as bone is the major organ for calcium storage. Briefly, the
abnormally enhanced osteoclastogenesis in cancer patients would
increase bone resorption and lead to huge amounts of calcium
release into blood as 99% calcium is stored in the bone (4, 18).
The released calcium would then further affect bone metastasis
via the abnormal calcium homeostasis in tumor cells, osteoclasts
or osteoblasts, forming another potential vicious cycle for bone
metastasis (Figure 1). Indeed, cancer patients have been observed
to suffer hypercalcemia (19). Importantly, the survival rate
of cancer patients with hypercalcemia is largely reduced (19),
specifically the 1-year survival rate is below 30%, indicating the
importance of the blood calcium levels in modulating cancer
progression. These clinical observations raise an important
question that how hypercalcemia worsens the progression of

FIGURE 1 | The vicious cycle in bone metastasis. Bone metastasis is highly

occurred in breast cancer patients, which results in vicious cycles to further

deteriorate the primary tumor burden and promote tumor growth in bone. One

kind of the well-known vicious cycles is a systemic response in tumor cells and

osteoclasts. Briefly, the migrated tumor cells produce multiple cytokines and

eventually enhance osteoclast differentiation as indicated. The pathologically

activated osteoclasts heavily destroy bone that release numerous growth

factors from damaged bone matrix, which would in turn promote tumor cell

growth and therefore form the vicious cycle between tumor cells and

osteoclasts during bone metastasis. Except growth factors, the damaged

bone also releases large amounts of calcium ions. These calcium ions were

specifically released in the sealing zones where mature osteoclasts tightly

attached with the bone. The mature osteoclasts also exhibit specialized

plasma membrane in the sealing zone, named as ruffled border. The ruffled

border facilitate the release of calcium ions from bone via the vesicular

transport in osteoclasts. The released calcium ions might further aggravate

bone metastasis via modulation of the activity in tumor cells and osteoclasts,

which is a potential vicious cycle required further efforts to elucidate.

tumors, by targeting tumor cells, osteoclasts, osteoblasts, or the
communication niches? Here we will take the breast cancer as
the typical representative to specifically overview recent efforts
on understanding the functions and mechanism of calcium
homeostasis in breast cancer cells, osteoclasts, osteoblasts and
thus bone metastasis.

CALCIUM HOMEOSTASIS IN THE CELLS

Calcium ions are well-characterized as the second messenger
for multiple signaling pathways that modulate numerous
biological functions, including muscle contraction, apoptosis,
neural transmission, cell differentiation, and cell metabolism,
etc. (16, 20), which is largely dependent on its hundreds of
patterns, such as calcium release, calcium oscillations, calcium
spikes, etc. These patterns are the result of calcium fluxes
among cytosolic calcium ions, intracellular calcium storages and
extracellular calcium pools. Normally, the extracellular calcium
pool is maintained at the concentration of 1–2mM, and the
calcium level in the intracellular calcium storage, specifically the
endoplasmic reticulum (ER), is around 100–400µM. Whereas,
the cytosolic calcium level is about 100 nM (17). Such gradient
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FIGURE 2 | Calcium homeostasis in cells. Calcium ions are dynamically fluxed among extracellular calcium pools, intracellular calcium storages and the cytoplasmic

matrix. Four major calcium channels/routes mostly on the plasma membrane (PM) mediate extracellular calcium entry, including P2Xs, VGCCs, TRPs, and SOCE, of

which TRPs and SOCE have been reported to modulate dynamic calcium fluxes in response to the reduction of calcium concentrations in the ER calcium storage.

Particularly, extracellular stimulation activated PLC family members result in the production of IP3. The produced IP3 swiftly binds to IP3Rs on the ER membrane and

triggers ER calcium release, which leads to the reduction of ER calcium storage. The reduced ER calcium storage activates calcium release-activated channels

(CRAC) for extracellular calcium entry to refill the ER calcium ions and therefore sustain cytosolic calcium signals. TRPs especially TRPCs and SOCE have been

reported to mediate CRAC. TRPCs have been shown to associate with STIM1 on the ER membrane to generate the channel for calcium entry. SOCE, the best

recognized route for CRAC in recent decade, is mediated by ORAI1 on the PM and STIM1 on the ER membrane. Briefly, STIM1 is inactivated when calcium

concentrations are maintained highly in the ER calcium storage, and underwent conformational change after the reduction of ER calcium contents, specifically initiated

after ∼25% reduction. The conformational changed STIM1 are then oligomerized and redistributed to the ER-PM contact to interact with the clustered ORAI1, forming

the calcium channel for extracellular calcium entry. These entered calcium ions can enter the ER calcium storage via the SERCA on the ER membrane.

makes the calcium signaling be dynamically modulated without
hurting the cell viability that would be affected by abnormal
calcium levels in the cytoplasm. Indeed, the half-life of IP3, the
major messenger inducing calcium signals, is 60 s (21), a pretty
short period sufficiently activating calcium release from ER,
transducing downstream signals, but not abnormally increasing
the cytosolic calcium level that would be toxic to the cells.

Particularly, calcium fluxes could be initiated by extracellular
stimulators, such as G-protein coupled receptors and their
ligands. The activated signals were then transduced to promote
IP3 production via PLC family members. IP3 can bind to
its receptors IP3Rs on the ER and therefore induces calcium
release from ER (22) (Figure 2). These released calcium activates
downstream signals by binding to the targeting proteins,
like Ca2+ /calmodulin-dependent protein kinase (CAMK) and
calcineurin, and eventually induces the nuclear translocation as
well as the transcriptional activity of NFAT family members (23).
Importantly, the calcium-NFAT axis is specifically modulated in
particular cell types (24, 25), like T cells and osteoclasts, where
calcium release is continuously occurred and maintained with a
high frequency but a low amplitude, namely calcium oscillations,
a more efficient way to facilitate NFAT activation.

Calcium oscillations are one of the typical representatives of
calcium homeostasis in a cell. For instance, in osteoclasts the
RANKL/RANK signaling recruits TRAF6 and activates PLCγ2
(26, 27), after which the phosphatidylinositol biphosphate (PIP2)
is converted into IP3 and DAG. The produced IP3 then bind
to IP3Rs as mentioned above, triggering calcium release from
ER that initiates the calcium signal but also reduces the ER

calcium storage. To sustain the calcium oscillations, the reduced
calcium storage then promotes the activation of STIM1 located
in the ER membrane that induces extracellular calcium entry by
association with ORAI1 on the plasma membrane, which refills
the reduced or depleted ER calcium storage and facilitates further
ER calcium release (28–31) (Figure 2). The continued cycles of
these calcium fluxes form calcium oscillations and sustain the
NFAT activation (24).

Though STIM1/ORAI1 mediated calcium entry is one of the
most important routes for extracellular calcium entry in non-
excitable cells reported in a decade, multiple calcium channels are
responsible for extracellular calcium entry, mainly including four
major families. The dynamic calcium levels modulated by these
channels have been reported to be critical signals for cancer cells
viability and tumor formation (Table 1). In the following parts,
we will summarize how these calcium channels modulate tumor
progression and their potency in regulation of bone metastasis in
breast cancers.

TRANSIENT RECEPTOR POTENTIAL (TRP)
CHANNELS

The TRP channels are six transmembrane channels located
mostly on the plasmamembrane and sensemultiple physiological
stimuli, including vision, taste, olfaction, hearing, touch, thermo-
and osmo-sensation (96). In response to these stimuli, the
TRPs act as cation channels for multiple ions, from which
calcium is one of the best recognized ions (97). The mammalian
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TABLE 1 | Mammalian calcium channels and their functions in breast cancer cells

and osteoclasts.

Family Members Functions in

breast cancer

cells

Functions

in osteoclasts

References

TRPC TRPC1 Proliferation ↑

TGFβ-

induced EMT↑

I-mfa deficient

osteoclast

differentiation↑

(32–36)

TRPC2 / / /

TRPC3 / / /

TRPC4 / / /

TRPC5 Drug resistance ↑

Angiogenesis ↑

/ (37–39)

TRPC6 Proliferation,

survival and

migration ↑

/ (40)

TRPC7 / / /

TRPV TRPV1 Drug resistance ↓

metastatic bone

pain ↑

Osteoclast

differentiation and

activation ↑

(41–44)

(45, 46)

TRPV2 / Calcium oscillations

and

osteoclastogenesis ↑

(47, 48)

TRPV3 / / /

TRPV4 Apoptosis and

oncosis ↑

Actin

reorganization and

tumor invasion ↑

Late-stage osteoclast

activation ↑

(49–51)

(52–54)

TRPV5 / Size and number ↓

Bone resorption ↑

(55, 56)

TRPV6 Proliferation ↑

Drug resistance ↓

Size and number ↓

Bone resorption ↓

(57–59)

(60)

TRPM TRPM1 / / /

TRPM2 Cell viability ↑ / (61)

TRPM3 / / /

TRPM4 / / /

TRPM5 / / /

TRPM6 / / /

TRPM7 Metastasis ↑

Mesenchymal

feature ↑

Proliferation ↑

/ (62–65)

TRPM8 EMT and

migration ↑

/ (66)

TRPA TRPA1 Apoptosis ↓

Drug resistance ↑

/ (67)

TRPP TRPP2 Drug resistance ↑ / (68)

TRPP3 / / /

TRPP5 / / /

TRPML TRPML1 Tumor growth and

migration ↑

Lysosomal functions

and osteoclast

activation ↑

(69, 70)

TRPML2 / / /

TRPML3 / / /

VGCC Cav1.1 / / /

(Continued)

TABLE 1 | Continued

Family Members Functions in

breast cancer

cells

Functions

in osteoclasts

References

Cav1.2 / / /

Cav1.3 Proliferation ↑ / (71)

Cav1.4 / / /

Cav2.1 / / /

Cav2.2 / / /

Cav2.3 / / /

Cav3.1 Proliferation ↓

Apoptosis ↑

/ (72)

Cav3.2 Proliferation ↑ / (73)

Cav3.3 Proliferation ↑ / (74)

SOCE STIM1 Migration and

metastasis ↑

EMT↑

Calcium oscillations ↑ (75–80)

ORAI1 Focal adhesion,

migration and

invasion ↑

Bone metastasis ↑

Fusion and

differentiation ↑

(76, 81–84)

P2X P2X1 / / /

P2X2 / / /

P2X3 / / /

P2X4 / / /

P2X5 / / /

P2X6 / / /

P2X7 Proliferation ↑

Apoptosis ↓

Migration, metastasis ↑

Fusion and

differentiation in

pathological

conditions ↑

(85–89)

(90–95)

↑, indicates the functions have been upregulated; ↓, indicates the functions have been

downregulated.

TRPs are a large superfamily that contains six subfamilies and
around 30 members, including TRPCs, TPRVs, TRPMs, TRPA1,
TRPPs, and TRPMLs (96, 98), which leads to a diverse cation
selectivity in multiple cells, from neuron to non-neuron cells.
Though TRPs exhibit multiple activation patterns, they share
one common mechanism coupled to phospholipase C (PLC)
activation and are responsible for extracellular calcium entry.
For instance, activation of PLC by upstream signals like G-
protein couple receptors would lead to calcium release from ER,
the reduced calcium in the ER would then activate TRPs for
extracellular calcium influx, similar as the store-operated calcium
entry, to sustain further calcium signals in the cells (97). The
exact mechanism linked PLC and TRPs activation is still not
fully clarified and required to be discussed case by case, which
has been well-described elsewhere (96, 99). Following we will
summarize recent advances in understanding the function of
TRPs in regulation of tumor progression and bone metastasis.

TRPCs
TRPCs in Breast Cancers

The mammalian TRPCs contain seven members, from TRPC1
to TRPC7, from which human TRPCs contain six members
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as human TRPC2 is a pseudogene. TRPCs have been believed
to promote tumor cell proliferation and survival in multiple
tumor cells, including colon cancers, non-small cell lung cancers,
glioma, gastric and esophageal cancers (100). Importantly,
TRPCs have been shown to have broad functions during breast
tumor progression. TRPCs have been shown to express in
multiple solid tumors. In breast cancers, TRPC1 and TRPC6
are found to be highly expressed in human breast ductal
adenocarcinoma compared to the adjacent non-tumor tissues
(32, 101, 102), indicating the potential roles of these two TRPCs
in modulation of breast tumor progression. Several studies
found that TRPC1 promotes breast cancer cell proliferation
and facilitates TGFβ-induced epithelial-mesenchymal transition
(EMT) (32–35), suggesting that TRPC1 is an essential signal
for breast tumor growth and metastasis. Indeed, TRPC1 is
expressed highly in basal breast cancer cell lines and tumor
tissues from patients suffering basal breast cancers, especially
those accompanied with lymph node metastasis. Mechanistically,
TRPC1 is required for AKT activation to induce HIF1α
expression, and thus promotes EMT. Similarly, TRPC6 is also
highly expressed in breast cancer cell lines compared to normal
control. Silencing TRPC6 largely reduces proliferation, survival
and migration in breast cancer cell lines (40), which might be due
to reduced expression of ORAI1 and ORAI3 in TRPC6 deficient
cells. TRPC5 is another TRPC that has been well-addressed in
breast cancers progression. Unlike TRPC1 and TRPC6, TRPC5
has been identified to mediate chemotherapeutic resistance in
breast cancers. When breast cancer cells or patients are treated
with adriamycin, TRPC5 is upregulated in extracellular vesicles,
which is believed to be responsible for the drug resistance (37,
38). Further studies show that TRPC5 alsomediates autophagy by
the CaMKKβ/AMPKα/mTOR pathway and therefore enhances
the adriamycin resistance in breast cancers (39). In addition,
TRPC5 is also upregulated in breast cancers and mediates
angiogenesis during tumor progression, which is another
important aspect that TRPC5 promotes breast cancersmetastasis.
So far, no more other TRPCs have been reported to affect breast
tumor formation and development. TRPCs could be classified as
four subsets according to their amino acids similarity, including
TRPC1, TRPC2, TRPC3/6/7, and TRPC4/5 (96). Considering
that TRPC1, TRPC5, and TRPC6, representatives of the different
three subsets, all mediate calcium influx and are required for
tumor cells proliferation and metastasis in breast cancer cells, the
other TRPCs, specifically TRPC3, TRPC4, and TRPC7, might be
also important modulators of breast cancer progression in certain
scenarios. Further studies are required to elucidate the expression
profiles of these TRPCs in different stages of breast cancers, which
might give evidence to elucidate how these TRPCs independently
or synergistically modulate breast cancers progression.

TRPCs in Osteoclasts

Till now little has been known about TRPCs in regulation of
osteoclastogenesis except TRPC1 (36). TRPC1 knockout mice
exhibit normal osteoclastogenesis and bonemass in physiological
conditions. However, deficiency of I-mfa, the inhibitor of Trpc1,
increases osteoclast differentiation and reduces bone mass.
Importantly, I-mfa and Trpc1 double knockout mice exhibit

largely restored osteoclastogenesis and bone mass, suggesting
the activation of Trpc1 is required for normal osteoclast
differentiation and the maintenance of bone density. These
observations also indicate that Trpc1 channel in mice is
inactivated in physiological conditions. Whether Trpc1 affects
osteoclast development and functions in pathological conditions
like tumors is required to be elucidated.Moreover, onemight also
need to consider the compensation effects among TRPCs due to
their functional similarity when understanding a specific TRPC
channel in modulation of osteoclastogenesis.

Taken together, TRPCs, especially TRPC1, play essential roles
in modulation of tumor progression and osteoclast activation.
Considering TRPC1 in osteoclasts is inactivated in physiological
conditions and required for EMT in breast cancers, it will
be interesting to examine whether TRPC1 is activated when
bone metastasis is occurred in breast cancers. Moreover, such
activation probably will lead to enhanced bone metastasis as
TRPC1 promotes calcium influx that benefits both cancer cells
metastasis and osteoclasts activation.

TRPVs
TRPVs in Breast Cancers

The mammalian TRPVs contain six members, named as TRPV1
to TRPV6. Unlike TRPCs, most TRPVs reported seem to act
as the tumor suppressor in breast cancers. So far, TRPV1,
TRPV4 and TPRV6 have been well-studied in breast cancers
progression. It has been reported that TRPV1 activation via
capsaicin together withMRS1477 largely reducesMCF-7 viability
(41), which is not observed in primary breast epithelial cells,
indicating TRPV1 is a potential drug target for treating breast
cancers without affecting normal cells. Moreover, activation of
TRPV1 also increases the anti-tumor efficiency of clinical drugs
like doxorubicin probably via aggravating the ROS induced
apoptosis (42). Importantly, TRPV1 is expressed in neurons and
senses signals of pain (103), whereas tumor-induced bone pain is
a severe clinical condition that needs to be addressed (104). Tong
et al. show that TRPV1 is activated by formaldehyde secreted
by the cancer tissues and induces metastatic bone cancer pain,
especially in the condition of tumor acidic microenvironment
(43, 44). These observations raise a complicated network among
tumor cells, neurons, bones and the extracellular calcium pool in
the metastatic bone microenvironment, which is required efforts
to be further studied.

The role of TRPV4 in breast cancers is much complicated,
making it difficult to be a potential drug target at present.
Particularly, activation of TRPV4 induces both cell death and
metastasis in breast cancer cells. One study reported that
pharmacological activation of TRPV4 by GSK1016790A
drastically enhances tumor cells death mainly via two
routes: apoptosis mediated by PARP-1 cleavage and oncosis
accompanied with a rapid decrease of intracellular ATP
production (49). Interestingly, the expression of TRPV4 is
correlated with poor clinical outcomes in breast cancers (50).
Further studies show that the expression of TRPV4 in breast
cancer cells lead to the actin reorganization and therefore
promotes breast cancer cell softness and tumor invasion without
affecting cell proliferation (50, 51). Similarly, TRPV4 is also
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required for actin remodeling in endothelial cells and thus
promotes angiogenesis and tumor progression (51). All in all,
more efforts are required to precisely understand the molecular
mechanism of TRPV4 in either enhancing tumor cell death
or cytoskeleton reorganization, which might provide potential
strategies for treating breast cancers by targeting TRPV4 in
the future.

Unlike TRPV1 and TRPV4, TRPV6 has been shown to
positively promote breast cancers progression. TRPV6 is widely
upregulated in multiple malignant cells including breast cancer
cells (57). Specifically, TRPV6 is highly expressed in estrogen
receptor-negative breast tumors as well as HER2-positive tumors.
Such expression is correlated with a low survival rate in
breast cancer patients, which might be ascribed to the essential
role of TRPV6 in driving abnormal tumor cell proliferation.
Importantly, tamoxifen, the widely used drug in breast cancer
therapy, is more sensitive in reducing cell viability when
TRPV6 is silenced (58). Interestingly, tamoxifen also functions
as a negative modulator of TRPV6 as it reduces the calcium
influx mediated by TRPV6 (59). Therefore, TRPV6 could be a
potential drug target that alleviate chemotherapeutic resistance
in breast cancers. Though TRPV1, TRPV4, and TRPV6 all
mediate calcium fluxes in breast cancer cells, their unique and
even opposite functions in breast cancer progression suggest
a complicated network of calcium signaling in modulation of
tumor cell functions, which requires further efforts to elucidate.
Understanding the specific mechanism of each TRPVs would
benefit precise targeting strategies for treating breast cancers,
especially in the condition with large amount of extracellular
calcium pools, like the bone metastatic niche.

TRPVs in Osteoclasts

TRPVs have been well-studied in osteoclast differentiation and
activation. Except TRPV3, TRPV1, TRPV2, TRPV4, TRPV5,
and TRPV6 are all reported to modulate osteoclasts formation
or functions. Multiple studies reported that TRPV1 is required
for osteoclastogenesis and bone resorption. TRPV1 mediated
calcium influx is accompanied with cannabinoid receptors (CB)
activation in osteoclasts, including CB1 and CB2. Intriguingly,
CB1 and TRPV1 facilitates osteoclast differentiation while CB2
inhibits osteoclast activation (45). Nevertheless, TRPV1 deficient
mice exhibit largely reduced osteoclast numbers and increase
bone mass in vivo. Further analysis reveal a reduction of
intracellular calcium levels and calcium oscillations in osteoclast
precursors stimulated with RANKL (46). As calcium oscillations
and the following activated NFATc1 are the major signals for
osteoclastogenesis (24), TRPV1 seems to act as one of the
early-stage determinants for osteoclast differentiation. TRPV2 is
another TRPV that benefits calcium oscillations during osteoclast
differentiation. The expression of TRPV2 is gradually increased
during osteoclastogenesis (47), suggesting that TRPV2 is an
essential calcium channel to sustain the early-stage calcium
signals in osteoclasts. Importantly, the expression of TRPV2
is even enhanced in bone marrow biopsy specimens from
patients suffering multiple myeloma (MM) compared to healthy
controls, which is correlated with a poor clinical outcome of
MM patients accompanied with enhanced osteoclast activation

(48). Unlike TRPV1 and TRPV2, TRPV4 and TRPV5 are
reported as critical modulators of osteoclast differentiation and
activation in the late stage. TRPV4 deficient mice also exhibit
significantly reduced osteoclasts number and enhanced bone
mass. Interestingly, though osteoclast differentiation is restricted
in TRPV4 deficient cells, this defect is more prominent in large
or late-stage differentiated osteoclasts (52), suggesting TRPV4
mainly functions at the late-stage of osteoclastogenesis. Further
analysis indicates that together with calcium oscillations in the
early stage, TRPV4 induced calcium influx sustain NFATc1
activation and therefore maintain osteoclast differentiation. The
same author further identified a gain of function mutant
(R616Q/V620I) of TRPV4 and found the mutated mice show
opposite phenotype compared to TRPV4 deficient mice (53),
further confirming the importance of TRPV4 in modulation
of osteoclast activation. Intriguingly, nearly 70 TRPV4 mutants
were identified and cause disease in human patients (54), from
which most of them causing skeleton dysplasia are gain of
function mutants, confirming the significance of TRPV4 in
modulation of osteoclastogenesis in mice. Opposite to TRPV4,
TRPV5 deficiency leads to an increase of osteoclast size and
number, however, the bone resorption are totally blocked in
TRPV5 deficient osteoclasts (55). As TRPV5 ismainly localized at
the ruffled border membrane in osteoclasts (56), it is reasonable
that TRPV5 is essential for the function of mature osteoclasts.
The enlarged osteoclast size could be due to compensation
for bone resorption, similar as cathepsin K deficiency (105).
Interestingly, human cells knocking down TRPV5 after osteoclast
maturation leads to an enhanced bone resorption, opposite to
the phenotype observed in TRPV5 knockout osteoclasts in mice
(56). This could be due to the different stage they silenced
TRPV5 or species variations. Nevertheless, TRPV5 is an essential
modulator of osteoclast activation in the late stage. TRPV5 and
TRPV6 are highly homologous in TRPV subfamily, with 75%
homology in amino acids. TRPV6 deficiency also leads to a large
osteoclast size and an increase in osteoclast numbers. Unlike
TRPV5, TRPV6 knockout osteoclasts show a largely increase
bone resorption (60), suggesting TRPV6 is clearly a negative
modulator of osteoclast differentiation and activation. TRPV5
and TRPV6 share high similarity and distinct from other TRPVs,
however, exhibit different functions in osteoclasts. As TRPV6
does not whereas TRPV5 does affect calcium oscillations during
osteoclast differentiation, the mechanism of these two channels
in osteoclasts should exhibit their unique features that has not
been described in other systems, which required further studies
to clarify.

Taken together, TRPVs play essential roles in osteoclast
differentiation and activation in a stage-dependent manner.
Considering the expression of TRPVs is dynamically modulated
during osteoclast differentiation or in pathological conditions, it
will be interesting to first analyze the expression profile of TRPVs
in osteoclasts as well as tumor cells during bone metastasis.
This might give the evidence how these TRPVs differently
modulate either tumor progression or osteoclast activation, two
essential aspects for bone metastasis. Also, unlike TRPCs, most
TRPVs reported show opposite functions between tumor cells
and osteoclasts, which TRPVs restrict tumor progression and
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are required for osteoclast activation. Interestingly, TRPV4 itself
could both promote tumor cell death and metastasis, indicating
that TRPVs might play totally different roles in certain scenario,
and raising the possibility that certain TRPV, like TRPV4,
would benefit both tumor cell invasion and osteoclastogenesis
in the context of bone metastasis, which requires further efforts
to elucidate.

TRPMs
TRPMs in Breast Cancers

The mammalian TRPM subfamily contains eight members,
from TRPM1 to TRPM8. TRPMs have also been recognized
as important modulators in multiple cancers progression (106),
from which TRPM2, TRPM7, and TRPM8 have been shown
to promote breast cancer development. TRPM2 has been well-
recognized to promote cell death and tissue injury (107–
109), however, improve the cell viability in breast cancer
cell lines (61). Silencing TRPM2 in MCF-7 and MDA-MB-
231 breast cancer cell lines induces significantly DNA damage
compared to that in MCF-10A, the widely used non-cancerous
breast cells. Interestingly, calcium influx is not significantly
affected when TRPM2 is inhibited in breast cancer cells
(61), indicating TRPM2 would not regulate bone metastasis
in a calcium microenvironment dependent manner. TRPM7
is well-studied and modulates numerous functions in breast
cancer progression, especially in cancer metastasis (62–64,
110). Two SNPs of TRPM7 have been shown to associate
with breast cancer in Han population of northeast China
(111), indicating the importance of TRPM7 in breast cancers
progression. Indeed, Kaplan–Meier analysis in breast cancer
patients found that the high expression of TRPM7 is significantly
correlated with recurrence-free survival and distant metastasis-
free survival in breast cancers (64). Further analysis show that
silencing TRPM7 reduces breast cancer cells migration and
metastasis by regulation of myosin II–based cellular tension and
thus cell movement (112). Mechanistically, the kinase domain
of TRPM7 is mainly responsible for modulation of breast
cancer cells migration. Importantly, TRPM7 mediated calcium
signals further modulate EMT in breast cancer cells, which
TRPM7 deficiency specifically reduces EGF-induced STAT3
phosphorylation and the expression of Vimentin, suggesting that
TRPM7 is required for maintaining a mesenchymal feature in
breast cancer cells (110). Except TRPM7, TRPM8 has also been
reported to modulate EMT in breast cancer cells. Overexpression
of TRPM8 remarkably increases MCF-7 migration and the shape
change in 3D sphere formation. Whereas, silencing TRPM8
largely reduces migration and the shape switch in MDA-MB-
231 cells (66). Taken together, TRPMs most likely regulate
breast cancer metastasis, though one study also indicate TRPM7
regulates breast cancer cell proliferation (65). And, it will be
reasonable to further analyze how the modulation of metastasis
by TRPMs eventually regulates bone metastasis.

TRPMs in Osteoclasts

Unfortunately, so far little has been shown of TRPMs
in modulation of osteoclast differentiation and activation.
Considering TRPMs could be regulated by environmental

changes of ATP, PH, heat, lipids, and also associate with other
calcium channels to modulate calcium homeostasis (96), it is
highly possible that TRPMs play essential roles in osteoclast
differentiation and activation. Understanding the functions and
mechanism of TRPMs both in breast cancer cells and osteoclasts
will be beneficial for clarifying the importance of calcium
microenvironment acting as a vicious cycle for bone metastasis,
which would provide new potential and efficient drug targets for
treating breast cancers.

TRPA1, TRPPs, and TRPMLs
Compared to TRPC, TRPV, and TRPM subfamilies, little has
been known about the other mammalian TRPs in modulation of
breast cancers progression and osteoclasts activation, including
TRPA, TRPP, and TRPML subfamilies. The mammalian TRPA
subfamily only contains one member, named as TRPA1.
The mammalian TRPP subfamily contains TRPP2, TRPP3,
and TRPP5. And the mammalian TRPML subfamily contains
TRPML1, TRPML2, and TRPML3 (96).

TRPA1 has been shown to be most highly upregulated among
all of the TRPs in invasive ductal breast carcinoma, indicating
TRPA1 promotes breast cancer progression. Indeed, TRPA1
accelerates breast cancer development in two routes. TRPA1 both
enhances tumor growth and reduces chemo-sensitivity through
mediating calcium influx dependent anti-apoptotic pathways
(67). Similarly, TRPP2 has also been shown to promote drug
resistance in breast cancers. Silencing TRPP2 does not affect the
cell viability of breast cancer cells but impressively promotes
the sensitivity of paclitaxel in treating MDA-MB-231 cells.
TRPP2 is highly phosphorylated in breast cancer cells and
treatment with paclitaxel further increases the phosphorylation
level, which could be one of the mechanisms for the chemo-
resistance (68). All in all, considering the drug resistance by
TRPA1 and TRPP2 reported in breast cancers, these two channels
probably are essential for tumor development in the late-stage,
like bone metastasis. Their exact functions and mechanism in
bone metastasis, especially in tumor induced osteoclastogenesis
and osteolysis require further studies to elucidate.

TRPML1 is the only known cation channel in the TRPML
subfamily (113). It has been shown that TRPML1 modulates
calcium influx in lysosomes and is essential for osteoclastogenesis
and bone resorption (69). Trpml1 deficient mice exhibit largely
reduced osteoclasts and enhanced bone mass. In vitro analysis
revealed that Trpml1 is required for lysosomal functions
and therefore osteoclasts activation, probably via modulation
of lysosomal calcium signals, one of the important sources
for calcium oscillations and NFATc1 activation in osteoclasts.
TRPML1 mediated lysosomal functions are also important in
breast cancer development (70). TRPML1 is highly expressed
in the triple negative breast cancer cells. Knocking down
TRPML1 prevents lysosomal ATP exocytosis and therefore
magnificently reduces tumor growth and migration. However,
it is not clear whether TRPML1 promotes breast cancer
progression in response to calcium signals. Considering the
calcium mediated lysosomal functions and the related change of
cellular metabolism mediated by organelle contacts are recently
one of themost impressive fields in cancer development as well as
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multiple physiological and pathological functions (114), it would
be very interesting to understand the potential promotion of bone
metastasis by TRPML1-mediated lysosomal calcium cascades in
breast cancer cells and osteoclasts.

VOLTAGE-GATED CALCIUM CHANNELS
(VGCCS)

The voltage-gated calcium channels are mostly permeable for
calcium influx, with an extremely slight permeable for sodium
ions in physiological conditions. VGCCs are mostly studied in
excitable cells (115), like neurons and muscles, however, have
also been shown to play essential roles in non-excitable cells
(116), including breast cancers and osteoclasts. The activation of
VGCCs requires membrane depolarization andmediates calcium
influx to transduce downstream signals (117). VGCCs contain
ten members, including Cav1.1, Cav1.2, Cav1.3, Cav1.4, Cav2.1,
Cav2.2, Cav2.3, Cav3.1, Cav3.2, and Cav3.3. Depending on the
cell types, VGCCs mediated calcium influx activates a variety of
downstream targets for modulation of cellular functions.

The importance of VGCCs in modulation of breast cancers
progression has been revealed by using an engineered VGCC
lacking inactivation (Cec) (118), which triggers massive calcium
influx and cell death in breast cancer cells but not in
MCF-10A, the non-tumor human mammary epithelial cells.
Importantly, the primary breast tumors generated by MDA-
MB-231 are significantly shrank 2 weeks after infected with
lentivirus containing Cec, indicating that activating VGCCs will
be beneficial for the treatment of breast cancers. However, three
VGCCs reported are all believed to promote cell proliferation
or tumor growth in breast cancers (71, 73, 74, 119), including
Cav1.3, Cav3.2, and Cav3.3. Whereas, Cav3.1 has been shown
to act as a tumor suppressor gene in breast cancer cells by
retarding proliferation and enhancing apoptosis (72), yet its
exact role in tumor growth has not been investigated. Note the
efficiency of VGCCs in promotion of breast cancers requires
the constant activation of the channel, like the stimulation by
extracellular pressure. For instance, cells only expressing Cec, the
engineered Cav1.2 lacking inactivation, but not Cav1.2, largely
induces cell death in breast cancers (118). Therefore, further
studies are required to identify the stimuli for constant activation
of VGCCs in breast cancers, or other tumor cells during bone
metastasis, which is the important precondition for regulation
of calcium homeostasis by VGCCs acting as a vicious cycle in
bone metastasis.

STORE-OPERATED CALCIUM ENTRY
(SOCE)

SOCE is an ubiquitous mechanism in non-excitable cells
to modulate calcium homeostasis with important biological
functions (120). During the last decade, the most important
advance in SOCE field is the identification of ER-resident STIM1
(121–123) and plasma membrane (PM)-located ORAI1 (124–
126) as two major components for SOCE activation. Their
homology, STIM2, ORAI2, and ORAI3, have also been shown

to participate in SOCE, yet the functions are minor or with
controversy compared to STIM1 and ORAI1 (127). SOCE
activation is a multistep process that requires the conformational
change of STIM1 and ORAI1 (28). Particularly, STIM1 is
inactivated in the ER by association with calcium via the EF-
hand domain located in its N-terminal region. The decline or
depletion of calcium in the ER due to either promotion of calcium
release or reduction of calcium reuptake therefore leads to the
conformational change and thus oligomerization of STIM1. The
oligomerized STIM1 then redistributes to the ER-PM contact
with the help of the cytoskeleton system, where it associates
with the clustered ORAI1 and forms the channel for extracellular
calcium entry, which ultimately refills the ER calcium storage
to sustain calcium signals in the cells. SOCE therefore is an
essential and specific process to maintain calcium homeostasis in
cells when or after cells were activated by extracellular stimuli,
which is essential for biological functions. Indeed, Stim1 or
Orai1 deficiency in mice is embryonic lethal and numerous
STIM1 or ORAI1 mutants have been identified in humans
exhibiting disorders of calcium influx in cells. Loss- and gain-
of function mutants both result in multiple severe disease in
human patients (128), including immune disorders and skeleton
abnormal development.

SOCE in Breast Cancers
Recent evidence further reveals the importance of SOCE in
modulation of cancer progression, including breast cancers
(75). SOCE is closely related to breast cancer metastasis,
especially bone metastasis. Several studies found that SOCE
facilitates migration and metastasis in breast cancers mainly
via three routes. Yang et al. show that knocking down either
STIM1 or ORAI1 in MDA-MB-231 decreases the invasion
while overexpression of STIM1 and ORAI1 together in MCF-
10A enhances it (76). This could be due to the impairment
of assembly and disassembly of focal adhesions in STIM1 or
ORAI1 deficient cells. Importantly, pharmacological inhibition
of SOCE by SKF96365 significantly reduces breast cancer cell
metastasis, giving an evidence that targeting SOCE could be a
potential strategy for treating tumor metastasis. SOCE is also
essential for the enolase-1 (ENO-1) exteriorization to the cell
surface (77). The exteriorized ENO-1 modulates pericellular
proteolysis and thus allows cells to invade tissues (129).
Therefore, SOCE can also promote the migration and invasion
of breast cancer cells via mediating the translocation of ENO-
1 to cell surfaces. Finally, SOCE promotes TGFβ-induced EMT
during breast cancer progression (78). Both STIM1 deficiency
and pharmacological inhibition of SOCE by YM58433 reduce
the expression of Vimentin but enhances the expression of E-
cadherin stimulated with TGF-β in breast cancer cells, indicating
that SOCE is required for maintaining the epithelial conditions
in breast cancer cells and thus modulates tumor cell migration.
Interestingly, one study found that SOCE is also slightly required
for TGF-β induced cell cycle arrest in breast cancer cells (79).
Dependent on the tumor stages, TGF-β signals have been shown
to have opposite functions in breast cancer cells (130). Therefore,
SOCE might also has similar effects that SOCE and TGF-β
signals synergistically restrict breast cancer cell proliferation in
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the early stage, whereas in the late stage, SOCE modulates TGF-β
induced EMT and tumor metastasis. The importance of SOCE in
modulation of breast cancers progression has also been revealed
by analyzing the clinical relevance in human samples. Both
STIM1 and ORA11 express highly in breast cancer cells and their
high expression are correlated with tumor aggressiveness and
poor prognosis of breast cancers (131). In addition, three studies
reported multiple SNPs of ORAI1 in breast cancers, which were
predicted to associate with tumormalignancy (132–134). Overall,
SOCE activation has been shown to promote breast cancer
progression, especially via enhancing the tumor metastasis.

SOCE in Osteoclasts
SOCE has also been shown to be a critical signal for calcium
oscillations during osteoclast differentiation. Knocking down
Stim1 in pre-osteoclasts dramatically reduces calcium oscillations
(80), the essential signals for osteoclast differentiation. Orai1
deficiency also shows reduction of SOCE, impairment of NFATc1
translocation and defect of pre-osteoclasts fusion as well as
osteoclastogenesis (81–83).

Combined with the observation of SOCE in modulation of
cancer metastasis and osteoclastogenesis, it will be reasonable to
speculate that SOCE activation would lead to bone metastasis.
Indeed, one study show that the SK3, a potassium channel,
associates with ORAI1 in lipid rafts and controls the constitutive
calcium entry and thus bone metastasis in breast cancers (84).
Another study found that SGK1 is essential for ORAI1 expression
and therefore modulates calcium entry and osteoclastogenesis,
which ultimately benefits bone metastasis (135). Therefore,
SOCE could be essential signals for bone metastasis and targeting
SOCEwould be a potential strategy to treat this disease. However,
since SOCE activation is widely required in non-excitable cells,
targeting SOCE itself would lead to severe side effects. The good
news is that multiple modulators have been identified to either
promote or restrict SOCE activation (136–144), which would
be potential targets for treating breast cancers without totally
blocking SOCE activation. Further studies are required to clarify
the exact roles and mechanism of these SOCE modulators in
breast cancers progression, especially the bone metastasis.

P2X Receptors
P2X receptors are ligand-gated ion channels that are principally
activated by ATP. So far seven members of this subfamily
have been identified, which are numbered P2X1 through P2X7.
Activation of P2X receptors by ATP would lead to trimerization
of these receptors for cations entry, such as sodium or calcium
ions. Both homo-trimers and hetero-trimers of these receptors
have been reported (145). Similar as VGCCs, P2X receptors
modulate calcium entry mostly in excitable cells, however, have
also been shown to participate in regulation of tumor progression
and osteoclastogenesis, especially the P2X7 receptor.

P2X7 in Breast Cancers
The P2X7 receptormodulates proliferation, apoptosis, migration,
invasion and metastasis in breast cancers. The P2X7 receptor
could be activated by ATP that is rich in the tumor
microenvironment, leading to the downregulation of E-cadherin

and upregulation ofMMP-13mediated by the PI3K-AKT cascade
in T47D breast cancer cells (85). This is one of the mechanisms
shown to promote breast cancer cell invasion by the P2X7
receptor. Activation of the P2X7 receptor also changes the
morphology of MDA-MB-435 cells, which prolongs the cell
shape facilitating cell migration. Interestingly, P2X7 mediated
cell migration but not cell extension is largely reduced in SK3
deficient cells. Nevertheless, P2X7 enhanced cell invasion could
also be mediated by the SK3 channel (86). A recent study further
suggested that P2X7 promotes cell migration and metastasis via
increasing the extracellular vesicles production in tamoxifen-
resistant breast cancers (87), further indicating the possibility to
target P2X7 as a strategy for alleviating drug resistance in breast
cancers. Except cell invasion, the P2X7 receptor also increases
cell proliferation and reduces cell apoptosis in breast cancer
cells. Knocking down P2X7 in MCF-7 cells almost blocks cell
viability and significantly increases apoptosis (88). One study
further found that P2X7 exists a distinct conformational form
that restricts the large pore opening in tumor cells, named as non-
pore functional P2X7 (nfP2X7). The nfP2X7 signal is essential
for breast cancer cell survival and proliferation but has limited
calcium entry therefore declines cell death (89). It is interesting
to observe that nfP2X7 in the breast cancer cells has similar
functions as P2X7 except calcium entry, which indicates that
modulation of the calcium microenvironment would directly
affects breast cancer cell viability as we proposed initially. It
would be more interesting to analyze whether cancer cells have
these type of non-functional P2Xs in cancer cells migrated to the
osteolytic tissues where amounts of calcium ions exist, sustaining
the benefits from calcium signaling for tumor growth but limiting
the excessive calcium entry that leads to cancer cell death.

P2X7 in Osteoclasts
In addition to breast cancer cells, the P2X7 receptor is also
well-studied in modulation of osteoclastogenesis. The P2X7
receptor links the extracellular stimulus and osteoclast activation,
which the mechanical and other stimuli leads to nucleotides
release, including ATP, and activates osteoclastogenesis via
ATP mediated activation of P2X7 and the downstream NF-κB
cascade (90). Interestingly, osteoclasts are normally fused and
differentiated in P2X7 knockout mice (91), indicating that P2X7
is maintained inactive in physiological conditions but largely
activated in pathological conditions. Indeed, it has been reported
that compared to WT mice, the P2X7 deficient mice exhibit
largely reduced bone mass and increased osteoclast numbers in
OVX-mediated osteoporosis model, but not in the SHAM control
(92). Another study further revealed that P2X7 drives pre-
osteoclast fusion in response to amount of ATP stimulation (93),
indicating that P2X7 might be a critical signal for pathological
osteoclast activation and bone remodeling as damaged bone
would release a large number of ATP and other nucleotides. In
humans, several SNPs of P2X7 have been identified to associate
with osteoporosis in postmenopausal woman (146, 147) as well
as the risk of fracture (147, 148). Pharmacological inhibition of
P2X7 significantly inhibits human osteoclasts formation (94),
suggesting the importance of P2X7 activation in modulation of
bone disease in human.
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Taken together, P2X7 plays important roles in osteoclast
activation specifically in pathological conditions, raising
the possibility that P2X7 would play essential roles in bone
metastasis. Actually Zhou et al. have shown adenosine
nucleotides promotes breast cancer growth and bone metastasis
in a high dosage (95). Interestingly, this study found that
ATP mediated activation of P2X7 inhibits MDA-MB-231 cells
migration, raising a possibility that P2X7 might be essential for
tumor cell residence in osteolytic niche after bone metastasis,
which requires further studies to investigate.

EXTRACELLULAR CALCIUM ENTRY IN
OSTEOBLASTS

Calcium homeostasis are also important signals in modulation
of osteoblast differentiation and functions. Till now, though
not as much as those reported in breast cancer cells and
osteoclasts, multiple calcium channels have also been reported
to modulate osteoblast proliferation, differentiation, migration
and mineralization, including TRPV1, TRPV4, TRPM7, TRPP2,
Cav1.2, ORAI1/SOCE, P2X1, and P2X7. He et al., reported
that TRPV1 deficient BMSCs exhibited impaired osteoblast
differentiation and mineralization in vitro. As a result, TRPV1
deficiency leads to delayed fracture healing in the pathological
mice model (46). TRPV4 has also been indicated in regulation
of osteoblast activity, which TRPV4 is highly induced in
differentiated osteoblasts and essential for calcium oscillations
in osteoblasts (149). Though the importance of TRPV4-induced
calcium oscillations in regulation of osteoblast activity have not
been well-clarified yet, considering calcium oscillations are one
of the important features in mature osteoblast and osteocytes in
response to mechanical force (150), it would be reasonable to
speculate that TRPV4 is essential for mature osteoblast activity,
which requires further efforts to elucidated. Similar as TRPV4,
TRPM7 is also upregulated during osteoblast differentiation.
TRPM7 deficiency has been reported to result in defects
in osteoblast proliferation, differentiation and mineralization,
however, such functions might be via not only calcium but
also magnesium entry (151, 152). TRPP2 is another TRP that
has been reported to be essential for osteoblast differentiation
and mineralization. The TRPP2 conditional knockout mice
exhibit significantly reduced bone mass both in trabecular and
cortical bone (153). These observations raise the importance
of TRPs in modulation of osteoblast activity as all of the
TRPs reported are require for osteoblast differentiation and
mineralization. In addition to TRPs, Cav1.2 (154), ORAI1 (155,
156), and P2X1 (157) have also been shown to promote osteoblast
differentiation and mineralization in vitro and in vivo, suggesting
extracellular calcium entry is require for the maintenance of
osteoblast activity.

While abnormal osteoblastogenesis is more frequently
observed in prostate cancers driven bone metastasis, the major
function of osteoblasts during bone metastasis in breast cancers
has been believed to enhance RANKL expression but reduce
OPG expression stimulated by tumor cells, and therefore
facilitate osteoclastogenesis and tumor cells metastasis (7).

Though extracellular calcium entry is required for osteoblast
differentiation and maturation, it would be more important
to explore whether calcium channels modulate RANKL/OPG
expression in osteoblasts. Interestingly, high dietary calcium
administration in mice leads to enhanced osteoblastic bone
formation and slightly but significantly reduces RANKL/OPG
ratio in bone extracts (158). Another study further finds that
TRPV1 activation promotes OPG expression but not affects
RANKL expression, which leads to a reduced RANKL/OPG ratio
(159), similar as the dietary calcium administration. Also, the
gain of function mutated Cav1.2 mice (Prx1-Cre driven) exhibit
increased serum OPG concentrations and the isolated BMSCs
show reduced RANKL/OPG expression. Importantly, the Cav1.2
mutated calvaria osteoblasts exhibit defects in promotion of
osteoclastogenesis in the co-culture system in vitro (154). Taken
together, it seems that extracellular calcium entry in osteoblasts
would suppress RANKL/OPG ratio, osteoclastogenesis and
therefore benefit bone formation. It would be reasonable
to assume that extracellular calcium entry would act as a
negative factor in the scenario of osteoblasts-mediated bone
metastatic niche formation in breast cancers. However, as the
reduced RANKL/OPG ratio reported is slightly modulated by
extracellular calcium, further studies are required to clarify
whether the extracellular calcium modulated RANKL/OPG ratio
produced in osteoblasts would be compensated by other major
signals like cytokines secreted from breast cancer cells during
bone metastasis, and therefore plays minor effects in the whole
vicious cycle.

CALCIUM CHANNELS AND BONE
METASTASIS IN THE SPECIFIC SUBTYPE
OF BREAST CANCERS

One of the largest issues in tumors is the heterogeneity
that tumors are a mixture of different type of cells with
different molecular makers (160). Thanks to the efforts made
by numerous researchers, several classifications have been
developed to categorize breast cancers (161, 162), including the
immunohistochemical subtype characterized by the expression
of estrogen receptors (ER), progesterone (PR) and epidermal
growth factor receptor 2 (HER2). According to the expression
of these three receptors, the breast cancers can be categorized
as Luminal A (ER+PR+HER2-), Luminal B (ER+PR+HER2+),
HER2+ (ER-PR-HER2+), and triple negative breast cancers
(TNBC, ER-PR-HER2-). These four subtypes of breast cancers
also exhibit different potency of bone metastasis (160). Overall,
the luminal and Her2+ subtype of breast cancers exhibit
high potency of bone metastasis compared to the basal-like
tumors, the major components (around 75%) in TNBC subtype.
Importantly, no luminal subtype has been observed in TNBC
subtype. In another word, ER/PR+ andHer2+ tumors show high
potency of bone metastasis compared to the TNBC subtype.

Interestingly, the expression of calcium channels is
dynamically regulated in these three subtypes and have
been well-summarized recently (163, 164). Particularly, TRPC1,
STIM1, and ORAI1 are downregulated in luminal and Her2+
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subtypes but upregulated in the TNBC subtype. Whereas, the
expression of Cav3.2 is upregulated in luminal and Her2+
subtypes but downregulated in the TNBC subtype. These
observations indicate that VGCCs might be essential signals
in modulation of calcium homeostasis and therefore bone
metastasis in luminal and Her2+ subtypes. In addition, one
cannot exclude the possibility that the low expression/activation
of TRPs and SOCE in luminal and Her2+ subtypes is the result
of a negative feedback, which the over-activation of TRPs and
SOCE strongly enhance calcium influx in breast cancers and
thus bone metastasis, however, too much calcium burden in turn
declines the expression of calcium channels (TRPs, STIM1, and
ORA1) to balance the intracellular calcium homeostasis, which
has been reported in other cation channels (165). In conclusion,
further studies are required to utilize in vivo mice model or
clinical samples but not breast cancer cell lines alone to elucidate
the importance of VGCCs/TRPs/SOCE in luminal and Her2+
subtypes in the context of bone metastasis.

All in all, all of the four calcium channels have shown
their potency in modulation of breast cancers progression,
including tumor cells viability and migration, osteoclasts
activation, and bone metastasis. Further studies are required
to elucidate that (1) how does these channels respond to
the calcium microenvironment and tumor progression during
bone metastasis? (2) Do these channels synergistically or
independently modulate bone metastasis? (3) Do these channels
modulate bone metastasis in a time- and space- dependent
manner? (4) Do these channels dynamically modulated in
specific subtypes of breast cancers and related bone metastasis?
It is worth noting that since tumor cells and osteoclasts are
non-excitable cells, SOCE would be an extremely important
modulator for bone metastasis as SOCE mainly regulates
calcium homeostasis in non-excitable cells. Moreover, SOCE
normally modulates biological functions synergistically with
cascades declining or depleting the ER calcium storage,
therefore modulation of SOCE activity would not heavily hurt
physiological activities of cytosolic calcium signals in a short
range, leading to limited side effects in treating bone metastasis.

TREATING BONE METASTASIS BY
CONSIDERING SYSTEMIC CALCIUM
HOMEOSTASIS

The calcium channels have already been shown to be critical
modulators for breast cancers progression and osteoclasts
activation. Multiple reports have shown the potency of agonists
or antagonists targeting calcium transporters in treating cancers
both in mice models and in pre-clinical studies (15, 166). Also,
studies summarized above mentioned that several agonists or
antagonists targeting these channels would affect breast cancers
progression in vitro and in vivo, raising the possibility that
these compounds could be potential drugs for treating breast
cancers and even bone metastasis. Here we will not overview
again these agonists or antagonists, but focus more on the
known drugs treating bone metastasis in sight of modulation

of systemic calcium homeostasis, including bisphosphonates,
and denosumab.

Bisphosphonates are a family of drugs that suppress
osteoclasts-mediated bone resorption and alleviate abnormal
bone loss in multiple diseases (167). Now it has been well-
recognized that bisphosphonates inhibit bone resorption mainly
via four routes, including preventing the recruitment, inhibiting
the adhesion, shortening the lifespan and reducing the activity
of osteoclasts (168). Bisphosphonates were discovered for mainly
treating osteoporosis but have also been shown to be effective
in osteoclasts-related disease, including bone metastasis in
breast cancers. Bisphosphonates exhibit dual functions in bone
metastasis. On the one hand, it alleviates bone loss and relevant
bone pain therefore suppresses serum calcium concentrations.
On the other hand, bisphosphonates have been reported to
induce apoptosis and suppress invasion in tumor cells therefore
ameliorate tumor growth (169). Importantly, treatment of
bisphosphonates in patients not only alleviates bone loss but
also results in hypocalcemia, a status due to reduced calcium
loss from bones (167). So far the reduction of serum calcium
concentrations due to bisphosphonates treatment have been
well-recognized. The secondary effects of this reduction that
the decline of extracellular calcium microenvironment would
counteract on the activity of tumor cells and osteoclasts require
further studies to elucidate. This is important as hypocalcemia
is a short-lasting event and serum calcium concentrations
would be recovered due to a negative feedback that parathyroid
hormone is increased for upregulation of calcium absorption
(170). Considering the serum calcium concentration would play
crucial roles in bone metastasis via the calcium channels, the
duration for administration of calcium or Vitamin D to treat
hypocalcemia due to bisphosphonates treatment might need to
be reconsidered in patients suffering bone metastasis.

Denosumab is another drug treating bone loss by targeting
osteoclasts-mediated bone resorption. Denosumab is an
antibody targeting human but not rodent RANKL, the well-
known essential ligands for osteoclastogenesis, and therefore is
utilized to treat multiple osteoclasts-related disease, including
bone metastasis (171, 172). Indeed, the scope of application of
denosumab in clinic trial includes osteoporosis and multiple
types of cancers developing bone metastasis. Similar as
bisphosphonates, administration of denosumab efficiently
alleviates bone loss and reduces bone metastasis. In a pre-
specified interim analysis of giant cell tumors, 99% patients have
been shown to respond to exhibit no disease progression after
12-months treatment (173), suggesting the high efficiency of
denosumab in treating osteoclasts-related tumor progression.
Interestingly, administration of denosumab also leads to
hypocalcemia, but with a pretty low incidence in osteoporosis
while a relatively high percentage in cancers (172). This might
be due to the extremely high activation of osteoclasts and
hypercalcemia in cancer patients. Further studies are required
to clarify if tumors are more coordinated to hypercalcemia
that leads to its malignancy including bone metastasis, and
treatment of denosumab could nicely and specifically block the
vicious cycle raised by the abnormal calcium homeostasis in
bone metastasis.
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Other inhibitors targeting bone resorption or RANKL-RANK
signaling have also been reported to be effective in treating
tumor progression and bonemetastasis, including OPG-Fc (172),
RANK-Fc (172), calcitonin (174), etc. Based on the observation
of bisphosphonates and denosumab in treating bone metastasis,
it will be reasonable to speculate that all of the other inhibitors
modulation of hypercalcemia in cancer patients would likely lead
to hypocalcemia. Therefore, it would be interesting to clarify
if these inhibitors also alleviate tumor progression by affecting
the calcium microenvironment during bone metastasis, which
might provide efficient strategies of combinational therapies to
synergistically treat cancers.

CONCLUSION AND PERSPECTIVE

Hypercalcemia has been recognized as the results of bone
resorption during tumor progression. Raising of serum calcium
concentrations in patients suffering hypercalcemia would lead to
multiple disorders, which severely affects human health and even
leads to mortality (19, 175). The importance of hypercalcemia
in direct modulation of tumor progression has not been well-
evaluated yet. Considering that the extracellular calcium and the
related calcium channels have multiple functions in regulation of
tumor progression and osteoclastogenesis, it would be reasonable
to hypothesize that hypercalcemia in cancer patients further
aggravates the tumor progression via the abnormal calcium
homeostasis forming a vicious cycle among tumor cells and
osteoclasts during bone metastasis, which could be one of the
reasons to explain the high malignancy of tumor progression
in patients suffering hypercalcemia. TRPs, VGCCs, SOCE and
P2Xs are four major channels for calcium entry and play
important roles in tumor cells proliferation, survival, migration
and metastasis. Also, these four channels modulate osteoclast

differentiation and activation in certain scenarios. Though
different functions of these four channels have been observed in
modulation of the activity in cancer cells and osteoclasts, most
of them show their capacity in promoting tumor progression
and osteoclast activation. Therefore, further efforts are required
to elucidate the exact functions and mechanism of these four
channels in bonemetastasis, especially SOCE due to its specificity
for calcium entry and its omnipresence in non-excitable cells.
Understanding the vicious cycle of calcium homeostasis in bone
metastasis mediated by these calcium channels would further
provide potential combinational strategies together with the
known chemotherapeutic treatments to treat cancers, including
targeting the functional calcium channels or modulating the
serum calcium concentrations.
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The establishment of bone metastasis remains one of the most frequent complications

of patients suffering from advanced breast cancer. Patients with bone metastases

experience high morbidity and mortality caused by excessive, tumor-induced

and osteoclast-mediated bone resorption. Anti-resorptive treatments, such as

bisphosphonates, are available to ease skeletal related events including pain, increased

fracture risk, and hypercalcemia. However, the disease remains incurable and 5-year

survival rates for these patients are below 25%. Within the bone, disseminated breast

cancer cells localize in “metastatic niches,” special microenvironments that are thought

to regulate cancer cell colonization and dormancy as well as tumor progression and

subsequent development into overt metastases. Precise location and composition of this

“metastatic niche” remain poorly defined. However, it is thought to include an “endosteal

niche” that is composed of key bone cells that are derived from both, hematopoietic stem

cells (osteoclasts), and mesenchymal stromal cells (osteoblasts, fibroblasts, adipocytes).

Our knowledge of how osteoclasts drive the late stage of the disease is well-established.

In contrast, much less is known about the interaction between osteogenic cells and

disseminated tumor cells prior to the initiation of the osteolytic phase. Recent studies

suggest that mesenchymal-derived cells, including osteoblasts and fibroblasts, play

a key role during the early stages of breast cancer bone metastasis such as tumor

cell homing, bone marrow colonization, and tumor cell dormancy. Hence, elucidating

the interactions between breast cancer cells and mesenchymal-derived cells that drive

metastasis progression could provide novel therapeutic approaches and targets to

treat breast cancer bone metastasis. In this review we discuss evidences reporting

the interaction between tumor cells and endosteal niche cells during the early stages

of breast cancer bone metastasis, with a particular focus on mesenchymal-derived

osteoblasts and fibroblasts.

Keywords: breast cancer, bone metastases, endosteal niche, microenvironment, osteoblast, fibroblast

INTRODUCTION

Metastasis is a complex, multi-step process during which cancer cells escape from the primary
tumor, circulate, disseminate to the distant organs, and eventually colonize and grow in the
metastatic site (1). One of the essential steps in metastases development is the ability of cancer
cells to adapt to the new environment which is very different from the environment in the tissue of
origin. The interaction between cancer cells and the metastatic environment was already proposed
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in 1889 by Sir Stephen Paget who suggested that metastatic
colonization of a distant organ is not a random process and that
cancer cells can only grow in a supportive microenvironment (2).
This so called “Seed and Soil” theory in which the cancer cells
are the seeds and the bone is the soil can be considered as the
first evidence of the “niche” concept. Nevertheless, more than a
century later we are still in process of understanding the complex
interaction between the cancer cells and the local and metastatic
microenvironments or “niches.”

Bone metastases involve complex interactions between the
cancer cells and the cells of the bone microenvironment,
including endothelial cells, hematopoietic stem cells (HSCs),
mesenchymal stromal cells (MSCs), and bone cells (bone forming
osteoblasts and bone resorbing osteoclasts) (3). The role of
osteoclasts in driving the progression of breast cancer bone
metastases is well-established (4). During the so called “vicious
cycle of bone metastases” osteoclasts are activated directly or
indirectly by the tumor cells (5). Increased osteoclast function
results in pathological bone resorption during which several
growth factors, including transforming growth factor β (TGF-
β) are released from the bone matrix. These factors support
tumor growth and further osteoclast activation (6). In contrast,
the contribution of osteoblasts to disease establishment has been
underappreciated and poorly investigated. However, recently
research has moved away from the concept that osteoclasts
alone drive the progression of breast cancer bone metastasis
and osteoblasts are more and more investigated as novel cellular
targets (7, 8). In order to develop novel, more successful
therapies to prevent or treat cancer-induced bone disease, a better
understanding of the interaction of tumor cells and cells of the
bone microenvironment is required, in particular the tumor—
bone cell communications prior to the formation of osteolytic
lesions. In the following chapters we will discuss the role of
bone marrow niches, in particular the endosteal niche, in the
development and progression of bone metastasis as well as the
function of osteoblasts and fibroblasts in this process.

BONE MARROW NICHES

Physiological Niche
In bone, the physiological niche is composed of several
local environments including the endosteal niche and the
vascular niche (9). The endosteal niche lines the trabecular and
endocortical bone surface and consists of osteoblasts that form
new bone and osteoclasts that resorb the bone. Osteoblasts
are derived from MSCs in a process tightly controlled by
various transcription factors and signaling pathways. The key
transcription factors Runx2 and osterix (Osx) promote MSC
commitment to osteoprogenitors and further differentiation to
mature osteoblasts (10). Mature osteoblasts secrete bone matrix
proteins including collagen I (Col1), alkaline phosphatase (ALP)
and osteocalcin, and contribute to bone formation. Mature
osteoblasts can be embedded in the bone matrix as osteocytes
that function as mechanosensory cells and contribute to bone
remodeling (11). Alternatively, osteoblasts can adapt a quiescent
state on the bone surface as bone lining cells or undergo
apoptosis. Osteoblast differentiation is promoted by various

paracrine factors including parathyroid hormone (PTH) and
wingless (Wnt) proteins that activate the respective signaling
pathways (11, 12). Besides osteoblasts, MSCs can give rise
to other mesenchymal cell populations including adipocytes,
chondrocytes and myocytes. Adipocytes are a frequent cell type
in the bone marrow and an inverse relationship has been shown
to occur between osteogenesis and adipogenesis of MSCs (13).

Bone-resorbing osteoclasts are multinucleated cells of
hematopoietic origin. Osteoclast differentiation is supported by
various cytokines including the macrophage colony-stimulating
factor (MCS-F) and the receptor activator of nuclear factor
kappa-B ligand (RANKL) that are produced by osteoblasts (14).
In turn, osteoclasts secrete factors such as Wnt 10b, sphingosine-
1-phosphate and bone morphogenic protein 6 (BMP-6) to
regulate osteoblast differentiation and function. Additionally,
bone matrix-derived factors including but not limited to TGF-ß,
insulin like growth factors (IGFs) and bone morphogenic
proteins (BMPs) are released during osteoclast-mediated bone
resorption and can modify osteoblast progenitors. Detailed
coupling mechanisms between osteoblasts and osteoclasts are
reviewed in (15). Through these coordinated actions bone
formation and resorption are often coupled under physiological
conditions. In addition to its role in bone remodeling, the
endosteal niche has been proposed to maintain hematopoietic
stem cells (HSCs) in a quiescent state.

The vascular niche consists of endothelial cells, closely
located pericytes and smooth muscle cells. The vascular
niche is important for stem and progenitor cell function.
Through secretion of angiocrine growth factors, the vascular
niche recruits endothelial progenitors, MSCs and HSCs (16,
17). In contrast to the endosteal niche that supports HSC
quiescence, the vascular niche has been shown to promote
HSC mobilization, proliferation and differentiation and thus the
activation of HSCs (17). Although the endosteal and vascular
niches can be considered as independent microenvironments
their interaction is crucial for various physiological functions
including HSC maintenance and coupling of angiogenesis and
osteogenesis (17, 18).

Pre-metastatic Niche
In cancer, the physiological functions of the niches are hijacked
by metastatic cancer cells. Cancer cells alter the niche to
support their own functions from tumor cell dissemination to
dormancy, relapse, and growth. Importantly, the first changes
in the expression of the components of the extracellular matrix
(ECM) and mobilization of bone marrow progenitor cells occur
already before the cancer cells arrive in the metastatic site such as
the bone marrow or the lung (19). Preparation of this so-called
“pre-metastatic niche” creates a conductive microenvironment
for the cancer cells that eventually disseminate to distant organs.

Formation of the pre-metastatic niche requires remodeling
of the ECM and deposition of aberrant ECM. Important ECM
proteins include fibronectin, tenascin and periostin that form
fibrillar networks and regulate cancer cell adhesion and growth
(19, 20). Among other factors, breast cancer cells in the primary
tumor secrete lysyl oxidase (LOX) that regulates fibronectin
activity andmatrix remodeling (21). LOX also alters the endosteal
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niche by activating the osteoclasts, thus preparing a permissive
environment for circulating tumor cells to colonize the bone
(22). Interestingly, high LOX expression in the primary tumor
is associated with bone metastases without affecting the primary
tumor growth. Recently, tumor exosomes have been shown
to prepare the pre-metastatic niche and direct organotrophic
metastasis through the expression of diverse integrins (23).

Metastatic Niche
Within bone, the proposed metastatic niche is composed
of several individual and distinct cellular entities comprising
a hematopoietic, endosteal, and vascular niche (Figure 1).
Emerging evidence also implicates a role for the bone marrow
adipocyte niche in bone metastasis (24, 25). These niches
are thought to determine the fate of disseminated tumor
cells (DTCs), namely whether they will actively proliferate,
stay quiescent/dormant or die. Breast cancer dissemination
to the bone has been shown to occur E-selectin-mediated
interactions in the sinusoidal regions (vascular niche) (26). The

sinusoidal vasculature also regulates HSC transit through the
same mechanism and once in the bone, cancer cells have been
proposed to compete with HSCs for their niche.

Both the vascular and the endosteal niche have been shown
to maintain breast cancer cell dormancy though different cues
(27, 28). The vascular niche has been proposed to function as
a “pro-dormancy” niche maintaining the cancer cells quiescent.
The niche-derived molecules regulating cancer cell dormancy
include a chemokine stromal cell-derived factor 1 [SDF-1,
also known as C-X-C motif chemokine ligand 12 (CXCL12)]
that binds to its receptor C-X-C chemokine receptor type
4 (CXCR4) on cancer cells and anchors the cancer cells in
the niche (26). In addition, thrombospondin expressed by
endothelial cells in a stable microvasculature has been shown
to induce breast cancer cell quiescence (27). While a stable
vasculature promotes dormancy, active sprouting neovasculature
has been proposed to release cancer cells from the dormant
state and support micrometastases growth via TGF-β and
periostin (27).

FIGURE 1 | The bone metastatic niche. Once homed to bone, tumor cells are exposed to a heterogeneous microenvironment that is comprised of various individual

cellular entities. The complex interplay between osteoblasts and osteoclasts during bone remodeling in addition to the presence of various other bone marrow-derived

populations makes the bone microenvironment a favorable and supportive environment (metastatic niche) for disseminated cancer cells. Within bone, the metastatic

niche is thought to be comprised of a hematopoietic stem cell niche (HSCs), endosteal (osteoclasts (OC), osteoblasts (OB), osteocytes (OCY), fibroblasts), and

vascular niche (endothelial cells, pericytes). Several findings also implicate a role of the bone marrow adipocyte niche in bone metastasis. The interaction and overlap

between the niches remain to be determined and resulted in the generalized term of the “metastatic niche” that is thought to regulate homing, survival and dormancy

of tumor cells.
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In addition to the vascular niche and the endothelial niche,
the adipocytes have been proposed as important players of the
metastatic niche. Bone marrow adipocity increases during aging
and thus, the potential role of the adipogenic niche becomes
increasingly important in the elderly suffering from breast
cancer. Indeed, in a model of human bone tissue, breast cancer
cells were shown to migrate into the bone marrow adipose tissue
and establish direct cellular interactions with the adipocytes (24).
The recruitment was shown to be mediated by adipose-derived
leptin and interleukin (IL)-1β, highlighting the role of cytokines
and adipokines in breast cancer bone colonization.

OSTEOBLASTS IN TUMOR CELL HOMING,
DISSEMINATION, AND DORMANCY

Osteoblasts are also suggested as potential mediators of breast
cancer cell homing to bone (Figure 2). This arises from the
observations that disseminated breast cancer cells are frequently
found in bone areas that are rich in osteoblasts (29). This
phenomenon could in part be mediated by the fact that
osteoblasts express SDF-1 and RANKL, two cytokines that favor
breast cancer cell dissemination and ultimately tumor growth
through binding to their cognate receptors (CXCR4 and receptor
activator of nuclear factor kappa-B (RANK), respectively) on the
cancer cells (26, 30). Hypoxia-inducible factor (HIF)-signaling in
osteoprogenitor cells for example has been shown to not only
promote metastasis in the bones, but to also stimulate breast
cancer cell dissemination to organs beyond the skeleton, such as
for example the lung, partially through the production of SDF-
1 (31). The hypothesis that tumor cells use the SDF-1/CXCR4
axis to hone to the osteoblastic niche in bone is supported by the
finding that both, newly and established metastases are anchored
in the bone marrow by SDF-1/CXCR4 interactions (26). Already
in 2006, Phadke and colleagues reported that the majority of
disseminated MDA-MB-435 breast cancer cells located in the
primary spongiosa of the metaphysis of the distal femur, where
metastatic growth ultimately proceeded (32). Furthermore, in
an intracardiac model using BALB/c nude mice MDA-MB-231
breast cancer cells preferentially localized in the metaphysis,
and especially close to trabecular bone surfaces that are rich
in osteoblasts (29). Consistently, early metastases of a breast
cancer cell line obtained from MMTV-PyMT mice were found
adjacent to trabecular bone areas below the growth plate cartilage
that was enriched in osteoprogenitor cells (OPNhigh, SDF-1high)
(31). The metaphysis might provide a rich reservoir of growth
factors, especially through the dense, interconnected vascular
system (33). Although there might be a differential expression of
adhesion molecules and growth factors in this area, studies have
also shown that Runx2, Col1α, and Osx-positive osteoblasts are
abundantly located around CD31-positive bone marrow vessels
in the metaphysis (33).

Once in the bone, tumor cells can remain dormant for decades
until the development of metastatic disease. Importantly, it still
remains unknown what triggers the initiation from dormant
DTCs or micrometastases into actively proliferating metastases.
It has been suggested that osteoblasts, upon the presence of
breast cancer cells, might produce soluble factors that act as

chemoattractants, maintenance and/or growth factors for both,
breast cancer cells and/or osteoclasts. Consequently, this would
result in the activation of the vicious cycle of bone metastasis and
osteolytic disease (34). Studies by Kinder and colleagues report
that metastatic MDA-MB-231 breast cancer cells increase the
production of inflammatory cytokines such as IL-6, monocyte
chemoattractant protein-1 (MCP-1), and IL-8 in both, human
hFOB 1.19, andmurineM3T3-E1 osteoblasts (35). Similar results
are documented by Bussard and colleagues showing an increased
presence of osteoblast-derived cytokines including IL-6, IL-
8, MCP-1, macrophage-inflammatory protein 2 (MIP-2), and
vascular endothelial growth factor (VEGF) in the presence of
MDA-MB-231 breast cancer cells in ex vivo cultures of tumor
bearing bones from athymic mice, or even in the presence
of conditioned medium in vitro (34). MCP-1 for example is
known to be involved in osteoclastogenesis as well as in the
attraction and infiltration of monocytes and macrophages during
inflammation (36). In addition, MCP-1 has been shown not only
to be expressed and secreted by breast cancer cells, but also to
increase breast cancer cell invasiveness in vitro (37).

Studies by Wang and colleagues propose that the
microenvironment of microscopic bone metastases in breast
cancer is primarily composed of osteoblastic cells (7). The
authors characterized the cellular composition of the bone niche
in the presence of triple negative (Estrogen receptor (ER-),
progesterone receptor (PR-) and HER/Neu -negative, MDA-
MB-231) or estrogen-receptor positive (ER+, MCF-7) breast
cancer metastases in vivo. They observed an increase of tartrate-
resistant acid phosphatase (TRAP) -positive osteoclasts during
the transition from indolent, non-proliferative micrometastases
to the osteolytic cycle. In contrast, during the pre-osteolytic stage
under 20% of niche cells surrounding the microscopic breast
cancer bone metastases could be accounted to the osteoclastic
lineage. Furthermore, the cathepsin K-positive osteoclasts were
not in direct contact with the cancer cells. However, around
80% of the cells adjacent to the breast cancer micrometastases
abundantly expressed ALP and around 50% of the cells were
positive for Col1, both markers for cells of the osteoblastic
lineage (7). Furthermore, compared to tumor-free bones there
was an enrichment of ALP and ColI -positive cells in bones
containing micrometastases, suggesting that osteoblasts facilitate
breast cancer cell colonization in the bone environment.
Importantly niche cells showed active features of osteogenesis
including the expression of Runx2 and Osx, regulators of
osteoblast differentiation, as well as active Wnt signaling. Breast
cancer cell—osteoblast interaction was mediated via heterotypic
adherens junctions using E-, and N-cadherins. Consequently,
this interaction resulted in an enhanced mTOR activity in cancer
cells and was associated with the transition from DTCs into overt
metastases (7), suggesting a potential route of how osteoblasts
could regulate breast cancer cell dormancy in the bone.

While Wang and colleagues propose that osteoblasts would
rather initiate metastatic tumor growth in bone and/or facilitate
escape from dormancy, recently published studies by Kolb and
colleagues identified a subtype of osteoblasts—termed tumor
educated osteoblasts (EOs)—that have a functional role in
suppressing breast cancer growth (8). Upon contact with tumor
cells a subpopulation of osteoblasts was educated by the cancer
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FIGURE 2 | The role of osteoblasts and cancer associated fibroblasts during the establishment and progression of breast cancer bone metastasis. Cells of

mesenchymal origin including osteoblasts and cancer associated fibroblasts (CAFs) are increasingly recognized to contribute to the establishment and progression of

breast cancer bone metastasis. Osteoblasts express cytokines including C-X-C motif chemokine ligand 12 (CXCL12, also referred to as stromal derived factor 1,

SDF-1) and receptor activator of NF-κB ligand (RANKL) that promote breast cancer cell dissemination and metastatic growth through interaction with their

corresponding receptors (CXCR4 and RANK, respectively) that are expressed by the cancer cells. Breast cancer micrometastases have also been shown to be

surrounded by osteoblastic cells. The interaction between breast cancer cells and osteoblasts could partially be mediated via heterotypic adherens junctions using E-,

and N-cadherins resulting in an enhanced mTOR activity in cancer cells and consequently in the transition from dormant tumor cells into overt metastases.

Osteoblasts also express high levels of extracellular matrix remodeling proteins (MMPs) in addition to reduced presence of inflammatory cytokines such as interleukins

(ILs) upon cancer cell stimulation. Thereby osteoblasts could regulate breast cancer cell dormancy in the bone microenvironment. In contrast, metastatic breast

cancer cells increase the production of inflammatory cytokines such as IL-6 and IL-8, monocyte chemoattractant protein−1 (MCP-1), macrophage—inflammatory

protein 2 (MIP-2) and vascular endothelial growth factor (VEGF) in osteoblasts, thereby promoting breast cancer cell invasiveness and metastasis progression.

Although usually quiescent in normal tissue, fibroblasts acquire an activated phenotype during processes such as wound healing or inflammation. Activated fibroblasts

in the tumor stroma are called cancer associated fibroblasts (CAFs). They produce growth factors that contribute to disease progression including hepatocyte growth

factor (HGF), transforming growth factor beta (TGF-β), stromal derived factor 1 (SDF-1 or CXCL12), VEGF, IL-6, and other ILs in addition to MMPs. All of these factors

promote primary tumor growth and it can be hypothesized that CAFs could similarly mediate the growth of breast cancer bone metastases. CAFs are known to

induce extracellular matrix remodeling and alter the stiffness of tissues thereby facilitating tumor cell invasion, dissemination and/or metastasis. CAF-induced matrix

remodeling and CAF invasion have been shown to be supported by hypoxia inducible factor−1 alpha (HIF1α). In turn, an increased expression of HIF1α might

stimulate the tumor growth promoting function of CAFs.

cells into an osteopontinhigh and αSMAlow phenotype in vivo.
To further characterize the EOs, MC3T3-E1 cells were incubated
in vitro with conditioned medium from MDA-MB-231 or
MCF-7 breast cancer cells. Upon cancer cell stimulation EOs
demonstrated lower abundance of the inflammatory cytokine IL-
6 and increased expression of ECM remodeling proteins such
as matrix metalloprotease 3 (MMP3) and Col1. Furthermore,
conditioned medium from EOs retarded the proliferation of
both, the metastatic MDA-MB-231 and the estrogen receptor
positive MCF-7 breast cancer cell line in vitro as a reduced

number of breast cancer cells entered the S-phase of the cell cycle.
These studies suggest that distinct subpopulations of osteoblasts
could contribute differently to tumor cell dormancy (8).

THE ROLE OF OSTEOBLASTS DURING
BONE METASTASES PROGRESSION

Little focus has been put on investigating the interaction between
osteoblasts and breast cancer cells during bone metastases
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progression, mainly due to the fact that osteoblast numbers
decrease during the advancement of osteolytic disease. By
analyzing the distribution of metastatic MDA-MB-435 breast
cancer cells in female athymic mice over a time period of
1 h to 6 weeks, Phadke and colleagues observed that breast
cancer micrometastases (<10 cells) resided in great proximity to
osteoblastic cells, whereas the number of osteoblasts decreased
as tumor burden increased (32). Also studies by Brown and
colleagues report that the presence of tumor cells modifies the
osteoblast-osteoclast ratio in the bone microenvironment, and
that these changes largely depend on whether there is direct
contact between bone and tumor cells (38). In these studies,
the effect of tumor cells on osteoblasts was most profound
prior to the initiation of osteolytic disease. Compared to naïve
mice, osteoblast number per mm trabecular bone surfaces was
significantly increased in tumor bearing mice prior to the
onset of metastatic bone disease, followed by a decrease in the
osteoblast/osteoclast ratio once osteolytic lesions were apparent.
Interestingly though, a more detailed analysis of osteoblasts
adjacent and distant to the tumor cells revealed that the
number of osteoblasts distant from the tumor cells was increased
compared to those in direct contact with the tumor (38).

These data suggest a key role of osteoblasts during the early
stages of breast cancer bone metastasis. Several in vitro studies
support this hypothesis. For instance, osteoblast conditioned
medium can act as a chemoattractant for breast cancer cells. A
12% increase in cell migration was observed when MDA-MB-
231 breast cancer cells were allowed to migrate toward medium
conditioned by osteoblasts compared to control medium using
the transwell migration assay (34). Using the wound healing
assay, pre-osteoblasts (ALPlow, OPNlow, Runx2high, Osxhigh,
CD166high) but not mature osteoblasts were shown to enhance
the migration of MDA-MB-231 breast cancer cells (39). By using
a vybrant cell adhesion kit the authors were also able to show that
adhesion of MDA-MB-231 breast cancer cells to pre-osteoblastic
cells was strongly increased when compared to undifferentiated
cells or mature osteoblasts, suggesting that osteoblasts regulate
early stages involved in metastatic breast cancer growth (39).
Vice versa, data also suggest that breast cancer cells can stimulate
the migration of mesenchymal cells, progenitors of osteoblasts
(40). In contrast, a specific sub-type of osteoblasts [OPNhigh and
alpha-smooth muscle actin (αSMAlow)] has been shown to retard
breast cancer cell proliferation (8). In summary, these findings
highlight that there is indeed an interaction between osteoblasts
and breast cancer cells during the early stages of breast cancer
bone metastases and that these communications could determine
whether tumor cells undergo dormancy or whether they develop
into overt metastases.

OSTEOBLASTS AS NOVEL TARGET TO
TREAT BONE METASTASES—BONE
ANABOLIC TREATMENT

Advancements have been made in limiting progression
of breast cancer bone metastasis and novel therapeutic
agents are emerging (41). However, once osteolytic lesions

have been developed, the disease remains incurable and
treatment is restricted to palliative care. This often includes the
administration of the anti-resorptive bisphosphonate Zoledronic
acid, or of the RANKL inhibitor Denosumab to reduce the
cancer-induced bone destruction (42–44) (Figure 3). Further
experimental approaches to target osteoclasts in metastatic
bone disease include Cathepsin-K and c-Src inhibitors (45, 46).
However, these agents are not able to restore the cancer-
induced bone destruction. Therefore, augmenting osteoblast
function has been proposed as a potential approach to restore
bone integrity in the context of metastasis-induced osteolytic
lesions (47).

Osteoporosis is a debilitating disease that leads to loss of bone
mass and ultimately results in fragility fractures (48), similarly
as in cancer-induced bone disease. To date, three bone anabolic
drugs are available in the clinic for the treatment of severe
osteoporosis. Two of the drugs are based on the activation
of the PTH receptor by an intermittent administration of a
recombinant fragment of PTH (Teriparatide; Forteo/Forsteo) or
Parathyroid hormone related protein (PTHrP; Abaloparatide)
(49). Recently, the effect of PTH on breast cancer bone metastasis
was investigated in two studies. A short term (5 days, daily)
administration of PTH prior to intracardial injection of MDA-
MB-231 breast cancer cells was shown to have no effect on
tumor cell homing or growth in the hind limbs of mice (50).
However, tumor burden was increased in other skeletal sites
suggesting that PTH-mediated alteration of the endosteal niche
renders different skeletal sites to cancer cell colonization (50).
In contrast, an anabolic (4 weeks, daily) treatment of mice
with PTH was demonstrated to prevent skeletal metastases
and preserve bone architecture in orthotopic and intratibial
breast cancer models (51). Despite different experimental design,
which is likely to explain the different results, both studies
demonstrate that alteration of the bone microenvironment
and osteoblast function by PTH affect breast cancer bone
colonization. However, the use of Teriparatide is not approved
for use in patients with a history of primary or metastatic bone
cancer (52).

The third bone anabolic agent is an antibody against the
Wnt signaling inhibitor Sclerostin (Scl-Ab; Romosozumab) that
increases bone formation and bone mass by activating the Wnt
pathway in osteoblasts (49, 53). In clinical trials, sclerostin
antibody treatment of women with postmenopausal osteoporosis
increased bone formation, while bone resorption was decreased,
leading to an increase in bone mineral density and a reduction
of the fracture rate at several sites, including the hip and
spine (54). Similarly, the bone anabolic and anti-resorptive
effect of Scl-Ab was recently demonstrated in a pre-clinical
mouse model of bone metastases (55). Importantly, Scl-Ab
treatment not only reduced metastatic breast cancer burden in
vivo but also protected from cancer-induced bone and muscle
loss and increased survival of cancer-bearing animals (55).
In addition, further agents targeting osteoblast differentiation
and function have been investigated for the treatment of
bone metastasis in various cancers, with potential benefits also
for breast cancer-induced bone disease (41). These include
for example inhibitors of Dickkopf 1 (Dkk-1) and Activin-A
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FIGURE 3 | Targeting the osteogenic niche to treat breast cancer bone metastasis. Breast cancer bone metastases remain incurable once osteolytic lesions have

developed. Palliative treatment often includes the administration of osteoclast-targeted, anti-resorptive agents including bisphosphonates (e.g., Zoledronic acid) or the

anti-RANKL antibody Denosumab to prevent the cancer-induced bone resorption. These two agents are the only approved treatments for cancer induced bone

disease (indicated by green box). Additionally, c-Src (Dasatinib) and Cathepsin-K (Odanacatib) inhibitors are under investigation for the treatment of breast cancer

bone metastasis. As these anti-resorptive agents are not able to restore the cancer-induced bone loss, augmenting osteoblast function by anabolic treatments has

been proposed as a potential therapeutic approach and several agents are investigated experimentally and/or in clinical trials. Bone anabolic treatments including the

administration of a recombinant fragment of PTH (Teriparatide; Forteo/Forsteo) or Parathyroid hormone related protein (PTHrP; Abaloparatide) are approved for the

treatment of osteoporosis. However, these drugs cannot be prescribed for patients with bone metastases. Another bone anabolic agent Romosozumab, an antibody

against the Wnt signaling inhibitor Sclerostin, increases bone formation and bone mass by activating the Wnt pathway in osteoblasts. Similarly, Dkk-1 inhibitors (e.g.,

BHQ880) allow active Wnt signaling in osteoblasts thereby increasing osteoblast activity. Inhibition of Activin-A signaling has been shown to prevent cancer-induced

bone destruction. Additionally, Activin-A inhibitors (e.g., Sotatercept) have been shown to stimulate osteoblastogenesis while decreasing osteoclast activity to promote

bone formation. Hence, they could potentially be a novel approach for the treatment of cancer induced bone disease.

(Figure 3). Similar to sclerostin, Dkk1 antagonizesWnt signaling
in osteoblasts. Consequently, inhibition of Dkk1 resulted in
increased bone formation and reduced osteolysis in a mouse
model of multiple myeloma, highlighting the potential benefit
as an osteoanabolic agent (41, 56). Inhibition of Activin-A
signaling with a soluble activin receptor type IIA fusion protein
(ActRIIA.muFc) has been shown to stimulate osteoblastogenesis,
promote bone formation and to inhibit bone metastasis and
prevent bone destruction in a murine model of breast cancer
bone metastasis (57). Although more investigation is needed,
these studies suggest that targeting the endosteal niche by bone
anabolic treatments could be a future approach to treat osteolytic
bone metastases.

CANCER ASSOCIATED FIBROBLASTS IN
BREAST CANCER (BONE) METASTASIS

As discussed in the previous sections, osteoblasts that originate
from MSCs are increasingly recognized as therapeutic targets for
breast cancer bone metastasis (8, 29). Another mesenchymal-
derived, endosteal niche cell type with a potential to regulate
the establishment and progression of bone metastasis includes
fibroblasts. Although usually quiescent in normal tissue,
fibroblasts acquire an activated phenotype during processes such
as wound healing, tissue inflammation or fibrosis. Given the
physiological role of fibroblasts, their involvement in tumor
growth is apparent as cancers are considered as “wounds that
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do not heal” (58). Cancer-associated fibroblasts (CAFs), activated
fibroblasts that are associated with cancer, are one of the most
abundant stromal cell types in breast cancer and are associated
with poor prognosis (59) (Figure 2).

The contribution of CAFs in cancer progression has been
extensively reviewed elsewhere (60, 61). Briefly CAFs produce
growth factors that contribute to disease establishment (e.g.,
hepatocyte growth factor (HGF), TGF-β, SDF-1, VEGF, IL-
6) in addition to MMPs. All of these factors are well-known
to affect several hallmarks of cancer (60, 61). Whereas, the
contribution of CAFs to primary tumor growth is intensely
investigated and defined, the origin and role of CAFs in
the metastatic environment, especially in breast cancer bone
metastasis, remain poorly defined (62). Within the next
chapters we discuss evidence that supports a role of CAFs
during the progression and establishment of breast cancer
bone metastasis.

ORIGIN AND CHARACTERIZATION OF
CAFs IN THE TUMOR
MICROENVIRONMENT

The origin of CAFs in the tumor microenvironment remains
to be elucidated, but they might be derived from resident
fibroblasts (63), actively recruited bone marrow-derived cells
(64) or cells that undergo epithelial-mesenchymal transition
(EMT) (65).

Due to the phenotypical and functional heterogeneity of
CAFs there are no unique markers to identify them but
commonly used ones include αSMA, fibroblast-specific protein1
(FSP1 or S100A4), fibroblast activation protein (FAP), platelet
derived growth factor receptors (PDGFRα/β), vimentin, and
tenascin C (66–68). Several in vitro studies demonstrate that
MSCs can differentiate into αSMA -expressing myofibroblasts
upon cancer cell stimulation (66, 69). For instance, studies by
Mishra and colleagues show that human bone marrow-derived
MSCs can acquire a CAF-like, myofibroblastic phenotype upon
prolonged stimulation with conditioned medium from MDA-
MB-231 breast cancer cells. Importantly, these cells expressed
CAF markers including αSMA, SDF-1, vimentin, and FSP as
determined by immunofluorescence staining. Gene expression
analysis revealed that cancer-conditioned medium upregulated
the expression of CAF-associated genes including SDF-1, platelet
derived growth factor α (PDGFα) and MMP9, suggesting that
exposure to cancer cells induces hMSC differentiation into a
CAF-resembling state (66).

THE ROLE OF CAFs DURING THE
ESTABLISHMENT AND PROGRESSION OF
BREAST CANCER BONE METASTASIS

CAFs are thought contribute to both, primary and secondary
breast cancer through regulating processes such as breast cancer
cell proliferation and stemness as well as ECM remodeling,
production and stiffness (67). Furthermore, CAFs are involved in
regulating cancer cell migration, invasion and distant metastasis

(58, 60, 70). Certain survival pathways including the c-Src
pathway are suggested to be detrimental for metastatic latency.
Indeed, using a gene expression profiling Zhang and colleagues
revealed a strong correlation between c-Src activity and bone
metastasis [a Src response signature (SRS) (71). Further studies
linked the SRS and the CAF-content of primary breast tumors to
the likelihood of these tumors to relapse in bone (72). In these
experiments the authors demonstrate that triple negative breast
cancers with a high SRS (SRS+) and therefore a high preference
to metastasize to bone, had increased expression of CXCL12/14
and IGF-1/2 when compared to SRS- tumors. Interestingly,
CAFs were identified as the source of these cytokines rather
than the tumor cells themselves. Consequently, the authors
suggest that a high prevalence of mesenchymal cells including
CAFs in the stroma of triple negative breast tumors would
select for certain clones. These include in particular clones
that grow well under the presence of CAF-derived cytokines
including CXCL12 or IGF-1. This in turn would lead to a
predisposition of disseminated tumor cells to colonize the
bone marrow which has a higher abundance of stromal -
derived CXCL12 and IGF-1 compared to other metastatic sites
such as lung, liver and brain (72). Additionally, it has been
demonstrated that fibroblasts isolated from different sites of
breast cancer growth, including the breast, lung and bone,
enhance the invasiveness of ER+ breast cancer cells in an
IL-6 dependent way (73). Furthermore, CAF-induced ECM
remodeling and altered tissue stiffness might contribute to tumor
cell invasiveness, dissemination and/or metastasis. Studies by
Madsen and colleagues demonstrated that hypoxia reduced
periostin and αSMA expression in CAFs, two common markers
that indicate CAF activation (67). HIFs mediate response to
hypoxia and in these studies HIF-1α supported CAF-induced
matrix remodeling and invasion. Prolyl hydroxylase domain-
containing proteins (PHDs) are enzymes that target the alpha
subunits of HIF complexes for degradation under normoxic
conditions. Interestingly loss or inhibition of PHD2 suppressed
CAF induced matrix remodeling and invasion in vitro. In a 4T1
mouse model, inhibition of PHDs reduced stiffness of primary
4T1 tumors as well as the development of spontaneous metastasis
to lung and liver (67). The authors suggest that targeting
PHD2 in CAF-enriched tumors, including breast cancer, may
have beneficial effects on metastasis development. However,
metastasis to bone was not assessed in this study. Besides
being a highly vascularized tissue, the bone microenvironment
is hypoxic and regional oxygen tensions vary depending on
the level of cellularity, oxygen consumption and supply of
oxygenated blood. Hypoxia and activation of HIF1α as well
as HIF2α is known to contribute to tumor progression and
metastasis in various organs including breast cancer (74), but
besides the studies by Devignes and colleagues (31) little is
known about the impact of hypoxia in breast cancer bone
metastasis. Studies by Hiraga and colleagues demonstrated that
increased HIF1 α expression in MDA-MB-231 breast cancer
cells enhanced the colonization after intracardiac inoculation
(75). These findings provide room to speculate a role of
CAFs in promoting and/or regulating breast cancer bone
metastasis (67).
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CONCLUSION/PERSPECTIVE

Over the last decade significant progress has been made
in understanding metastatic breast cancer growth in bone.
However, the disease remains incurable once tumor cells are
actively proliferating in bone. Many aspects, in particular the
initial stages of bone metastasis, need to be investigated further
in order to prevent disease establishment.

Research has recently focused on deciphering the early
events of metastatic tumor growth in bone, including the
entry and exit from dormancy or the transition from micro-
metastases to overt metastases (7, 24, 27, 28, 76). Substantial
evidence exists that cancer cells interact with cells of the bone
microenvironment to render physiological processes and/or
cell to cell communications in order to promote tumor cell
maintenance, survival and proliferation in bone (3, 7, 34, 77–79).

One important component of the (bone) tumor
microenvironment includes mesenchymal-derived cells
including osteoblasts and fibroblasts or so called “endosteal
niche cells.” Endosteal niche cells and in particular osteoblasts
are increasingly appreciated as important components of the
metastatic niche (8, 34, 35, 38, 39, 80, 81). However, their
role in supporting tumor cell homing, dormancy and disease
progression remains poorly defined. Unlike osteoclasts, the
contribution of osteoblasts to breast cancer bone metastasis
remained under-investigated over the last years. Nevertheless,
recently published studies highlight their potential as novel
cellular targets to prevent and/or treat breast cancer bone
metastasis (7, 8, 29, 34, 38, 39, 75). In addition, the therapeutic
importance of osteoblasts has been acknowledged with novel
therapeutics including bone anabolic agents such as PTH
and anti-sclerostin antibody (51, 55). However, a detailed
characterization of how bone anabolic agents modify the
composition and/or location of the endosteal niche as well
as potential consequences on tumor cell colonization and
metastatic outgrowth remains to be performed. In addition,
further research is needed to investigate whether stimulating
osteoblast activity would result in the repair of osteolytic bone
lesions. This also raises the question whether a combination of
anti-osteolytic and bone anabolic therapy would be beneficial for
the treatment of breast cancer bone metastasis.

Another mesenchymal-derived cell type in the bone
microenvironment includes fibroblasts, which transform into
CAFs upon the presence of disseminated tumor cells. CAFs are

known to create a tumor permissive environment by influencing
nearly all hallmarks of breast cancer (60, 61, 82). The role of
CAFs in promoting tumor growth is evident, they release growth
factors, stimulate angiogenesis, proliferation, migration as well as
ECM remodeling. However, these findings are primarily derived
from research that has been limited to the primary tumor.
In contrast, little is known about their role in the metastatic
environment. Especially the contribution of CAFs to the
establishment and progression of breast cancer bone metastasis
is poorly defined (64–67). Another open question remains the
origin of CAFs in the metastatic (bone) environment. Identifying
the origin of CAFs would provide targets to suppress their tumor
growth-supporting function.

In summary, a deeper understanding of the interaction
between the endosteal cell compartment and disseminated
breast cancer cells will be needed to develop more successful
treatment for breast cancer bonemetastases. Research techniques
to investigate cell-cell interactions, especially in vitro, have
significantly improved over the last years. Nevertheless, our
ability to track and visualize these interactions in vivo
remains limited. This highlights the need to improve our
model systems as well as imaging techniques to increase our
knowledge about the interaction between tumor cells and
cells of the microenvironment. Consequently, this will aid to
elucidate the mechanisms of how osteogenic cells suppress or
promote metastatic growth in bone and would provide novel
therapeutic targets that could be used to maintain disseminated
tumor cells in a dormant state or to completely prevent
dissemination/colonization in the bone.
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Predicting Bone Metastasis
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Bruno Vincenzi, Giuseppe Tonini and Daniele Santini

Medical Oncology, Bio-Medico University of Rome, Rome, Italy

Bone is one of the preferential sites of distant metastases from malignant tumors,

with the highest prevalence observed in breast and prostate cancers. Patients with

bone metastases (BMs) may experience skeletal-related events, such as severe bone

pain, pathological fractures, spinal cord compression, and hypercalcemia, with negative

effects on the quality of life. In the last decades, a deeper understanding of the molecular

mechanisms underlying the BM onset has been gained, leading to the development

of bone-targeting agents. So far, most of the research has been focused on the

pathophysiology and treatment of BM, with only relatively few studies investigating

potential predictors of risk for BM development. The ability to select such “high-risk”

patients could allow early identification of those most likely to benefit from interventions

to prevent or delay BM. This review summarizes several evidences for the potential use

of specific biomarkers able to predict early the BM development.

Keywords: bone metastases, CTCs, DTCs, ctDNA, miRNAs, bone turnover markers

INTRODUCTION

Bone is a common site for tumor metastasis, particularly for breast, prostate, kidney, and lung
cancers (1). Osteotropism is defined as the stepwise process whereby tumor cells acquire specific
molecular characteristics that allow them to detach from the primary tumor and spread into
the bloodstream and home within the bone niche. The highly vascular nature of the bone
marrow, as well as the presence of pro-angiogenic cytokines and growth factors, contribute to
the establishment of a favorable soil for cancer cells seeding and surviving in premetastatic
sites. Once in the bone marrow, cancer cells (known as disseminated tumor cells, DTCs) may
remain dormant or lead to the development of overt BM, even after prolonged periods of
latency (2–5). The presence of DTCs in the bone marrow is correlated with an increased risk
of disease recurrence and poor prognosis in early breast cancer (BCa) patients (6–8). Based on
these evidences, bone-targeted agents’ efficacy has been tested in adjuvant setting (9). In this
regard, prospective randomized controlled trials have been designed showing conflicting results
(9–14). In particular, the use of adjuvant bisphosphonates was associated to a reduction in the
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incidence of BM, but benefits on overall survival were restricted
to specific patient subgroups (10–14). Similar conflicting results
were reported with adjuvant denosumab, a human monoclonal
antibody that inhibits the receptor activator of nuclear factor
κB ligand (RANKL). In the ABCSG-18 trial, adjuvant treatment
with denosumab improved disease-free survival in patients with
hormone receptor-positive BCa (15), whereas in the D-CARE
trial, denosumab did not significantly increase BM-free survival
in women with stage II or III BCa (16).

The identification at an early stage of the disease of patients
at high risk for developing BM could consequently increase the
impact by a bone-specific adjuvant treatment. Here, we report
preclinical and clinical evidences on promising circulating and
tissue biomarkers that could be useful for the prediction or early
diagnosis of BM, as summarized in Figure 1.

EXPRESSION PROFILE IN PRIMARY
TUMOR AS BIOMARKER FOR
PREDICTING BONE METASTASES

Several authors reported that protein or gene expression profiles
of the primary tumor might predict later BM development
(Table 1). Westbrook et al. reported that the composite
expression of the two proteins macrophage-capping protein
(CAPG) and GIPC PDZ domain-containing protein (GIPC1) in
primary BCa tissues of patients enrolled in the phase III AZURE
trial strongly predicted skeletal disease-free survival (DFS) and
overall survival (OS) (17). Interestingly, adjuvant zoledronate
treatment significantly reduced distant bone recurrence only in
patients with high expression of both proteins (17). These data
suggest that CAPG and GIPC1 expression in primary BCa tissue
might be both prognostic and predictive of efficacy with adjuvant
zoledronate treatment. Xiao-Qing Li et al. identified integrin
beta-like 1 (ITGBL1) as a candidate biomarker predicting BM
development. Indeed, ITGBL1 was coexpressed with genes

Abbreviations: ALDH3B2, Aldehyde dehydrogenase 3 family member B2; BCa,

breast cancer; BM, bone metastases; BTM, bone turnover markers; CTX, C-

telopeptide of type-1 collagen; CXCR4, C-X-C chemokine receptor 4; CRPC,

castration-resistant prostate cancer; CS, CellSearch; CTCs, circulating tumor cells;

ctDNA, circulating tumor DNA; DOCK4, dedicator of cytokinesis protein 4;

DTCs, disseminated tumor cells; EpCAM, epithelial cell adhesion molecule; EMT,

epithelial–mesenchymal transition; ERα, estrogen receptor alpha; GIPC1, GIPC

PDZ domain containing family, member 1; GLDC, glycine decarboxylase; HCC,

hepatocellular carcinoma; ITGBL1, integrin beta-like 1; IL-1β, interleukin-1β;

KRT23, keratin 23; LPC1, L-plastin; LIFR, leukemia inhibitory factor receptor; LC,

lung cancer; CAPG, macrophage-capping protein; miRNAs, microRNAs; P1NP,

N-terminal propeptide of type-1 collagen; NTX, N-terminal telopeptide; NET,

neuroendocrine tumors; NSCLC, non-small cell lung cancer; nPAK4, nuclear

p21-activated kinase 4; RANK, nuclear-factor–κB; OPG, osteoprotegerin; OS,

overall survival; PRDX4, peroxiredoxin-4; PCR, polymerase chain reaction; PRLR,

PRL receptor; PRL, prolactin; PCa, prostate cancer; 1-CTP, pyridinoline cross-

linked carboxy-terminal telopeptide of type-1 collagen; REEP1, receptor accessory

protein 1; RANKL, receptor activator of nuclear factor κB ligand; RUNX2, runt-

related transcription factor 2; GESBN, signature-based nomogram; SPIB, Spi-B

transcription factor; TRAcP-5b, tartrate-resistant acid phosphatase 5b; TCGA,

The Cancer Genome Atlas; TMA, tissue microarray; Tgif2, transforming growth

factor-β-induced factor 2; TFF1, Trefoil factor 1.

related to osteomimicry in primary BCa tissues and correlated
with BM occurrence (18).

Moreover, gene expression and proteomics analysis on BCa
cells more prone to cause BM in xenograft murine models
might also help in the identification of relevant biomarkers. For
example, interleukin (IL)-1β was found to be upregulated in a
bone-seeking model of BCa cells, and further investigation on
150 primary BCa core biopsies showed a significant correlation
between its expression and BM onset (19). Importantly, Holen
et al. demonstrated the efficacy of IL-1β inhibitors in preventing
skeletal events in experimental mouse models (28). In a
similar model, the dedicator of cytokinesis protein 4 (DOCK4)
was also identified as another potential biomarker of BM.
This preclinical result was also validated by tissue microarray
from the large AZURE adjuvant study (20). In the control
group, higher DOCK4 expression was significantly prognostic
for first bone distant recurrence, whereas in the zoledronic
group, this association was lost, suggesting that treatment
with zoledronate may counteract the higher risk for bone
relapse from high DOCK4-expressing tumors (20). Importantly,
DOCK4 expression was not associated with risk of non-skeletal
events (20).

Additional candidate biomarkers have been recently identified
as predictors of metastatic spread to the bone: among
these, nuclear p21-activated kinase 4 (nPAK4) expression was
associated with BM development specifically in estrogen receptor
alpha (ERα) positive BCa patients via targeting of the leukemia
inhibitory factor receptor (LIFR), a BM suppressor (21).
Other osteoclastogenesis mediators, including peroxiredoxin-
4 (PRDX4) and L-plastin (LPC1), have been identified as
responsible for tumor bone colonization in a number of
osteotropic cancers such as breast, prostate, and renal cancers
(22). Furthermore, an association between increased levels
of circulating prolactin (PRL) and BCa metastases has been
reported (23, 24), and recent studies showed that high expression
of the PRL receptor (PRLR) on a primary tumor correlated with
a shorter time to BM (25).

Recently, Li et al. (26) identified a panel of 51 genes
differentially expressed between non-metastatic and bone
metastatic BCa patients, starting from a merged data set
containing clinical and transcriptomic data of 855 BCa patients.
The panel validated by survival analyses showed a high
performance in predicting BM. Similarly, Zhao et al. (27)
developed a gene expression signature-based nomogram model
to predict BM in BCa patients. In particular, using three
microarray data sets of 572 patients, including 191 with BM
and 381 metastases-free, they identified five BM-related genes:
keratin 23 (KRT23), receptor accessory protein 1 (REEP1), spi-
B transcription factor (SPIB), aldehyde dehydrogenase 3 family
member B2 (ALDH3B2), and glycine decarboxylase (GLDC).
These genes were then used to set up a model able to identify
bone recurrence with high predictive power (with a C-index of
0.677 for the training set and 0.689 and 0.695 for the testing
sets, respectively).

Although this and other models could represent useful
prediction tools for the clinicians, most of the biomarkers derived
from protein and gene expression profiles do not currently have
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FIGURE 1 | Principal predictive biomarkers of bone metastasis development.

TABLE 1 | Expression gene profiles predicting bone metastases.

Biomarker Tumor type Predictive role in bone metastasis References

CAPG, GIPC1 Breast cancer High expression levels (17)

ITGBL1 Breast cancer Coexpressed with other genes related to osteomimicry (18)

IL-1 β Breast cancer High expression levels (19)

DOCK-4 Breast cancer High levels of expression (20)

nPAK4 Breast cancer Elevated gene expression (21)

PRDX4, LPC1 Breast, prostate, and renal cancers High levels of expression (22)

PRL, PRLR Breast cancer Elevated gene expression (23–25)

GESBN model Breast cancer A panel of 51 genes predict bone recurrence (26, 27)

standardized analytical tools to be measured and therefore have
not been sufficiently validated to be widely adopted.

ROLE OF CIRCULATING TUMOR CELLS
AND DISSEMINATED TUMOR CELLS IN
PREDICTING BONE RECURRENCE

Circulating tumor cells (CTCs) are defined as cancer cells
originating from primary and/or metastatic sites and circulating
in the bloodstream. CTCs have shown prognostic implications
in a variety of cancer types, including BCa, prostate cancer
(PCa), non-small cell lung cancer (NSCLC), colorectal cancer,
and others (29). CTCs provide clinical relevant information
about tumor burden, biological aggressiveness of the disease, the
presence of undetectable micrometastases, and the tendency to
metastatic spread.

Several evidences suggest that CTCs count can be used as an
early predictor of bone metastatic potential in PCa (30), BCa
(31), and NSCLC (32) (Table 2). In particular, in castration-
resistant prostate cancer (CRPC) patients, CTC detection was
closely associated with the clinical evidence of BM and with
survival (30). Similarly, a higher CTC number were detected
in patients with BCa with BM relative to those with no bone
lesions, and in patients with multiple bone metastases relative to
those with one or two bone lesions (31). Higher baseline CTC
count was also predictive of BM development in lung cancer (LC)
patients (32).

In addition, the molecular characterization of CTCsmay carry
relevant biological information regarding the heterogeneity of
the metastatic disease. Wang et al. identified a gene profile in
circulating BCa cells significantly associated with BM presence.
This signature showed that trefoil factor 1 (TFF1) was the most
correlated gene with BM onset (39). Another study reported a
strong association in the expression of several genes related to
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TABLE 2 | Predictive role of CTCs and DTCs in bone metastasis onset.

Biomarker Tumor type Predictive role in bone metastasis References

CTCs Prostate, breast, and lung cancers High CTC count (30–32)

CTCs Breast cancer TFF-1 expression on CTCs (33)

CTCs Breast cancer RANK expression on CTCs (34)

CTCs Neuroendocrine tumors CXCR4 expression on CTCs (35)

DTCs Breast cancer High DTC count (36)

DTCs Breast cancer Postoperative presence of DTCs (7)

DTCs Prostate cancer DTC presence at baseline (37, 38)

TABLE 3 | Predictive role of ctDNA and miRNA in bone metastasis onset.

Biomarker Tumor type Predictive role in bone metastasis References

ctDNA Lung cancer Presence of ctDNA at baseline (45)

ctDNA Lung cancer Higher ctDNA levels (46)

ctDNA Gastrointestinal, brain, lung, breast, and others Presence of MET alterations (47)

miRNA Breast cancer miR-19a, miR-93, miR-106a score (48)

miRNA Hepatocellular carcinoma miR-34a reduced serum levels (49)

miRNA Breast cancer miR-30 family low expression in primary tissue (50)

miRNA Prostate cancer miR-466 low expression (51)

miRNA Breast cancer miR-135 and miR-203 absence in metastatic tissues (52)

disease progression and therapy resistance between CTCs and
bone metastatic tissue of PCa patients (33).

These evidences support a potential role of CTC phenotyping
as a tool to predict BM onset. In this regard, we recently
identified a receptor activator of nuclear-factor–κB (RANK)-
positive CTC in bone metastatic BCa patients, suggesting that
RANK expression may represent a phenotypic and biologic
property of cancer cells with elevated osteotropism (34). This is
further supported by the evidence of a strong correlation between
high RANK expression in BCa as well as other primary tumor
types and BM relapse (40, 41).

CTC presence is associated with BM also in patients affected
by neuroendocrine tumors (NETs) (35). Interestingly, in these
patients, a high percentage of CTCs expressed C-X-C chemokine
receptor 4 (CXCR4), a well-known molecule involved in
osteotropism (35).

Besides CTCs, several evidences have shown an association
between presence of DTCs and BM occurrence in stage IV
BCa. Moreover, a higher frequency of DTCs was observed
in patients with lobular carcinoma, the histotype that most
frequently spread to bone, compared with ductal carcinoma (36).
A pooled prospective analysis of more than 4,000 BCa patients
demonstrated that DTC identification in bone marrow predicted
postoperative disease recurrence, including BM (7). Similarly,
DTC count in bone marrow aspirates of PCa patients, collected
before the initiation of primary therapy, was an independent
prognostic factor of patients’ survival and bone relapse (37, 42).
It is well-established that the persistence of DTCs during follow-
up is associated with a shorter relapse-free survival and poorer
prognosis (38, 43). Interestingly, the presence of DTCs in the
bone marrow is a predictor of bone-specific recurrence and could

be used to identify patients with high risk to develop skeletal
disease (Table 2).

CIRCULATING TUMOR DNA AND MIRNAS
AS NON-INVASIVE BIOMARKER FOR
BONE METASTASES PREDICTION

In the last few years, several studies demonstrated the potential
clinical utility of circulating tumor DNA (ctDNA) both in the
early diagnosis of tumors and in the monitoring of therapeutic
efficacy. ctDNA contains tumor-specific genetic and epigenetic
alterations, which makes it a useful non-invasive prognostic and
predictive biomarker in different solid tumors (44). A number of
studies support the idea that ctDNA levels might be predictors of
BM development (Table 3). In particular, the presence of ctDNA
at baseline was associated with BM in newly diagnosed patients
with advanced NSCLC (45). Similar results were obtained in late-
stage NSCLC patients in which higher levels of ctDNA were
associated to BMpresence (46). A recent study demonstrated that
MET alterations detected in ctDNA correlated with BM affected
by different solid tumors (47). Since MET is greatly expressed
in the bone microenvironment (53), it is therefore conceivable
that the high rates of ctDNA bearing MET alterations derive
from secondary bone lesions. Therefore, ctDNA profiling could
represent an excellent tool to detect these specific alterations and
anticipate bone metastatic recurrence prior to clinical detection.

MicroRNAs (miRNAs) are endogenous non-coding small
RNAs that play a key role in various biological processes
including bone remodeling (54, 55). Thanks to their high stability
in blood, miRNAs have become promising biomarker candidates
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TABLE 4 | Bone turnover markers predicting bone relapse.

Biomarker Tumor type Predictive role in bone metastasis References

P1NP, CTX and 1-CTP Breast cancer High serum levels (63)

CTX Breast cancer High serum levels (64)

Vitamin D Breast cancer Vit D deficiency (65)

P1NP Prostate cancer High serum levels (66)

TRAcP-5b Prostate and Breast cancers High serum levels (67, 68)

OPG/RANKL Prostate cancer Alteration of OPG/RANKL balance (69, 70)

Osteopontin Renal carcinoma High serum levels (71, 72)

NTX, P1NP, CTX, 1-CTP, TRAcP-5b Lung cancer High serum levels (73–78)

for cancer detection and monitoring, predicting outcomes and
chemoresistance. Several evidences have shown a possible role
of miRNAs as novel specific biomarkers of bone recurrence
(Table 3). Recently, a three-miRNA signature score, which
includes miR-19a, miR-93, and miR-106a, has been identified as
a predictor of BM occurrence in BCa using The Cancer Genome
Atlas (TCGA) datasets (48). It would be important to validate
their expression levels in early BCa patients to assess their ability
to predict the BM onset.

A miRNA microarray analysis in hepatocellular carcinoma
(HCC) patients, with and without skeletal disease, showed that
serum miR-34a expression levels were independent predictors
of BM development (49). Previous evidences reported a critical
role of miR-34a as a suppressor of osteoclastogenesis and bone
resorption through the targeting of transforming growth factor-
β-induced factor 2 (Tgif2) (56).

Recently, Croset et al. demonstrated a direct involvement of
miR-30 family members in promoting BCa BM in vitro and in
vivo. In addition, they found that low expression of miR-30 in
primary tumors was correlated with poor relapse-free survival
(50). Serum analyses of miR-30 members in a prospective trial
of non-metastatic BCa patients could give a further confirmation
of their predictive value in the early detection of BM.

The microRNA miR-466 has been significantly associated
with BM development in PCa (51). In xenograft models,
miR-466 overexpression interrupts runt-related transcription
factor 2 (RUNX2) integrated network of genes preventing
BM. In addition, miR-466 expression in primary tissue also
predicted biochemical relapse, suggesting its clinical significance
in bone metastatic process (51). The other two RUNX2-targeting
microRNAs, miR-135 and miR-203, were associated to BCa
growth in bone (52). In particular, these miRNAs were absent
in BM expressing high levels of RUNX2, suggesting their
fundamental role in regulating tumor osteotropism mediated
by RUNX2 (52). Since RUNX2 represents a key player of
bone metastatic process, the detection of RUNX2-targeting
microRNAs in the blood could be extremely useful to monitor
and control skeletal disease progression.

More recently, exosomal miRNAs have emerged as important
regulators of BM in preclinical studies (57). It is well-established
that tumor-derived exosomes can affect bone remodeling
promoting the vicious cycle of BM (58). So far, only a few studies
reported a correlation between specific exosomal miRNAs and

bone metastases. Valencia et al. demonstrated that exosomes
carrying miR-192 reduced metastatic bone colonization (59);
on the contrary, Hashimoto et al. found high levels of specific
miRNAs in exosomes of PCa cells with elevated propensity to
metastasize into the skeleton (60). Considering the accumulating
evidences regarding the role of exosomal miRNAs in cancer, this
area of investigation should be further developed.

CHANGES IN BIOCHEMICAL MARKERS
OF BONE TURNOVER PREDICT BONE
METASTASES

Biochemical markers of bone metabolism reflect the bone
turnover, and variations in their levels have been correlated
with BM onset and their complications (61, 62) (Table 4). The
determination of bone markers in the serum and/or urine could
provide a non-invasive procedure that is helpful in predicting
and monitoring the progression of disease into the skeleton.
Alteration of these markers reflects specific changes in bone
microenvironment, which becomes a fertile niche for tumor
cell homing.

Patients with high serum levels of N-terminal propeptide of
type-1 collagen (P1NP), C-telopeptide of type-1 collagen (CTX),
and pyridinoline cross-linked carboxy-terminal telopeptide of
type-1 collagen (1-CTP) after diagnosis were shown to be at
high risk for bone recurrence, but not for other metastatic sites.
In addition, none of these markers was predictive of treatment
benefit from zoledronic acid (63).

Moreover, in the NCIC CTG MA.14 study, a high CTX
serum level correlated with bone-only relapse probably due to an
increased bonemetabolism thatmay facilitate the development of
skeletal metastasis (64). Conversely, any correlation between high
CTX-I and P1NP levels and bone relapse was found (65), but,
surprisingly, normal levels of serum vitamin D were associated
with a lower risk of BM occurrence.

Several studies have reported strong correlations between
elevated levels of bone turnover markers (BTMs) and the
presence and the extent of skeletal disease in PCa (79, 80).
Interestingly, increased P1NP levels identified PCa patients
with BM vs. lymph node metastases before the first positive
bone scintigraphy (66). Other studies identified significant
associations between elevated plasma levels of tartrate-resistant
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acid phosphatase 5b (TRAcP-5b) (67, 68), osteoprotegerin (OPG)
(69, 70), and osteopontin, and presence of BM in PCa and renal
cancer patients (71, 72). Similarly, serum levels of BTM [such
as N-terminal telopeptide (NTX), CTX, TRAcP-5b, P1NP] are
strongly associated with the development and progression of BM
in patients with LC (73–78).

Overall, these evidences highlighted the potential role of BTM
as predictors of BM occurrence in different solid tumors.

DISCUSSION

The identification of patients at risk for BM could offer the
opportunity to treat them at an earlier stage, improving their
clinical outcomes.

In the last decades, genomic and proteomic analyses have
led to the identification of molecular signatures on tumor tissue
that predict bone relapse with sufficient accuracy. Indeed, several
tissue biomarkers have been identified as predictive for BM
development, including the composite CAPG/GIPC1 proteins
and DOCK4, with the latter clinically validated. In addition, the
emerging use of computational models to generate predictive
signatures has significantly grown in the last years thanks to
the availability of high-throughput datasets and novel data
analysis tools.

More recently, liquid biopsy has emerged as a rapid,
noninvasive source of biomarkers including CTCs, DTCs,
ctDNA, and circulating miRNA. Liquid biopsy has the strong
advantage to overcome tumor heterogeneity and capture the
changing and evolving landscape of cancer in real time during
the course of the disease. The molecular characterization of
CTCs showed that the expression of osteotropic markers such as
RANK and CXCR4 could be responsible for tumor cell homing
to the bone. Thus, CTC phenotyping could dynamically track
changes in tumor cell profile and predict their migration into
the skeleton. Several procedures have been developed in the
last decades for CTC isolation and detection, but so far the
Food and Drug Administration has approved CellSearch (CS) as
the unique platform for CTC enumeration. Nevertheless, CTC
identification by CS based on biological characteristics (e.g.,
the expression of the epithelial markers such as epithelial cell
adhesion molecule, EpCAM, and cytokeratins) does not reach
100% of sensitivity and specificity. For example, patients with
epithelial cancers might present CTCs expressing mesenchymal
rather than epithelial markers, as a result of epithelial-to-
mesenchymal transition, a phenomenon associated to disease

progression (81–83). These technical limitations have slowed
the diagnostic and prognostic use of CTC blood test into
clinical practice. DTCs have been demonstrated to be strong
predictors of BM onset in both early BCa and PCa. Similar to
CTCs, also DTC detection and analysis present some technical
limitations including a low number of cells and the difficulty
to characterize them with standard technologies such as flow
cytometry, immunofluorescence, or polymerase chain reaction
(PCR).Moreover, BM aspiration procedure is an invasivemethod
that cannot be repeated unlimitedly.

Since the release of ctDNA into the bloodstream is frequently
in cancer patients, screening of ctDNA may provide clinically
relevant information about mutational profiles associated with
BM development. There are still many challenges that need to
be overcome before its introduction in clinical practice. Due
to the extremely low levels in the blood, ctDNA sensitivity
and specificity remain the principal issues. Current digital PCR
methods fail to detect smaller fragments derived from tumors
increasing false negative, but advances in genomic approaches
could allow us to identify all ctDNA in the blood. Due to their
high stability in the blood, circulating miRNAs are probably
the most promising biomarkers of bone recurrence. Indeed,
several miRNAs have been identified as key regulators of
the principal genes involved in bone remodeling and cancer
bone tropism. The development of different technical platforms
over other RNA-seq technologies guarantees an intrinsic
technical reproducibility needed for their rapid translation in
clinical practice.

Finally, BTM could represent easily measured factors that
are able to predict BM in patients with early stage of cancer.
Indeed, P1NP, CTX, and 1-CTP were found to be predictive
of bone-specific recurrence, suggesting that an increased bone
turnover creates a fertile environment that promotes cancer
cell adhesion and growth. Nevertheless, BTM levels can be
influenced not only by patients’ features, such as age, sex,
and food intake, but also by systemic treatments that affect
bone remodeling.
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Metastatic bone disease is generally incurable and leads to pathological fractures,
pain, hypercalcemia, spinal cord compression and decreased mobility. The skeleton
is the major site of bone metastases from solid cancers, including breast and
prostate carcinoma. Bone metastasis is facilitated by activation of bone-resorbing
osteoclasts, terminally differentiated multinucleated cells formed by fusion from
monocytic precursors. Cancer cells are known to produce specific factors that stimulate
osteoclast differentiation and function. Of interest, cancer cells are also known to alter
their own bioenergetics increasing the use of glycolysis for their survival and function.
Such change in energy utilization by cancer cells would result in altered levels of cell-
permeable metabolites, including glucose, lactate, and pyruvate. Osteoclast resorption
is energy-expensive, and we have previously demonstrated that during differentiation
osteoclasts actively adapt to their bioenergetics microenvironment. We hypothesize that
altered bioenergetics state of cancer cells will also modify the bioenergetics substrate
availability for the tissue-resident bone cells, potentially creating a favorable milieu for
pathological osteolysis. The goals of this review are to analyze how metastasizing cancer
cells change the availability of energy substrates in bone microenvironment; and to
assess how the altered bioenergetics may affect osteoclast differentiation and activity.

Keywords: bioenergetics, metabolism, osteoclast, bone microenvironment, cancer, osteolysis, metabolic sensors

INTRODUCTION

Bone is a preferred organ for metastasis from many tumors, including breast, prostate, and lung
carcinomas (Hernandez et al., 2018). Establishment of metastatic bone lesions is facilitated by
resident osteoclasts, cells that specialize in bone destruction. Molecular signatures that allow
successful integration of cancer cells in the bone microenvironment have been extensively
investigated (Olechnowicz and Edwards, 2014; Hiraga, 2019), however, none of the identified
factors fully explains the success of tumors in thriving in the bone. In this mini-review, we will
explore if tumor-mediated changes in bioenergetic environment may contribute to supporting
osteoclast formation and function.

Cancer cells are different from their somatic counterparts in many factors, including their
bioenergetics. Warburg effect, an increased use of anaerobic glycolysis by cancer cells, has re-gained

Abbreviations: AMPK, AMP-activated protein kinase; mTOR, Mammalian target of rapamycin; MCT, Monocarboxylate
transporters; PGC-1β, Peroxisome proliferator–activated receptor-c coactivator 1β; RANKL, Receptor activator of nuclear
factor kappa B-ligand; SLC, Solute carrier transporters.
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much attention in the recent years (Lunt and Vander Heiden,
2011; Liberti and Locasale, 2016). The benefits of upregulating
glycolysis for cancer cells are not fully understood, since
oxidation of one molecule of glucose into pyruvate and 36
molecules of ATP per glucose are produced lactate during
glycolysis generates 2 molecules of ATP, while 36 molecules of
ATP per glucose are produced during oxidative phosphorylation.
However, glycolysis is also important for biosynthesis of
nucleotides, lipids and amino acids, all required for cellular
proliferation (Lunt and Vander Heiden, 2011). Many metabolites
involved in glycolysis and Krebs cycle are transported by
the solute-carrier gene (SLC) family of membrane-bound
transporters (Markovich and Murer, 2004). Glucose transporters
that belong to 2A family of SLCs, represent a rate-limiting step
in glycolysis and are known to be strongly dysregulated in cancer
cells (Adekola et al., 2012). Lactate and pyruvate are transported
by monocarboxylate transporters MCT1-4 that belong to the
16A family of SLCs, and MCT1 and MCT4 are upregulated
in several cancers (Jones and Morris, 2016; Li et al., 2018).
Importantly, intracellular and extracellular pools of lactate and
pyruvate interchange relatively fast (Quek et al., 2016), therefore
changes in intracellular metabolite levels lead to corresponding
changes in the extracellular environment of cancer cells.

All cells adapt their energy metabolism to changing levels of
energy demands, as well as availability of energy substrates. AMP-
activated protein kinase (AMPK) is stimulated by an increase
in AMP/ATP ratio due to cells inability to meet the current
energy demand (Finley and Haigis, 2009). AMPK acts to decrease
metabolic expenditure and increase energy production (Gwinn
et al., 2008). Mammalian target of rapamycin (mTOR) generally
acts downstream of AMPK. Two mTOR complexes, mTORC1
(with raptor and PRAS40) and mTORC2 (with rictor, mSIN1,
and proctor) have distinct roles. While mTORC1 regulates
protein synthesis (Foster and Toschi, 2009) and the SLC-
mediated metabolite transport (Taylor, 2014), mTORC2 is linked
to cytoskeletal dynamics and cell survival (Gaubitz et al., 2015).
The metabolic sensors, AMPK and mTOR are critical players in
cellular adaptation to a varying bioenergetics environment.

The goal of this review is to examine how changes in
extracellular glycolytic metabolites due to the presence of actively
proliferating cancer cells may alter osteoclast metabolic support,
differentiation and function.

BIOENERGETICS REQUIREMENTS OF
OSTEOCLASTS

To understand how osteoclasts can be affected by the metabolic
substrates, we need to consider the normal bioenergetic
requirements of these cells at different stages of their
differentiation and function. Osteoclasts are multinucleated
cells formed by fusion of monocytes. Mature osteoclasts attach
to bone matrix, forming a sealing zone, where proton pumps
lower the extracellular pH to dissolve hydroxyapatite, and
proteolytic enzymes are secreted to digest the organic matrix
(Stenbeck, 2002). Osteoclasts survive for ∼7–10 days, after
which they die primarily by apoptosis (Akchurin et al., 2008;

Kopesky et al., 2014). Osteoclast differentiation and function
place significant and varied demands for energy required for
migration of monocytes for cell fusion, phospholipid synthesis
for cell membrane growth, protein synthesis to gain resorptive
capacity, action of ion pumps and secretion of proteolytic
enzymes. To provide this energy, monocytes increase glucose
and oxygen consumption within 24–48 h of exposure to RANKL
(Kim et al., 2007), up-regulate metabolic enzymes involved
in energy production (Czupalla et al., 2005), and generate
abundant large mitochondria (Dudley and Spiro, 1961; Lemma
et al., 2016; Figure 1). Mitochondrial biogenesis stimulated
by peroxisome proliferator–activated receptor-c coactivator 1β

(PGC-1β) is a pre-requisite of successful osteoclastogenesis (Ishii
et al., 2009; Wei et al., 2010; Zeng et al., 2015; Zhang et al.,
2018). During resorption, osteoclast glucose transport increases
2-fold (Williams et al., 1997) and mitochondria locate near
resorption surface (Kawahara et al., 2009). ATP levels markedly
increase during osteoclastogenesis (Le Nihouannen et al., 2010).
AMPK and mTOR are important for osteoclast differentiation
and function. Osteoclastogenesis is associated with changes in
AMPK isoform composition (Fong et al., 2013) and AMPK
negatively regulates early stages of osteoclast differentiation
(Lee et al., 2010; Shah et al., 2010; Kang et al., 2013). Signaling
through mTOR is critical for osteoclast formation and survival
(Glantschnig et al., 2003; Sugatani and Hruska, 2005; Hu et al.,
2016; Dai et al., 2017), while osteoclast fusion and cytoplasmic
growth depend on mTOR-mediated Akt signaling (Tiedemann
et al., 2017). Importantly, nutrient availability during osteoclast
differentiation was shown to significantly affect AMPK, mTORC1
and mTORC2 complexes (Fong et al., 2013; Tiedemann et al.,
2017). Thus, it is conceivable that changes in metabolic substrate
accessibility due to the presence of proliferating cancer cells may
directly affect osteoclast differentiation and function.

POTENTIAL EFFECTS OF ALTERATIONS
IN METABOLIC ENVIRONMENT ON
OSTEOCLASTS

Glucose
Glucose, transported by glucose transporters 1 and 3 (Kim et al.,
2007), is the most effective bioenergetics substrate for supporting
bone resorption (Williams et al., 1997). In the absence of
glucose, fatty acids, ketone bodies, and lactate can support
bone resorption at 20–30% of the levels achievable with glucose
(Williams et al., 1997). Nevertheless, the dose-dependence of
glucose effects is complex. An increase from less than 1 mM to 5–
10 mM glucose was demonstrated to stimulate osteoclastogenesis
(Kim et al., 2007), resorption (Williams et al., 1997), and
osteoclastogenic signaling through p38 mitogen-activated
protein kinase (Larsen et al., 2002) and calcium/calmodulin-
dependent kinase II (CaMK II) (Larsen et al., 2005). In a mouse
model of type 2 diabetes, moderate hyperglycemia [∼10 mM
circulating glucose (Fernandez et al., 2001)] was associated
with increased osteoclastogenesis (Kawashima et al., 2009). In
contrast, high glucose concentrations inhibit osteoclastogenesis
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FIGURE 1 | Schematics summarizing the state of energy metabolism in osteoclasts formed under physiological conditions (top), and the adaptive changes in
osteoclasts (indicated in red) exposed to the local microenvironment modified by metastasizing cancer cells (bottom).

(Kim et al., 2007; Wittrant et al., 2008), which could be explained
by metabolic effects, such as decreased oxygen consumption at
higher glucose level [similar to the Crabtree effect observed in
yeasts (Pfeiffer and Morley, 2014)], as well as osmotic effects
(Botolin and McCabe, 2006). In the environment of highly
glycolytic cancer cells, the ambient glucose levels would likely
decrease, reducing its availability for osteoclastogenesis. Thus,
decrease in glucose is unlikely to contribute to osteoclastogenic
effects of cancer cells.

Pyruvate
Several studies have investigated how pyruvate affects osteoclast
formation. Addition of small amounts of pyruvate to media
containing normal levels of glucose significantly increased
osteoclastogenesis (Kim et al., 2007; Fong et al., 2013), resulting
in formation of large osteoclasts that contained more nuclei
per cell (Fong et al., 2013; Tiedemann et al., 2017). Of interest,
only when added in relatively small amounts, between 1 and
2 mM (Fong et al., 2013; Tiedemann et al., 2017) and 5 mM
(Kim et al., 2007), pyruvate was effective in promoting osteoclast
formation. Addition of low pyruvate concentrations stimulated

osteoclast mitochondrial activity, leading to a metabolic shift
toward oxidative phosphorylation, and an increase in cellular
[ATP] (Kim et al., 2007; Fong et al., 2013). Pyruvate caused
an inhibition of AMPK and an activation of mTOR/raptor
complex leading to facilitated protein synthesis and cytoplasmic
growth (Fong et al., 2013; Tiedemann et al., 2017). MCT1, 2,
and 4 for lactate and pyruvate are expressed by osteoclasts
(Imai et al., 2019). MCT2 has the highest affinity for both
pyruvate (Km ∼0.1 mM) and lactate (Km ∼0.7 mM), compared
to MCT1 that has a Km value in millimolar range, and
MCT4, affinity of which is even lower (Halestrap, 2012). Low
concentration of MCT inhibitor or deletion of MCT1 were
shown to potentiate osteoclastogenesis, while high concentration
of MCT inhibitor or deletion of MCT2 prevented osteoclast
formation (Imai et al., 2019). Another important issue with the
interpretation of pyruvate effects was highlighted by Long and
Halliwell (2009), who demonstrated that addition of pyruvate
dramatically affects the media levels of hydrogen peroxide,
which in turn affects osteoclastogenesis (Le Nihouannen et al.,
2010). Nevertheless, no anti-oxidative effects were observed after
addition of small amounts of pyruvate (Fong et al., 2013).
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Increase in glycolysis due to Warburg effect in cancer cells can
lead to increased production of pyruvate that can in turn be
transported to the extracellular space (Doherty and Cleveland,
2013; Quek et al., 2016), and provide increased bioenergetic
support for osteoclast formation.

Krebs Cycle Metabolites
Krebs cycle occurs in the mitochondria, however, several of its
metabolites, including citrate, succinate, malate, oxaloacetate,
fumarate, and α-ketoglutarate can be transported through
the cell membrane by sodium-dependent SLC13 transporters
(Markovich and Murer, 2004; Pajor, 2014). Citrate in particular
gained a lot of interest, since its extracellular levels vary in
diseases (Huang et al., 2020). Of particular interest is reported
reduction in plasma citrate levels in prostate and lung cancers
that readily metastasize to bone (Rocha et al., 2011; Dittrich
et al., 2012), as well as in osteoporosis, in which citrate is
also reduced in bone (major citrate reservoir) (Chen et al.,
2018). Extracellular citrate affects osteoclastogenesis, however,
contradictory outcomes were reported. Similar to pyruvate, 1–
2 mM of sodium citrate was shown to enhance osteoclastogenesis
(Fong et al., 2013). However, potassium citrate dose-dependently
inhibited osteoclast formation at similar concentrations (Granchi
et al., 2017). Importantly, osteoclast inhibition was also observed
upon addition of potassium ion K+ (KCl) (Yeon et al., 2015),
suggesting that the effect of citrate may depend on media
composition. Another potentially important link to Krebs cycle
metabolites was proposed through glutamate metabolism. The
glutamine transporter from SLC family 1a5 and glutaminase-
1 converting glutamine to glutamate were shown to increase
during osteoclastogenesis, leading authors to speculate that
glutamate can be converted to α-ketoglutarate, which fuels energy
metabolism (Indo et al., 2013). However, actively secretion of
glutamate by osteoclasts was also demonstrated (Morimoto et al.,
2006; Seidlitz et al., 2010). Thus, while glutamate likely plays
an important role during osteoclastogenesis, it is difficult to
conclude if its main action is relevant to energy metabolism. No
information about other Krebs cycle intermediary is currently
available. Thus, while the decreased citrate levels associated
with cancer may affect osteoclastogenesis, the outcome of these
interactions is uncertain and likely influenced by the localized cell
microenvironment.

Mitochondria
The presence of highly proliferative cancer cells results in
hypoxic microenvironment (Al Tameemi et al., 2019), which
stimulates osteoclast differentiation and supports resorption
(Arnett, 2010; Knowles, 2015). Hypoxic environment leads
to a surprising improvement of mitochondrial function and
ATP production in osteoclasts (Knowles, 2015), which may be
due to reduction in proton leak and uncoupled respiration
noted in mitochondria exposed to low oxygen tension (Gnaiger
et al., 2000). Mitochondria activity is also linked to the
production of reactive oxygen species (ROS) such as peroxide
and superoxide (Knowles, 2015). ROS generate oxidative stress,
which is counteracted by cellular glutathione (GSH) producing its

oxidized form, glutathione disulfide (GSSG). Oxidative stress has
a bimodal effect on osteoclasts: while moderate stress resulting
in GSH/GSSG decrease is stimulatory for osteoclastogenesis,
severe stress leading to glutathione depletion inhibits resorption
and limits osteoclast lifespan (Kim et al., 2006; Le Nihouannen
et al., 2010; Domazetovic et al., 2017). Cancer cells also
actively modulate their oxidative microenvironment by secreting
antioxidants, such as peroxiredoxin 4 (Rafiei et al., 2015;
Tiedemann et al., 2019), suggesting tumor-associated oxidative
stress may differ for tumor types and stages of their growth.
Additionally, oxidative stress is also induced by chemotherapy,
such as doxorubicin (Rana et al., 2013). Thus, hypoxia and
potentially oxidative stress generated by cancer cells may provide
a microenvironment that supports osteoclastogenesis.

pH and Lactate
Changes in pH are integral to the metabolic glucose processing.
Anaerobic glycolysis results in acidification due to production of
two molecules of lactic acid per each glucose (lactic acidosis),
while complete mitochondrial oxidation of glucose generates
six protons per glucose. Active metabolism of proliferating
cancer cells is well recognized to produce acidic extracellular
environment (Corbet and Feron, 2017). Acidification is also
known to be a prerequisite of successful osteoclastogenesis
(Arnett, 2010; Yuan et al., 2016; Arnett and Orriss, 2018).
Osteoclasts sense extracellular acidosis through the G-protein
coupled receptors, including ovarian cancer G-protein-coupled
receptor 1 (OGR1) (Yang et al., 2006; Pereverzev et al., 2008;
Li et al., 2009; Yuan et al., 2014) and T cell death-associated
gene 8 (TDAG8) (Hikiji et al., 2014). In addition, osteoclasts
express acid-sensitive ion channels (ASIC) (Jahr et al., 2005;
Li et al., 2013). Acidosis was demonstrated to induce nuclear
translocation of key osteoclastogenic transcription factor, nuclear
factor of activated T cells 1c (NFATc1) (Komarova et al., 2005; Li
et al., 2013) resulting in improved osteoclast formation (Granchi
et al., 2017), resorptive activity (Komarova et al., 2005; Ahn et al.,
2016), and survival (Pereverzev et al., 2008). Lactate was shown
to be taken up by osteoclast precursors via MCT1 and to drive
oxidative phosphorylation thereby facilitating bone resorption
(Lemma et al., 2017). Thus, tumor-associated tissue acidosis
and increased extracellular lactate can be expected to promote
osteoclast differentiation and activity.

Metabolic Adaptation of Osteoclasts to
Cancer Microenvironment
Metastasizing cancer cells generate unique bioenergetics
microenvironment: while normal substrates, glucose and
oxygen, are consumed by cancer cells, and therefore not
available for osteoclasts, cancer cells generate alternative
substrates such as pyruvate and lactate. In addition, acidic,
hypoxic and potentially oxidative environment is uniquely
supportive for osteoclastogenesis. To successfully perform in
this altered microenvironment, osteoclasts need metabolic
sensors to adapt their energy metabolism (Figure 1). We
have shown that soluble factors produced by breast cancer
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cells induce a change in osteoclast mTOR signaling (Hussein
et al., 2012). Moreover, targeting mTOR with rapamycin in
the mouse model of experimental bone metastases resulted in
a significant attenuation of cancer-induced osteolysis (Hussein
et al., 2012; Abdelaziz et al., 2014), but had minimal effect
on osteoclasts in the cancer-free bones of the same animals
(Abdelaziz et al., 2015). These findings suggest that metabolic
sensors are central for osteoclast adaptation to the metastatic
microenvironment, and may represent therapeutic targets
reviewed in the following section.

EFFECT OF BIOENERGETICS
TARGETING THERAPIES ON BONE
METASTASIS

Therapeutics targeting metabolic sensors, such as metformin for
AMPK and rapamycin for mTOR, have been successfully used
for many years in a number of conditions including diabetes
(Kezic et al., 2018) and organ transplantation (Augustine et al.,
2007; Nguyen et al., 2019). In this section we attempted to
review available evidence for the effectiveness of metformin and
rapamycin and their analogs in preventing and/or controlling
bone metastases.

Metformin
Metformin is an anti-diabetic drug that activates AMPK (Faubert
et al., 2015). In cancer cells, loss of AMPK induced a typical
Warburg effect in transformed and non-transformed cells
(Faubert et al., 2013), and promoted unchecked mTORC1 activity
(Inoki et al., 2003). Activation of AMPK has multiple anti-tumor
effects (Schulten, 2018), particularly in colorectal and prostate
cancer patients (Coyle et al., 2016). In bone, in addition to
its role in osteoclastogenesis, AMPK reduced the expression
of osteoclastogenic cytokine RANKL (Lee et al., 2010; Wang
et al., 2013; Cuyàs et al., 2017). While reports of treatment
of bone metastases with metformin are sparse (Wang et al.,
2013), a reduction in growth of primary tumor and metastases
was demonstrated in a model of castration-resistant prostatic
carcinoma upon treatment with metformin and simvastatin
(Babcook et al., 2014). Limited number of reports regarding
the effectiveness of metformin can be explained by the study
that demonstrated that metformin looses its ability to activate
AMPK in hypoxic conditions, which are commonly associated
with growing tumor (Garofalo et al., 2013).

Rapamycin and Its Analogs
In preclinical models of breast cancer bone metastases,
rapamycin reduced osteolysis and bone pain, and improved
animal survival (Hussein et al., 2012; Abdelaziz et al., 2014).
Everolimus, a rapamycin analog more selective toward mTORC1
pathway, was also effective in preventing or treating experimental
bone metastases from breast (Simone et al., 2015; Browne
et al., 2017), prostate (Morgan et al., 2008), and lung (Yu
et al., 2014) cancers. Several clinical trials evaluated the

effectiveness of everolimus therapy in the treatment of hormone-
receptor positive, Her2/Neu negative advanced breast cancer
patients. A phase III, double-blind, randomized international
BOLERO-2 trial compared the combination of anti-estrogen
aromatase inhibitor exemestane with everolimus or placebo
in postmenopausal women with advanced breast cancer. In
addition to increasing progression-free survival (Yardley et al.,
2013), everolimus markedly decreased levels of bone resorption
biomarkers in patients with or without bone metastases (Gnant
et al., 2013). RADAR clinical trial reported the effectiveness of
everolimus in increasing the time to progression in a phase
II double-blind, placebo-controlled, randomized discontinuation
study in advanced breast cancer patients with bone metastases
only (Maass et al., 2013). Thus, targeting mTOR appears
promising in preclinical and clinical studies.

OVERALL CONCLUSION

The presence of cancer cells in the bone microenvironment likely
results in local hypoglycemia and hypoxia. However, an increased
glycolysis due to the Warburg effect in cancer cells may provide
alternative metabolic substrates such as superfluous pyruvate
and lactate. Adaptation of osteoclasts to such environment
likely require the activity of metabolic sensors AMPK and
mTOR. Importantly, osteoclasts are known to successfully adapt
their mitochondrial function to conditions of hypoxia, which
in osteoclasts stimulates ATP production, differentiation and
function (Knowles, 2015). Acidification is another cancer-driven
change in the microenvironment that is known to be specifically
stimulatory for osteoclast formation and function (Arnett and
Orriss, 2018). Thus, osteoclasts formed in the osteolytic tumor
lesions are likely different from physiologically formed in their
reliance on alternative metabolic substrates, adjusted activity
of metabolic sensors, and unusual mitochondria function. Of
interest, the combination of syrosingopine-mediated inhibition
of MCT1 and 2 with metformin was recently demonstrated to
result in synthetic lethality for cancer cells (Benjamin et al., 2018).
We suggest that such drug combinations may target both cancer
cells and cancer-supportive osteoclasts alleviating destructive and
painful bone metastasis.
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Osteoclasts are myeloid lineage-derived bone-resorbing cells of hematopoietic origin.
They differentiate from myeloid precursors through a complex regulation process where
the differentiation of preosteoclasts is followed by intercellular fusion to generate large
multinucleated cells. Under physiological conditions, osteoclastogenesis is primarily
directed by interactions between CSF-1R and macrophage colony-stimulating factor
(M-CSF, CSF-1), receptor activator of nuclear factor NF-κB (RANK) and RANK ligand
(RANKL), as well as adhesion receptors (e.g., integrins) and their ligands. Osteoclasts
play a central role in physiological and pathological bone resorption and are also required
for excessive bone loss during osteoporosis, inflammatory bone and joint diseases
(such as rheumatoid arthritis) and cancer cell-induced osteolysis. Due to the major
role of osteoclasts in these diseases the better understanding of their intracellular
signaling pathways can lead to the identification of potential novel therapeutic targets.
Non-receptor tyrosine kinases and lipid kinases play major roles in osteoclasts and
small-molecule kinase inhibitors are emerging new therapeutics in diseases with
pathological bone loss. During the last few years, we and others have shown that certain
lipid (such as phosphoinositide 3-kinases PI3Kβ and PI3Kδ) and tyrosine (Src−family
and Syk) kinases play a critical role in osteoclast differentiation and function in humans
and mice. Some of these signaling pathways shows similarity to immunoreceptor-like
receptor signaling and involves important other enzymes (e.g., PLCγ2) and adapter
proteins (such as the ITAM−bearing adapters DAP12 and the Fc-receptor γ-chain).
Here, we review recently identified osteoclast signaling pathways and their role in
osteoclast differentiation and function as well as pathological bone loss associated
with osteolytic tumors of the bone. A better understanding of osteoclast signaling may
facilitate the design of novel and more efficient therapies for pathological bone resorption
and osteolytic skeletal metastasis formation.

Keywords: osteoclast (OC), signaling/signaling pathways, tumor, bone metastases (BM), osteolysis

DEVELOPMENT AND FUNCTION OF OSTEOCLASTS AND
THEIR ROLE IN PATHOLOGICAL BONE LOSS

Bone tissue plays a crucial role in structural support and movement of the body as well as it
stores minerals. It also hosts the bone marrow, which is the major site of postnatal hematopoiesis
(Zaidi, 2007). Bone matrix is an essential component of the bone and it is built up from inorganic
salts and organic matrix. Besides providing structural support, bone matrix also stores a wide
range of growth factors capable of regulating normal bone homeostasis. Bone microenvironment
contains a wide repertoire of cellular elements: hematopoietic and mesenchymal stem cells,
chondrocytes, fibroblasts, adipocytes, endothelial and nerve cells as well as the bone cells themselves
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(Arron and Choi, 2000). The most well-known of these
latter ones are bone-resorbing osteoclasts, bone-forming
osteoblasts and osteocytes regulating the bone remodeling
process (Bonewald, 2011).

Osteoclasts are derived from myeloid precursors, which
express several cytokine receptors. Osteoclast differentiation is
mainly governed by receptor activator of NF-κB ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF or CSF-1),
as well as integrin and immunoreceptor-like adhesion signals
and interactions, which are provided by osteoclastogenesis-
supporting cells, such as osteoblasts, osteocytes and other stromal
cells under physiological conditions (Boyle et al., 2003). The
early phase of osteoclast differentiation is characterized by
the expression of osteoclast-specific genes, such as tartrate-
resistant acidic phosphatase (TRAP) in committed precursors
(preosteoclasts). Fusion of these preosteoclasts will then lead
to formation of large, multinucleated osteoclasts. These giant
polykarions spread over the bone surface and digest the
underlying bone tissue through the simultaneous release of
hydrochloric acid and digestive enzymes onto the bone
(Teitelbaum, 2000).

The tightly regulated balance between bone resorption and
bone formation can be altered under pathological conditions.
Enhanced maturation and activation of osteoclasts leads to
pathological bone resorption as seen in osteoporosis and
inflammatory bone diseases (Győri and Mócsai, 2015). During
the pathogenesis of inflammatory bone diseases such as
rheumatoid arthritis, gout and periodontitis, the chronic
inflammation irreversibly affects the surrounding bone tissue.
Bone degradation in inflammatory arthritis is best characterized
in human rheumatoid arthritis (Győri and Mócsai, 2015).
Rheumatoid arthritis is a chronic autoimmune disease, eventually
leading to the destruction of surface cartilage and subchondral
bone primarily in the small synovial joints of the hands and feet
(Firestein, 2003). Osteoclasts play a key role in the pathogenesis of
rheumatoid arthritis (McInnes and Schett, 2007) and numerous
studies focused on the crosstalk between osteoclast and the
immune system in rheumatoid arthritis. Mature osteoclasts are
present at the sites of bone destruction and osteoclastogenesis is
enhanced in the close proximity of the inflamed joints (Schett
and Teitelbaum, 2009). This pronounced osteoclast formation
is due to the accumulation of osteoclast precursors at the sites
of erosion and enhanced maturation of these preosteoclasts to
bone-resorbing polykarions in the presence of osteoclastogenic
cytokines derived from the immune and stromal cells (Schett,
2009). Besides inflammatory bone diseases and osteoporosis, the
third major disease where excessive bone loss occurs due to
hyperactivation of osteoclasts is tumor-induced osteolysis and the
formation of bone metastases.

ROLE OF OSTEOCLASTS IN
TUMOR-INDUCED OSTEOLYSIS AND
BONE METASTASIS FORMATION

Bone tissue is one of the most common sites for metastasis
formation by a large number of solid tumors including

lung, prostate, breast, thyroid, colorectal, ovarian cancers,
and malignant melanoma. Further, two-third of patients
with stage II/III prostate and breast cancers develop bone
metastasis (Hernandez et al., 2018). Bone metastases are
classified as osteolytic, osteoblastic and mixed lesions. The
role of osteoclasts and induction of osteoclastogenesis is
best described in the process of osteolytic bone metastasis
formation. The presence of osteolytic bone lesions are associated
with a set of different morbidities including pathological
fractures, pain and hypercalcemia (Weilbaecher et al., 2011),
seriously affecting the patient’s wellbeing and life expectancy
(Coleman and Rubens, 1987).

Although solid tumors capable of forming osteolytic lesions
have proteolytic activity, the extent of this is far from being able
to break down the bone matrix. Degradation of both the organic
and inorganic components of the bone is therefore carried out by
osteoclasts, the unique bone-resorbing cells, accumulating in the
vicinity of tumor cells forming osteolytic metastases (Croucher
et al., 2016). Tumor cells can promote osteoclast-mediated
osteolysis via several mechanisms. Either tumor cells can induce
osteoclast differentiation directly via the expression of RANKL or
they can stimulate osteoclastogenesis indirectly via the activation
of osteoblasts (Mundy, 2002). During this latter process, a wide
range of tumor cell-derived growth factors such as parathyroid
hormone related peptide – (PTHrP) can induce the expression of
RANKL on osteoblasts, which in turn drives the differentiation of
multinucleated osteoclasts from myeloid precursors (Suva et al.,
1987). Mature osteoclasts then resorb the bone matrix and allow
tumor cells to grow and spread within the tissue.

Skeletal metastases formation is a self-perpetuating cycle
where tumor cells and bone-resorbing osteoclasts are enrolled
in a “vicious” cycle characterized by the release of bone-stored
growth factors by osteoclast-mediated bone resorption, which
further stimulates cancer cell survival and proliferation (Faccio,
2011). Malignant cells express a wide range of growth factors and
cytokines, which can directly or indirectly activate osteoclasts.
On the other hand, osteoclast-mediated bone resorption can
lead to the release of bone-stored cytokines including TGFβ,
which are able to promote cancer cell survival and growth
(Kakonen et al., 2002). Bone matrix-derived cytokines can
also provide a chemotactic stimulus for directed cancer cell
migration (Orr et al., 1979). Further, RANKL itself via a
paracrine mechanism can serve as a chemoattractant and
increase migration of RANK-positive cancer cells (Jones et al.,
2006). As a consequence, osteoclast-mediated osteolysis results
in an altered bone microenvironment, which facilitates cancer
growth and metastasis formation. Later during the disease,
these interactions between tumor and bone cells result in
a locked cycle of tissue destruction and cancer growth
(“vicious cycle” of bone metastasis formation) (Roodman and
Dougall, 2008). In line with this, it has been found in
mice, that cancer cells, which are more closely located to
the bone surface showed increased proliferation compared
to the ones distant from the bone (Kostenuik et al., 1992).
Underlying the role of osteoclasts in the process of bone
metastasis formation, bisphosphonate pyrophosphate analogs
that target osteoclasts are used to prevent bone destruction
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and modify progression of skeletal metastasis in cancer
(Choi et al., 2009).

Bone remodeling is also closely coupled with the lympho-
hematopoietic system. The similarity between the signaling
mechanism of the bone and immune systems in this
shared microenvironment indicate that cancer cell growth
associated with osteolytic bone degradation can also drive local
immunosuppression and accumulation of metastasis-promoting
immune cell populations (Lorenzo et al., 2007). A large body of
experimental evidence has implicated the role of the immune
system in the regulation of bone homeostasis both in humans
and mice (Lorenzo et al., 2010).

INTERPLAY BETWEEN THE SKELETAL
AND IMMUNE SYSTEMS DURING BONE
METASTASIS FORMATION

Tumor development can alter both the skeletal and immune
homeostasis (Nakashima and Takayanagi, 2009). Malignant cells
are able to suppresses certain effector immune cells subsets,
such as conventional CD8+ T cells, which can recognize and
kill cancer cells (Schreiber et al., 2011). Other immune cells,
such as regulatory T cells (Tregs), myeloid-derived suppressor
cells (MDSC) and tumor-associated macrophages (TAMs) also
play important roles in promoting cancer growth and metastasis
formation. On the other hand, the cellular elements and humoral
factors of the innate and adaptive immune systems can affect
osteoclastogenesis as well (Takayanagi, 2010). Macrophages and
dendritic cells also share common precursors with osteoclasts,
which underline the importance of the field of osteoimmunology
(Takayanagi, 2007).

While Th1 and Th2 cytokines exert an inhibitory effect on
osteoclastogenesis, the IL-17 producing T helper type 17 (Th17)
cells have been described to be highly osteoclastogenic (Sato
et al., 2006b). Th17 cells can express high levels of RANKL and
as a consequence directly promote osteoclastogenesis. Moreover,
they may activate inflammation locally, leading to the release
of proinflammatory mediators (e.g., TNF-α, IL-1, and IL-6),
which can potentiate RANKL expression on osteoclastogenesis-
supporting cells (Sato et al., 2006b). Further, Th17 cells were
described to activate osteoclastogenesis-driven osteolysis through
RANKL production during inflammatory arthritis (Okamoto and
Takayanagi, 2011). However, no direct role for Th17 cells in
cancer induced bone disease has been reported so far. In line with
this, IL-17F, which shows 50% homology with IL-17A and shares
its receptor, was produced in high levels in the 4T1 preclinical
tumor model, but found not to be necessary for the development
of pre-metastatic bone disease (Monteiro et al., 2013).

The effects of conventional T cells on osteoclastogenesis are
normally suppressed by regulatory T (Treg) cells. These cells are
able to inhibit osteoclast development and function via the release
of tumor growth factor-β (TGF-β), IL-10 (Kim et al., 2007b;
Kelchtermans et al., 2009) and expression of CTLA-4 (Zaiss
et al., 2007). In addition to their suppressive capabilities, tumor-
infiltrating Treg cells have also been described to express RANKL
(Tan et al., 2011). As a consequence, the effect of Treg cells on

osteoclastogenesis depends on the balance between positive and
negative factors within the tumor microenvironment.

Myeloid-derived suppressor cells (MDSCs) are a
heterogeneous population of immature myeloid cells, which
are capable of potently suppressing the anti-tumor functions
of conventional T lymphocytes (Gabrilovich and Nagaraj,
2009). It has been shown that MDSCs derived from the
tumor microenvironment can differentiate into bone-resorbing
osteoclasts under tissue culture conditions (Sawant et al.,
2013) and MDSCs from tumor-bearing mice have increased
osteoclastogenic potential (Zhuang et al., 2012).

Tumor-associated macrophages (TAMs) are a predominant
white blood cell subset both in the bone and tumor
microenvironment, which can influence tumor development,
proliferation, growth, survival, and metastasis formation.
Macrophages classically have been divided into proinflammatory
M1 and anti-inflammatory M2 subsets (Mosser and Edwards,
2008). When activated, M1 macrophages secrete high levels of
proinflammatory cytokines and participate in the elimination of
tumor cells (Gabrilovich et al., 2012). However, M2 macrophages
are characterized by high expression of mannose receptors,
scavenger receptors and IL-1Ra (Zhang et al., 2012), and
are also often found in human solid tumors. Activated M2
macrophages generate high levels of IL-10 and TGF-β, which
can suppress CD4+ and CD8+ conventional T cells (Biswas and
Mantovani, 2010). In preclinical studies, where tumor-associated
macrophages were depleted using clodronate liposomes,
reduced number of bone metastatic lesions were detected
(Hiraoka et al., 2008).

ROLE OF RANKL SIGNALING IN
OSTEOCLASTS AND BONE METASTASIS
FORMATION

Receptor activator of NF-κB ligand (RANKL) belongs to the
tumor necrosis factor (TNF) superfamily of cytokines and
it is expressed by monocytes, T and B cells, dendritic cells
and osteoclastogenesis-supporting cells, such as osteoblasts and
synovial fibroblasts (Caetano-Lopes et al., 2009). Parathyroid
hormone, 1,25-dihydroxy-cholecalciferol (active vitamin D3)
and prostaglandins can promote the secretion of RANKL by
osteoblasts and other stromal cellular elements (Takayanagi,
2007). CD4+ conventional and regulatory T lymphocytes are
also able to provide RANKL in membrane-bound form as well
as release it in a soluble form (Wong et al., 1997). TNF-α, IL-
1, IL-6 and IL-17 cytokines can increase RANKL expression on
osteoclastogenesis-supporting cells, thereby stimulating RANKL
signaling (Takayanagi, 2007). Osteoprotegerin (OPG), expressed
by osteoblasts and other stromal cells, is a soluble decoy
receptor for RANKL capable of inhibiting RANK signaling
(Simonet et al., 1997).

The RANKL receptor, RANK, is highly expressed by
preosteoclast. RANKL binding to RANK leads to receptor
trimerization and activation of the adapter protein TRAF6,
which further stimulates transcription factor NF-κB and
members of the mitogen-activated protein kinase (MAPK)
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family (Takayanagi, 2010) as shown on Figure 1. Nuclear
factor of activated T-cell cytoplasmic 1 (NFATc1), the master
regulator of osteoclast differentiation, is also activated by RANK
receptor signaling (Takayanagi, 2010). NFATc1 translocates to
the nucleus and then amplifies its own expression resulting in
strong induction of NFATc1 expression (Asagiri et al., 2005).
Generation of calcium signal and calcineurin activation are also
important for NFATc1 induction. NFATc1 together with activator
protein 1 (AP-1) and microphthalmia-associated transcription
factor (MITF) induce then the expression of osteoclast-specific
genes encoding for tartrate-resistant acid phosphatase (TRAP),
cathepsin K (CTSK) and the β3 integrin (Takayanagi, 2007).

The expression of NFATc1 in osteoclasts and their precursors
is also regulated on the epigenetic level. An important step
in the differentiation of osteoclasts occurs at the NFATc1
promoter when the histone methylation changes from
H3K4me3/H3K27me3 to H3K4me3 (Yasui et al., 2011). A histone
demethylase, Jmjd3 converts the bivalent H3K4/H3K27
trimethylation to monovalent H3K4me3 in preosteoclasts
following RANKL stimulation, leading to increased osteoclast
differentiation as well (Yasui et al., 2011). On the other hand,
NFATc1 expression can also be inhibited by other transcription
factors such as Interferon regulatory factor 8 (IRF-8) (Zhao et al.,
2009), bZIP motif containing transcription factor MafB (Kim
et al., 2007a), B-cell lymphoma 6 (Bcl-6) (Miyauchi et al., 2010),
and Leukemia/lymphoma related factor (LRF) (Tsuji-Takechi
et al., 2012). The expression of those transcription factors
decrease during osteoclast differentiation, which is mediated by
the DNA methyl-transferase 3A (Dnmt3A) (Nishikawa et al.,
2015). Furthermore, the B lymphocyte-induced maturation
protein (Blimp) was shown to be able to inhibit IRF-8, MafB, Bcl-
6 and LRZ transcription factors, leading to upregulated NFATc1
expression and enhanced osteoclastogenesis (Nishikawa et al.,
2010). In line with this, Blimp1-deficient mice exhibit increased
bone mass and osteopetrotic disease (Nishikawa et al., 2010).

Cancer cells enhance osteoclast-driven osteolysis via several
different mechanisms. Upregulation of the expression of RANKL
on osteoclastogenesis-supporting cells, downregulation of OPG
expression or increased secretion of factors activating RANK
receptor signaling have all been described in the context of
breast cancer bone metastases (Kearns et al., 2008). Prostate
tumor cells can even express RANKL themselves (Brown et al.,
2001). Further, secretion of RANKL has also been described
by multiple myeloma cells (Farrugia et al., 2003; Sezer et al.,
2003). While breast tumors do not upregulate RANKL (Thomas
et al., 1999), those cells can eventually induce the expression
of RANKL on osteoblasts (Kitazawa and Kitazawa, 2002) and
other osteoclastogenesis-supporting cells via the production
and release of PTHrP (Mancino et al., 2001). RANK receptor
expression by melanoma, breast and prostate cancer cell lines
has also been described (Jones et al., 2006), and involved in
the autocrine effect of tumor cell-derived RANKL on promoting
cancer cell migration. Downregulation of OPG secretion has
been found to be characteristic for breast cancer and multiple
myeloma cells (Thomas et al., 1999; Giuliani et al., 2001).
As a consequence, the RANKL-OPG balance is disturbed
within the bone microenvironment in favor of supporting

osteoclast-induced osteolysis and bone metastasis formation
(Grimaud et al., 2003). Denosumab, a monoclonal antibody
raised against RANKL, demonstrated efficacy in preventing
tumor-induced bone loss in patients with skeletal metastasis
(Choi et al., 2009).

It has also been reported that certain tumor cell-derived
soluble factors are able to induce osteoclastogenesis independent
of RANKL. Secretion of lysyl oxidase (LOX) from primary breast
carcinoma cells induced osteoclast differentiation and osteolytic
skeletal lesion formation in animal tumor models (Cox et al.,
2015). However, LOX failed to substitute for RANKL when
Tnfrsf11a (RANK)-deficient bone marrow cells were treated with
recombinant LOX protein in subsequent experiments (Tsukasaki
et al., 2017). Similarly, initial data indicated that Tnfrsf11a−/−

primary bone marrow cells were capable to differentiate into
osteoclasts under TNFα stimulation, when RBP-J transcription
factor was deleted in the progenitors (Kim et al., 2005; Zhao et al.,
2012). However, RBP-J deletion in mice did not exhibit obvious
defects in bone phenotype, suggesting that RBP-J plays a minor
role in osteoclast development under physiological conditions
(Zhao et al., 2012). Although there have been other factors
indicated to induce RANKL-independent osteoclastogenesis,
they may be able to promote osteoclast differentiation only under
certain conditions and cannot completely substitute for RANK
ligand (Tanaka, 2017). Identifying the precise role of these factors
in osteoclasts within the solid tumor microenvironment requires
further investigation.

ROLE OF CSF-1 SIGNALING IN
OSTEOCLASTS AND BONE METASTASIS
FORMATION

Another key osteoclastogenic cytokine that governs
osteoclastogenesis is CSF-1 (or macrophage-colony stimulating
factor, M-CSF). CSF-1 is a polypeptide growth factor that binds
to its plasmamembrane receptor (CSF-1R) encoded by the c-fms
gene (Stanley et al., 1983). CSF-1 is essential for the development
and survival of preosteoclasts (Ross and Teitelbaum, 2005).
CSF-1 was originally identified as a regulator of macrophages
and their bone marrow precursors (Stanley et al., 1983). As
shown on Figure 1, once CSF-1 binds to its transmembrane
receptor CSF-1R, it induces tyrosine phosphorylation of the
cytoplasmic domain of the receptor (Pixley and Stanley, 2004).
Then Src homology 2 domain (SH2)-bearing adapter molecules
(such as Grb2) are recruited to the phosphorylated tyrosine
residues and initiate different signaling cascades (including
the MAP-kinase cascade) that lead to cell proliferation and
differentiation (Pixley and Stanley, 2004). CSF-1 is also known to
induce cytoskeletal rearrangement in osteoclasts by activation of
the c-Src and phosphoinositide 3-kinases (Nakamura et al., 1995;
Insogna et al., 1997; Pilkington et al., 1998). CSF-1 deficient mice
are osteopetrotic (Wiktor-Jedrzejczak et al., 1990).

When considering CSF-1R and RANK-driven non-
pathological osteoclastogenesis, it is important to note, that
apart from TGF-β, the cytokine IL-1 is supposed to be released
from the bone as an autocrine factor. It has been described,

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 June 2020 | Volume 8 | Article 50775

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00507 June 18, 2020 Time: 17:16 # 5
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FIGURE 1 | Summary of osteoclast differentiation induced by integration of CSF-1R, RANK, immunoreceptor-like and integrin receptor signaling. CSF-1 and its
receptor CSF-1R activate the MAPK cascade pathway leading to the survival and proliferation of preosteoclasts. RANKL and its receptor RANK transduce signals
via the adaptor molecule TRAF6, which activates the NF-κB and MAPK pathways leading to the differentiation of osteoclasts. The expression of the master regulator
of osteoclastogenesis, NFATc1, is driven by NF-κB and NFATc1. The activation of NFATc1 is also regulated by the costimulatory signaling pathways, where FcRγ,
DAP12 and their associating partners (OSCAR and TREM2, respectively) recruit Syk, which further activates PLCγ2, resulting in the activation of calcium signaling.
The calcium signaling activates then calcineurin, which in turn promotes NFATc1 expression. The calcium signal also induces Vav3 activation involved in αvβ3 integrin
signaling, which leads to cytoskeletal reorganization and osteoclastic bone resorption.

that osteoclast precursor interaction with bone matrix (but not
plastic surface) can induce osteoclast formation directly by an
interleukin-1-mediated autocrine mechanism in the presence of
CSF-1 (Yao et al., 2008; De Vries et al., 2015).

In addition to its physiological role in myeloid cells,
increased expression of CSF-1 has been detected in breast,
colorectal, ovarian and uterine cancers, where the extent of
its expression correlates with poor prognosis (Kacinski, 1995;
Smith et al., 1995). Furthermore, in human breast carcinomas,
overexpression of CSF-1 and its receptor positively correlates
with high grade invasiveness (Kacinski, 1995; Smith et al., 1995).
Importantly, a strong correlation of CSF-1 expression with CSF-
1R-positive tumor-associated macrophage infiltration has also
been detected in human carcinomas (Tang et al., 1990; Scholl
et al., 1994). We recently demonstrated that pharmacological
inhibition or genetic ablation of CSF1 in cancer cells reduces the
accumulation of immunosuppressive CSF-1R+ tumor-associated
macrophages and increases CD8+ T cell attack on tumors
(Győri et al., 2018).

In line with this, it is highly likely that certain tumor cells
capable of forming osteolytic bone metastasis recruit not only
tumor-associated macrophages, but monocytes/osteoclast
precursors via the secretion of CSF-1 into the tumor
microenvironment. Furthermore, tumor cell-derived CSF-1

can also enhance the maturation of those precursors to bone-
resorbing osteoclasts in the presence of an osteoclastogenic
milieu. As a consequence, pharmacological blockade of
CSF-1 might offer benefits for patients with osteolytic bone
metastases and CSF-1 inhibitors are being evaluated in
clinical trials. PLX3397, an orally available CSF-1R inhibitor
is currently being administered in clinical trials and early
data suggested good tolerability and beneficial effects (Ries
et al., 2015). It has also been described, that CSF-1R and αvβ3
integrins collaborate during osteoclast differentiation via shared
activation of downstream signaling pathways (Faccio et al., 2003;
Ross and Teitelbaum, 2005).

ROLE OF INTEGRIN SIGNALING IN
OSTEOCLASTS AND BONE METASTASIS
FORMATION

Integrins are heterodimeric transmembrane proteins that
facilitate cell-cell and cell-matrix interactions (Schwartz et al.,
1995). Integrins can activate many intracellular signaling
pathways and induce the proliferation, survival, and cytoskeletal
rearrangements of the target cells (Hynes, 1992). So far 8 beta
and 18 alpha integrin subunits have been described, which can
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combine into 24 unique heterodimers within the different cell
types, each of those characterized by different ligand binding
characteristics, signaling and regulatory mechanisms (Hynes,
2002). Integrin heterodimers can be activated by conformational
changes in their extracellular domains. When inactive, integrin
dimers are found in a closed conformation within the cell
membrane. Upon activation through the cytoplasmic domains,
the α and β cytoplasmic and transmembrane regions become
separated resulting in the unfolding of the extracellular ligand
binding domain (inside-out signaling) (Shattil et al., 2010). This
open conformation then promotes extracellular ligand binding
and initiates integrin-driven intracellular signaling pathways
(outside-in signaling) (Qin et al., 2004).

Integrins play critical roles on both tumor cells and osteoclasts
in promoting bone metastasis formation. During the process of
bone resorption, mature osteoclasts attach to the bone surface,
generate an actin ring mediated sealing zone and then secrete
hydrochloric acid and enzymes to lyse the underlying bone
matrix. All of these steps at least in part are regulated by integrin
heterodimers located on the surface of osteoclasts (Teitelbaum
and Ross, 2003). Different integrins are involved in the binding
of osteoclasts to the bone, including αvβ3, αvβ5, and α2β1, of
which, αvβ3 is the dominant integrin on osteoclasts (Ross and
Teitelbaum, 2005; Novack and Teitelbaum, 2008; Ross et al.,
1993). αvβ3 integrins are responsible for mediating osteoclast-
bone matrix recognition and subsequent attachment to the bone
surface (Ross et al., 1993). αvβ3 integrin signaling is essential for
osteoclast spreading and to create the characteristic ruffled border
of the plasmamembrane for subsequent resorption (Faccio et al.,
2003; McHugh, 2000). Furthermore, osteopontin binding to αvβ3
induce podosome formation and cytoskeletal rearrangement
(Miyauchi et al., 1991). Additional studies identified further
downstream signaling effector molecules such as Vav, a critical
regulator of osteoclast differentiation and actin ring formation
(Faccio et al., 2005). As a consequence, mice with genetic
inactivation of β3 integrin (β3−/−) have defective osteoclast
function (McHugh, 2000) and are protected from cancer cell-
induced bone loss (Bakewell et al., 2003). αvβ3 integrins are
also critical for the activation of c-Src which is a key signaling
molecule in osteoclast spreading and cytoskeletal reorganization
(Zhang et al., 2000; Faccio et al., 2003).

Cancer cells display altered integrin expression and signaling,
allowing them to colonize new tissues by escaping from cell–
cell and cell–matrix connections. Maintaining adhesion to the
extracellular matrix via integrins is key to cell survival (Frisch
and Screaton, 2001). Disruption of cell–cell or cell–matrix
interactions lead to loss of survival signals and non-transformed
cells which are anchorage-dependent undergo a form of
programmed cell death called anoikis (Frisch and Screaton,
2001). Under physiological conditions, this form of apoptosis
assures that isolated cells are not able to migrate to inappropriate
locations (Frisch and Screaton, 2001). Metastatic cancer cells that
can resist anoikis utilize several different mechanisms in order to
be able to settle in a novel microenvironment. These mechanisms
include altered integrin expression (Bissell and Radisky, 2001),
activation of integrin signaling cascade downstream molecules
such as focal adhesion (Frisch et al., 1996) and c-Src kinases

(Shain et al., 2002), EGFR (Demers et al., 2009), as well
as suppression of apoptotic pathways (Simpson et al., 2008).
Expression of αvβ3 integrin is elevated on human breast cancer
bone metastases (Zhao et al., 2007), and ectopic overexpression
of the β3 subunit on breast cancer cells has been demonstrated to
enhance tumor establishment in bone (Sloan et al., 2006).

ROLE OF c-Src KINASE IN
OSTEOCLASTS AND BONE METASTASIS
FORMATION

The non-receptor tyrosine kinase, c-Src is a key signaling
molecule in bone metabolism and plays an important role
in the regulation of growth, survival, proliferation, adhesion
and motility (Brunton and Frame, 2008). Preclinical studies
demonstrated an important role for Src-family kinases in
osteoclast-mediated bone resorption (Horne et al., 1992). Mature
osteoclasts express high levels of c-Src (Miyazaki et al., 2004).
Pharmacological inhibition of c-Src kinase-activity decreased
preosteoclast migration and inhibited the subsequent formation
of resorption pits in in vitro studies (de Vries et al., 2009). Mice
with genetic inactivation of the c-Src gene exhibit osteopetrosis,
a severe disease that makes bones abnormally dense and prone
to fractures (Soriano et al., 1991). Since c-Src-deficient mice had
normal osteoclast numbers, the osteopetrotic phenotype is rather
due to a failure in osteoclast function (Soriano et al., 1991).
Further, Src-deficient mature osteoclasts fail to form actin rings
and sealing zones (Boyce et al., 1992).

Besides regulating cytoskeletal rearrangement and ruffled
border formation, Src-family kinases are also present at vesicular
membranes, where they are required for the secretion of
hydrochloric acid and bone-degrading enzymes (Furuyama
and Fujisawa, 2000; Edwards et al., 2006). Among Src-family
kinase binding partners, Tks5 has been shown to mediate
podosome formation and cell-cell fusion in osteoclasts (Oikawa
et al., 2012). Tks5, which has been originally described as
a regulator of invadopodia formation in tumor cells, was
reported to be phosphorylated on tyrosine residues in a c-Src-
dependent manner within osteoclasts (Oikawa et al., 2012).
Furthermore, it was also shown that co-culturing malignant
melanoma cells with osteoclasts promoted the formation of
melanoma-osteoclast hybrid cells (Oikawa et al., 2012). Fusion
of osteoclasts with cancer cells can contribute to increased bone
resorption activity, secretion of chemokines promoting osteolytic
bone metastasis formation and even the evasion of immune
surveillance (Oikawa et al., 2012).

An elevated level of activity of c-Src is suggested to be
linked to cancer progression and a large body of evidence
suggests that Src-family kinase has a critical role in cancer
growth and invasion (Thomas and Brugge, 1997). Further,
Src expression positively correlates with the metastatic spread
of cancer cells (Boyer and Poupon, 2002). Importantly,
correlation was also observed between tumor cell colonization
in bone and Src kinase activity (Myoui et al., 2003). Increased
Src family kinase activity fueled tumor cell growth and
enhanced parathyroid hormone related peptide (PTHrP) release
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within bone metastases (Myoui et al., 2003). Small-molecule
kinase inhibitors are emerging new therapeutics in diseases
with pathological bone loss and have potential for the
treatment of bone metastases as well. Preclinical studies with
therapeutic Src inhibitors (dasatinib, saracatinib, and bosutinib)
demonstrated anti-tumor and anti-osteoclast effects, as well
as clinical studies provided evidence that Src-family kinase
inhibitors might be beneficial for patients with refractory disease
(Boyce and Xing, 2011).

ROLE OF IMMUNORECEPTOR-LIKE
SIGNALING IN OSTEOCLASTS AND
BONE METASTASIS FORMATION

Classical immunoreceptors, such as T and B cell receptors
(TCR, BCR, respectively) as well as Fc-receptors (FcR) use a
common signaling machinery within the innate and adaptive
immune systems. Firstly, when ligand binds to the classical
immunoreceptor, tyrosine residues within the immunoreceptor
tyrosine-based activation motifs (ITAMs) are phosphorylated by
Src kinases as shown on Figure 1. This then results in the SH2-
domain dependent recruitment of the spleen tyrosine kinase
(Syk) (Fodor et al., 2006). Src and Syk non-receptor tyrosine
kinases then activate downstream effector molecules such as
the phospholipase Cγ2 (PLCγ2) and phosphoinositide 3-kinase
(PI3K) isoforms. We and others recently recognized that this
classical immunoreceptor-like signaling mechanism is present in
a range of non-lymphoid cell types (e.g., osteoclasts) too (Koga
et al., 2004; Mócsai et al., 2004).

Osteoclasts carry at least two ITAM sequence-containing
adapter molecules, namely the DAP12 and the FcR γ-chain
(FcRγ). These proteins likely work together with adhesion
receptors OSCAR and TREM2 on osteoclasts (Koga et al., 2004).
Deletion of DAP12 and TREM2 in mice results in failure of
osteoclast differentiation and function (Paloneva et al., 2003;
Humphrey et al., 2004). On the other hand, TREM2 and
DAP12 deficient mice are not osteopetrotic, which indicates
that osteoclastogenesis can proceed through a mechanism
that requires the other ITAM-bearing molecule FcR γ-chain.
FcRγ, may be able to compensate for the lack of DAP12,
since double mutant mice for FcRγ and DAP12 are severely
osteopetrotic (Koga et al., 2004; Mócsai et al., 2004). These ITAM-
bearing co-receptors most likely mediate osteoclast-osteoblast
and osteoclast-bone matrix interactions together with integrin
adhesion receptors (Koga et al., 2004; Mócsai et al., 2004).
More recently, paired immunoglobulin-like receptor-A (PIR-A)
and osteoclast-associated receptor (OSCAR) has been shown to
associate with the FcRγ-chain (FcRγ), while DAP12 interaction
with signal regulatory protein β1 (SIRPβ1), sialic acid-binding
immunoglobulin-like lectin 15 (Siglec-15) and myeloid DAP12-
associating lectin (MDL)-1 besides TREM2 has also been
reported (Koga et al., 2004; Mócsai et al., 2004; Joyce-Shaikh et al.,
2010; Kameda et al., 2013; Negishi-Koga et al., 2015).

As discussed before, β3 integrin ligation leads to activation
of Src-family kinases and a non-receptor kinase, Syk. The Syk
tyrosine kinase is required for the differentiation and function of

osteoclasts as well (Mócsai et al., 2004). Activation of Syk requires
the presence of ITAM-bearing adapters, DAP12 and FcRγ-chain
in the osteoclast (Mócsai et al., 2004). We recently showed,
that osteoclast-specific genetic inactivation of Syk also leads to
elevated bone volume in mice (Csete et al., 2019). Syk inhibitors
(like fostamatinib) has shown promising effects in rheumatoid
arthritis and may also provide significant bone protection in
a tumor-associated environment (Mócsai et al., 2010). The
osteopetrotic phenotype (Soriano et al., 1991) and defective
osteoclastogenesis in the Src-deficient mice indicates that Src-
family kinases might be also required for the phosphorylation
of DAP12 and FcRγ in osteoclasts (Lowe et al., 1993). Syk
then promotes the formation of the Bruton’s tyrosine kinase
(Btk)/B cell linker protein (BLNK)/SH2 domain-containing
leukocyte protein of 76 kDa (SLP76) complex, which activates
the phospholipase Cγ2 (PLCγ2) enzyme. PLCγ2 cleaves the
plasmamembrane phosphatidylinositol 4,5-bisphosphate (PIP2)
into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG)
(Feng et al., 2012). We and others showed that PLCγ2 is
needed for the differentiation and function of osteoclasts
and PLCγ2−/− mice have increased bone mass (Mao et al.,
2006; Chen et al., 2008; Epple et al., 2008; Kertész et al.,
2012). IP3 generated by PLCγ2 then binds to its receptor,
which in turn induces the release of calcium ions from
the sarco/endoplasmic reticulum (SR/ER). Sarco/endoplasmic
reticulum calcium ATPase 2 (SERCA2) re-uptakes the calcium
into SR/ER (Yang et al., 2009). Repetitive influx and efflux of
calcium ions results in calcium oscillations within the cytoplasm
of the osteoclast. Calcium oscillations activate calcineurin,
which leads to the dephosphorylation of the master regulator
of osteoclastogenesis, NFATc1, enabling its autoamplification
and entry to the nucleus. Calcium signaling can also induce
c-Fos transcription factor via Calcium/calmodulin dependent
kinase (CAMK) IV and cAMP response-element binding protein
(CREB) pathways (Sato et al., 2006a). Further, transmembrane
protein 64 (Tmem64) has been reported to be essential for the
function of SERCA2 (Kim et al., 2013), while the transmembrane
protein 178 (Tmem178) was shown to be required to suppress
the excessive efflux of calcium in a PLCγ2-dependent manner
(Decker et al., 2015). Accordingly, mice deficient in DAP12/FcRγ,
SERCA2 and Tmem64 are osteopetrotic and exhibit defective
calcium oscillations (Yang et al., 2009; Kim et al., 2013). On the
other hand, lack of Tmem178 in mice results in an osteopenic
phenotype with increased amplitude of calcium oscillations
(Decker et al., 2015).

Immunoreceptor-like signaling has been implicated in
metastatic spread and homing of cancer cells to distant organs
such as the bone. TREM2 was found to be upregulated on
peripheral blood monocytes in tumor-bearing hosts and elevated
expression levels in pulmonary macrophages correlated with
high pathological stage of lung adenocarcinomas (Yao et al.,
2016). Further, DAP12 expression in colorectal cancer cells was
associated with higher tumor grade (Shabo et al., 2013) and Syk
is also frequently upregulated in recurrent ovarian carcinomas
metastasizing to the bone (Yu et al., 2019). On the other hand,
while PLCγ2 has been implicated in the proliferation and
migration of several human cancers (Feng et al., 2012), its genetic
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deletion in mice resulted in increased tumor growth (Zhang et al.,
2011). Interestingly, it has been shown that PLCγ2−/− mice
exhibit increased tumor mass in the bone, despite the decreased
osteoclast numbers. Although PLCγ2 is not needed for T cell
receptor signaling, altered CD8+ T cell activation was observed
in PLCγ2−/− tumor-bearing mice (Zhang et al., 2011). Recent
evidence indicated that downregulation of PLCγ2 signaling
results in the accumulation of immunosuppressive MDSCs in
tumor-bearing mice instead (Capietto et al., 2013). This study
highlights the role of a permissive immune phenotype and
microenvironment as the requirement for osteoclast-mediated
promotion of tumor growth and bone metastasis.

ROLE OF EPHRINS AND SEMAPHORINS
IN OSTEOCLASTS AND BONE
METASTASIS FORMATION

Cell–cell interactions are critical for normal bone homeostasis.
Ephrins and Semaphorins are known to be expressed in several
cell types and regulate intercellular communication. Eph tyrosine
kinase receptors and Ephrin ligands mediate interactions between
bone cells through a bidirectional signaling. These membrane-
bound proteins have been demonstrated to play important roles
in osteoblasts and osteoclasts (Edwards and Mundy, 2008).
EphrinB2 has been shown to be regulated by PTH and PTHrP in
osteoblasts, while the role of EphrinA4 in modulating osteoclast
activity via β3-integrin signaling has recently been identified
(Stiffel et al., 2014). The altered expression of Eph tyrosine
kinase receptors and ephrins has also been demonstrated in
several human cancers, e.g., EphrinA2 levels were detected to
be elevated in late-stage and bone metastatic prostate cancers
(Lin et al., 2012).

Semaphorins play critical roles in the immune system, organ
and tumor development. It has been shown that Semaphorin
3A (Sema3A) and its receptor neuropilin-1 (Nrp1) suppress
osteoclast differentiation and protect mice from excessive bone
loss (Hayashi et al., 2012). The Semaphorin 6D (Sema6D),
which associate with TREM2/DAP12 via its receptor plexin-A1
(PlxnA1), on the other hand, promoted osteoclast differentiation
and function (Takegahara et al., 2006). Semaphorins were also
shown to contribute to the pathogenesis of cancer, including
the regulation of epithelial-mesenchymal transitions and stem
cell properties (Lontos et al., 2018). In the process of bone
metastasis formation Semaphorin 4D, a coupling factor expressed
on osteoclasts that inhibits osteoblast differentiation, has recently
been implicated (Lontos et al., 2018).

ROLE OF PHOSPHOINOSITIDE
3-KINASES IN OSTEOCLASTS AND
BONE METASTASIS FORMATION

Phosphoinositide 3-kinases (PI3Ks) generate 3-phosphoinositide
lipids in cell membranes and play important roles in key
biological functions including cellular proliferation, survival,
cytoskeletal reorganization, migration, metabolism and vesicular

trafficking (Vanhaesebroeck et al., 2012; Hawkins and Stephens,
2015). PI3Ks are subgrouped into three unique classes of which
the Class I. PI3K family comprise of PI3Kα, PI3Kβ, PI3Kγ, and
PI3Kδ (Hawkins et al., 2006; Vanhaesebroeck et al., 2010). PI3Kα

and PI3Kβ are ubiquitously expressed, while the PI3Kγ and
PI3Kδ isoforms are mainly restricted to hematopoietic lineages,
e.g., white blood cells (Okkenhaug, 2013). 3-phosphoinositide
lipids such as PIP3 can initiate a number of downstream
signaling pathways and activate effector molecules, like the
3-phosphoinositide dependent protein kinase-1 (PDK1), Ser/Thr
kinase Akt (or protein kinase B) and the mammalian target of
rapamycin complex 1 (mTORC1) (Hawkins et al., 2006).

PI3-kinases are central downstream effectors of the RANK,
CSF-1 and αvβ3 integrin receptors in osteoclasts. Activation
of Class I. PI3Ks downstream of those receptors results in
the generation of PIP3 from PIP2. Class I.A PI3Ks (PI3Kα,
PI3Kβ, PI3Kδ) are designated based on catalytic subunits p110α,
p110β, and p110δ, which associate with regulatory subunits p85α,
p85β, and p55γ. The sole Class I.B member PI3Kγ consists
of catalytic subunit p110γ and regulatory subunit p101 or
p84. Mice lacking p110α exhibit embryonic lethality (Bi et al.,
1999), while p110γ mutant mice are viable but show defects in
immune cell proliferation and function (Sasaki et al., 2000). Mice
knockout for the p85α/β subunit showed impaired osteoclast
differentiation and ruffled border formation (Munugalavadla
et al., 2008; Shinohara et al., 2012). These data indicated that PIP3
is a strong inducer of osteoclast differentiation and PI3-kinases
might play an important role in regulating osteoclastogenesis.

We and others have shown that Class I. PI3Ks play a
critical role in osteoclasts and could be potential therapeutic
targets in bone metastases (Shinohara et al., 2012; Shugg et al.,
2013; Győri et al., 2014). Previous studies using non-selective
PI3K inhibitors (such as wortmannin) indicated a role for
PI3-kinases in osteoclastogenesis (Hall et al., 1995; Nakamura
et al., 1995; Sato et al., 1996). Using pharmacological and
genetic approaches we demonstrated that PI3Kβ is important
for normal osteoclast differentiation and function (Győri et al.,
2014). PI3Kβ−/− mice had increased bone mass and PI3Kβ−/−

osteoclasts displayed altered morphology in vivo (Győri et al.,
2014). Further, PI3Kβ−/− osteoclasts were unable to form actin
rings and to release intracellular vesicles and cathepsin K (Győri
et al., 2014). In addition to this, the PI3Kδ isoform, which
is mainly expressed in hematopoietic cells, has been found to
be an attractive target for anti-resorptive agents since recent
data indicated that PI3Kδ regulates osteoclast cytoskeleton and
resorptive activity (Shugg et al., 2013).

Class I. PI3Ks are often mutated in human cancers (Fruman
and Rommel, 2014). Aberrant activation and amplification
of PI3Kα is one of the most frequently observed mutations
associated with malignant transformation (Samuels et al., 2005;
Thorpe et al., 2015). Oncogenic mutations have also been
detected in PI3Kβ, but rarely in PI3Kγ and PI3Kδ (Hill et al.,
2010; Dbouk et al., 2013). An elevated level of activity of PI3Kδ

was found in non-hematopoietic cell types, including those of
breast and melanocytic origin (Sawyer et al., 2003). Further,
PI3K downstream targets are also often seen abnormally activated
in human malignancies. Overexpression of Akt/PKB has been
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observed in a wide range of solid tumors, including breast,
ovarian and prostate carcinomas (Scheid and Woodgett, 2001;
Vivanco and Sawyers, 2002). The recognition of the tumor
suppressor PTEN, a phosphatase for 3-phosphoinositide lipids,
proved to be an indicator of aberrant PI3K signal transduction
in cancer (Cantley and Neel, 1999). Deletions and mutations
in the PTEN gene also lead to the accumulation of PI3K
lipid products, which is observed in many human tumors
(Di Cristofano and Pandolfi, 2000).

There is substantial interest in the pharmaceutical industry to
develop PI3K inhibitors for the treatment of human cancers. To
avoid the serious side effects of pan–Class (I) PI3K drugs affecting
glucose homeostasis (Busaidy et al., 2012), administration of
isoform-selective PI3K inhibitors below their maximum tolerated
dose, most likely in combination may be beneficial. Based on
its role in the tumor microenvironment PI3Kβ and/or PI3Kδ

may be suitable therapeutic targets for bone metastases with
tumor-induced osteolysis.

ROLE OF MICRORNAs AND
EXTRACELLULAR VESICLES IN
OSTEOCLASTS AND BONE METASTASIS
FORMATION

MicroRNAs are non-coding RNAs of approximately 20–22
nucleotides in length which regulate critical cellular processes
including proliferation, differentiation, and survival. Recent data
indicated that microRNAs are involved in tumorigenesis and

osteolytic bone metastasis formation as well. Various tumor-
cell derived mature microRNAs were implicated in regulating
osteoclast differentiation. miR-223 was shown to regulate the
level of the CSF1 receptor in preosteoclasts (Sugatani and
Hruska, 2007), while miR-503 targets RANK (Chen et al.,
2014). Further, miR-29 promotes murine osteoclastogenesis by
regulating osteoclast commitment and migration (Franceschetti
et al., 2013). On the other hand, miR-124 was detected to
suppress transcription factor NFATc1 during osteoclastogenesis
(Lee et al., 2013), while miR-155 represses MITF and PU.1
transcription factors (Mann et al., 2010). It has been reported that
administration of miR-141 and miR-219 results in a significant
drop in the number of bone-resorbing osteoclasts in vivo and
tumor burden in breast carcinoma-bearing mice (Ell et al.,
2013). Similarly, miR-33a suppressed bone metastasis formation
by targeting PTHrP and altering the RANKL/OPG ratios in
osteoblasts (Kuo et al., 2013).

MicroRNAs were recently revealed to be present in
extracellular vesicles (Valadi et al., 2007). Extracellular vesicles
are lipid bilayer coated vesicles ranging from approximately
50 to 5000 nm in diameter. Three main types of extracellular
vesicles exist: microvesicles, exosomes and apoptotic bodies
(Marton et al., 2017). MicroRNA-containing extracellular vesicle
secretion depends on various different factors. Numerous studies
suggested the involvement of extracellular vesicles secreted by
tumor cells in the development of osteolytic bone metastases
(Kagiya, 2015). Exosomal miR-21, miR-210 and miR-378 were
found to be important for regulating osteoclast differentiation
(Kagiya, 2015). Further, miR-16 and miR-378 were detected to be

FIGURE 2 | Schematic representation of physiological and pathological osteoclast activation during bone metastasis formation and key signaling molecules within
the solid tumor microenvironment from a therapeutic aspect. Osteoblast-derived cytokines and interactions with the bone matrix lead to physiological osteoclast
activation via CSF1, RANK, costimulatory and β3 integrin receptors. “Osteotropic” tumor cell recruited regulatory T cells (Tregs) and myeloid derived suppressor cells
(MDSC) inhibit conventional T cells (Tconv) and promote cancer cell-induced pathological osteoclast activation via PI3Kβ, PI3Kδ, c-Src, and Syk.
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higher in the serum of metastatic breast cancer patients (Arroyo
et al., 2011; Ell et al., 2013). Accordingly, extracellular vesicles play
an important role in intercellular communication via the transfer
of not only microRNAs and proteins, but also bioactive lipids
such as PIP3 generated by phosphoinositide 3-kinases.

THERAPEUTIC ASPECTS AND FUTURE
PERSPECTIVES

Tight coupling between bone formation and resorption is
essential for bone remodeling. Disruption of this balance can
lead to skeletal disorders. Skeletal metastatic disease is a severe
consequence of tumor cell dissemination from primary cancer
sites, and significantly decreases wellbeing and life expectancy in
patients. The bone is a major target for tumor metastasis as it
provides a unique environment, which promotes solid cancer cell
dissemination (Weilbaecher et al., 2011). The balance between
bone-forming osteoblasts and bone-resorbing osteoclasts is
altered by bone metastasis formation (Mundy, 2002). Cancer
cell invasion into the bone is associated with the activation
of osteoclasts. Osteoclast-mediated osteolysis then leads to the
release of cytokines and growth factors deposited in the bone
matrix. This further fuels tumor growth and dissemination
within the tissue (“vicious cycle” of bone metastasis formation)
(Faccio, 2011).

RANK ligand, an important osteoclastogenic factor, is
expressed by osteoblasts and cancer cells (Kearns et al.,
2008). PTHrP secreted by tumor cells indirectly promotes
osteoclastogenesis-supporting cells to express RANK ligand
(Suva et al., 1987; Mancino et al., 2001). CSF-1, necessary for
the development of preosteoclast to osteoclasts, is also derived
from cancer cells (Stanley et al., 1983; Smith et al., 1995).
Once bone metastasis is established, cancer cells recruit other
tumor-associated cells, including fibroblasts and immune cells
which secrete cytokines (such as IL-17, IL-1, IL-6, and TNF-α)
that increase RANK ligand expression (Mancino et al., 2001;

Kitazawa and Kitazawa, 2002). Integrin and immunoreceptor-
like signaling leads to the activation of key effector molecules,
such as Src-family kinases (Myoui et al., 2003), Syk non-receptor
tyrosine kinase (Mócsai et al., 2010) and phosphoinositide
3-kinases (PI3Ks), which further enhance osteoclast activity
and subsequent bone destruction (Di Cristofano and Pandolfi,
2000). Summary of the mechanisms of osteoclast activation
during cancer cell-induced osteolysis as well as the key osteoclast
signaling molecules are shown on Figure 2.

Better understanding of the molecular mechanisms governing
osteoclast activation in tumor induced-osteolysis and bone
metastasis formation may result in the development of novel
therapeutic approaches. As several of the osteoclast signal
transduction pathways are also activated in cancer cells,
they might be tackled synergistically within the solid tumor
microenvironment resulting in a parallel reduction in cancer
growth and osteoclast-mediated bone loss. On the other hand,
a precision medicine-based approach is required to overcome
cancer cell resistance mechanisms and to minimize side
effects and interference with the mechanisms of physiological
bone homeostasis. Taken together, pharmacological targeting of
osteoclast and tumor cell signaling pathways may provide novel
approaches to improve the long-term survival of cancer patients
with bone metastases.
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Bone metastasis is the leading cause of prostate cancer (PCa) mortality, frequently

marking the progression to castration-resistant PCa. Dysregulation of the androgen

receptor pathway is a common feature of castration-resistant PCa, frequently appearing

in association with mTOR pathway deregulations. Advanced PCa is also characterized

by increased tumor heterogeneity and cancer stem cell (CSC) frequency. CSC-targeted

therapy is currently being explored in advanced PCa, with the aim of reducing cancer

clonal divergence and preventing disease progression. In this study, we compared the

molecular pathways enriched in a set of bonemetastasis from breast and prostate cancer

from snap-frozen tissue. To further model PCa drug resistancemechanisms, we used two

patient-derived xenografts (PDX) models of bone-metastatic PCa, BM18, and LAPC9.

We developed in vitro organoids assay and ex vivo tumor slice drug assays to investigate

the effects of mTOR- and CSC-targeting compounds. We found that both PDXs could

be effectively targeted by treatment with the bivalent mTORC1/2 inhibitor Rapalink-1.

Exposure of LAPC9 to Rapalink-1 but not to the CSC-targeting drug disulfiram blocked

mTORC1/2 signaling, diminished expression of metabolic enzymes involved in glutamine

and lipid metabolism and reduced the fraction of CD44+ and ALDEFluorhigh cells, in vitro.

Mice treated with Rapalink-1 showed a significantly delayed tumor growth compared

to control and cells recovered from the tumors of treated animals showed a marked

decrease of CD44 expression. Taken together these results highlight the increased

dependence of advanced PCa on the mTOR pathway, supporting the development of a

targeted approach for advanced, bone metastatic PCa.
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INTRODUCTION

Development of bone metastasis involves 65–75% of breast
and prostate cancer patients with advanced, metastatic disease
(1) with the axial skeleton as the most common site of bone
metastasis (2).

The clinical implications revolving around the development
of a bone metastatic disease include the development of
skeletal-related events, like pathological fractures, spine chord
compression or bone pain and represent a common event in
advanced breast and prostate patients, greatly affecting their
quality of life (1, 3). Bone metastasis are frequently characterized
by a long latency period, characterized by the presence of
subclinical micrometastasis in the bone that are difficult to detect
and to target. Once symptomatic, bone metastasis is frequently
associated with a progressed, highly malignant relapse of the
disease (3). Despite its relevance, the study of bone metastasis
has been hindered by the difficulty of obtaining high quality
specimens from bone lesions (4, 5).

The dependence of prostate tissue on androgen receptor
(AR) signaling prompted the development of AR-targeting
molecules, like abiraterone and enzalutamide, for the treatment
of metastatic castration-resistant PCa (mCRPC). However,
prolonged treatment with these types of drugs fosters the
molecular evolution of PCa, increasing its propensity to
metastasis formation and to overcome castration (6). Therefore,
new and alternative approaches are currently being investigated
to overcome or limit this clinically relevant behavior. Patient-
derived xenografts (PDX) have proven to be highly valuable
tools for the development of precision medicine strategies for
the study of PCa (7). BM18 and LAPC9 are bone metastatic
PCa models with different molecular and histological features,
with androgen-dependent and -independent growth, respectively
(8, 9). A relevant advantage of using PDXmodels is the possibility
of investigating cancer stem cells (CSC), a widely recognized
hypothesis that accounts for the establishment of a low-cycling,
drug-resistant subpopulation of cells with tumor re-growth
potential (10–12).

In prostate cancer, CSC have been identified by different
parameters, including surface marker expression, subpopulation-
specific stainings and functional assays, with various degrees of
overlap between the different methods (13, 14).

The link between aldehyde dehydrogenase (ALDH) activity,
cell stemness and self-renewal potential, initially found to detect
leukemia tumor-initiating cells, was then confirmed also in
PCa where it associates with a potentially clinically relevant
subpopulation of cells (15–17).

Pharmacological approaches to target the CSC subpopulation
of PCa are currently being explored and include disulfiram,
a drug used for the treatment of alcohol abuse and currently
investigated for its activity against CSC in various tumors,
including prostate cancer, glioblastoma and melanoma (11, 18).
Multiple mechanisms of the anti-CSC action of disulfiram
have been elucidated and include its primary action in the
irreversible inhibition of aldehyde dehydrogenase (ALDH),
inhibition of ubiquitin-E3 ligase activity, inhibition of epithelial-
to-mesenchymal transition (EMT) and increase of reactive

oxygen species (ROS) (12, 18). The latter two mechanisms are
dependent on the availability of copper as a co-factor, forming
equimolar chelation complexes with disulfiram.

The mammalian target of rapamycin (mTOR) is an atypical
protein kinase that can participate in two distinct signal
transduction complexes, mTORC1 and mTORC2, regulating a
plethora of key cellular functions like cell growth, proliferation,
survival and metabolism (19, 20). mTORC1 and 2 integrate
nutrient availability status with the anabolic needs of the cell.
Deregulation of the PI3K/Akt/mTOR pathway in cancer has
been well-established and different clinical studies have found
an overactivation of this pathway in ∼40% of breast cancers
and 50% of primary prostate cancers (21–23). Targeting the
AR pathway with androgen blockers increases the activation of
the PI3K/Akt/mTOR pathway (24). Conversely, PTEN exerts a
regulatory role on the AR, acting both as AR inducer, via an Egr1-
and c-Jun-mediated mechanism, and as an AR repressor, by
controlling the negative AR regulator Nkx3.1 (25, 26). Recently,
AR- and mTOR signaling-dependent metabolic rewiring of PCa
cells and during CRPC progression was shown (27). Phase I/II
trials on PCa using rapamycin analogs (rapalogs), which inhibit
only a subset of mTORC1 functions, revealed clinical inefficacy
(28). ATP-competitive mTOR inhibitors, which block both
mTORC1 and mTORC2 kinase activity, and dual PI3K/mTOR
inhibitors also showed poor efficacy in the clinic due to
toxicity (29, 30). Rapalink-1, a bivalent compound that combines
the durable effect of rapamycin and dual mTORC1/mTORC2
inhibition, has been developed recently (31). It remains to
be examined whether Rapalink-1 would be efficacious for
PCa therapy.

The aim of the present study was to determine the impact
of the third generation mTOR-inhibiting compound Rapalink-
1 using bone-metastatic PCa PDX models in vitro, ex vivo, and
in vivo.We investigated the effects of Rapalink-1 treatment on the
CSC compartment and further compared its effects to the CSC-
targeting compound disulfiram, exploring the effects of mTOR
blockade on the CSC subpopulation.

MATERIALS AND METHODS

Patient Samples
Samples were collected from patients undergoing orthopedic
surgery for bone metastasis (prostate cancer, 5 patients; breast
cancer, 4 patients) and anonymously analyzed according to the
Dutch Medical Research Involving Human Subjects (WMO) act.
Samples were either immediately snap-frozen at the time of
surgery for further molecular analyses or shipped in Dulbecco
modified essential medium (DMEM) supplemented with 1%
penicillin/streptomycin (pen/strep) and 1% Glutamax (Thermo
Fisher Scientific) for organoids generation.

RNA Isolation and RNA Sequencing
Five mm by 5-mm snap-frozen bone metastasis samples were
placed in a tube with 1ml Tripure reagent (Sigma-Aldrich) and a
metallic bead and homogenized with the TissueLyser II (Qiagen)
for 2 cycles of 3min at 30Hz. In between cycles, samples were
incubated at −20◦C for 5min. Manufacturer’s protocol was then
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followed to extract RNA from the homogenized samples. RNA
quality was assessed by Bioanalyzer 2100 (Agilent Technologies)
using the Nano kit and following manufacturers protocol.
Samples with an “RNA Integrity Number” (RIN)> 7 were further
processed for RNA sequencing. Specimens were prepared for
RNA sequencing using the “NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina” (NEB #E7760S/L) as described
previously (32). Briefly, mRNA was isolated from total RNA
using the oligo-dT magnetic beads. After fragmentation of the
mRNA, a cDNA synthesis was performed. This was used for
ligation with the sequencing adapters and PCR amplification
of the resulting product. The quality and yield after sample
preparation was measured with the Fragment Analyzer. The size
of the resulting products was consistent with the expected size
distribution (a broad peak between 300 and 500 bp). Clustering
and DNA sequencing using the NovaSeq6000 was performed
according tomanufacturer’s protocols. A concentration of 1.1 nM
of DNA was used. Image analysis, base calling, and quality check
was performed with the Illumina data analysis pipeline RTA3.4.4
and Bcl2fastq v2.20. Sequence reads were aligned using STAR
two-pass to the human reference genome GRCh37 (33). RSEM
was used to obtain FPKM (fragments per kilobase of exon model
per million reads mapped) counts. We removed duplicated gene
names when present, keeping the one with highest expression.
Gene counts were quantified using the “GeneCounts” option
in STAR. Per-gene counts-per-million (CPM) were computed
and log2-transformed adding a pseudo-count of 1 to avoid
transforming 0. Genes with log2-CPM <1 in more than
two samples were removed. Principle component analysis was
performed using the top 200 most variable genes. Differential
expression analysis was performed using the edgeR package
(34). Normalization was performed using the “TMM” (weighted
trimmed mean) method and differential expression was assessed
using the quasi-likelihood F-test. Genes with FDR <0.05 and
>2-fold were considered significantly differentially expressed.

Immunohistochemistry and Histological
Stainings
Four-µm thick sections of FFPE blocks were cut, stained for
haematoxylin and eosin and mounted with Entellan (Merck-
Millipore). For Ki67 and panCK stainings, cut sections were
processed for antigen retrieval by pressure cooker for 10min
in citrate buffer at pH 6.0. Sections were allowed to cool
and then extensively washed in running water. Endogenous
peroxidases were blocked by incubation with 3% H2O2 for 15
min at room temperature. Sections were then washed twice
with PBS and blocked with a solution of 3% BSA in PBS-
Tween 20 0.1% (PBS-T) for 1 h at room temperature then
incubated overnight with 100 µl of anti-Ki67 (1:400, rabbit),
anti-panCK (1:100, mouse), rabbit IgG or mouse IgG as
appropriate, see Supplementary Information for a list of the
used antibodies. Sections were then washed once with PBS-T
and twice with PBS before incubation for 30min with 100 µl
of EnVision anti-rabbit or anti-mouse (Agilent Technologies).
Sections were then washed once with PBS-T and twice with PBS
and developed in a freshly prepared AEC solution (Dako) until

sufficiently developed. Sections were then washed in H2O and
counterstained with hematoxylin before mounting with Entellan.
Slides were digitalized with the Pannoramic 250 Flash III slide
scanner (3D Histech).

Western Blot
Cells were lysed in RIPA buffer (50mMTris-HCl pH 8.0, 100mM
NaCl, 5mM EDTA, 0.2% SDS, 0.5% sodium deoxycholate,
1% Triton-X100) supplemented with protease and phosphatase
inhibitors (cOmplete Mini, protease inhibitor cocktail and
PhosStop, both by Merck Millipore). Tissue pieces were
homogenized with TissueLyser II (Qiagen) for 1 cycle of 2min
at 20Hz in RIPA buffer, using a metallic bead. Organoids
were resuspended in 150 µl of RIPA buffer and homogenized
with a 0.3ml syringe. Homogenized samples were centrifuged
for 15min at >16,000 g at 4◦C and supernatant collected.
Protein concentrations were measured by Bradford assay and
about 10–30 µg of samples were used for SDS-PAGE. Proteins
were transferred onto Immobilon-PVDF (Millipore). Blots
were incubated with primary antibodies overnight followed by
washing with PBS-Tween, see Supplementary Information for
a list of the used antibodies. Blots were then incubated with
either anti-mouse or –rabbit secondary antibody. After washing
with PBS-Tween, images were visualized using Supersignal ECL
detection kit (ThermoFisher) and captured using Amersham
Imager 600 (GE).

Animals Maintenance and in vivo

Experiment
Animal experiments were conducted according to Bern cantonal
guidelines. Mice had unrestricted access to food and fresh water
and housed in max 5 animals per cage. For xenograft surgery,
nine 5-week old male CB17/SCID mice were anesthetized
by subcutaneous injection with a cocktail of medetomidin
(Dorbene) 1 mg/kg, midazolam (Dormicum) 10 mg/kg, and
fentanyl 0.1 mg/kg. Under sterile hood, two 3mm long incisions
were performed on each side in the scapular region and a
small pocket was created by lifting the skin with forceps.
Freshly harvested 2 mm3 tumor pieces were inserted into
the pockets, that were closed with resorbable 6-0 suture
(Vicryl 6-0, Ethicon). Anesthesia was reversed by subcutaneous
injection with atipamezol (Revertor R©) 2.5 mg/kg and flumazenil
(Anexate R©) 0.5 mg/kg, together with buprenorphine (Temgesic)
0.1 mg/kg for analgesia, and sutured wound was disinfected
with a iodopovidone solution. Three days post-implantation
animals were divided into 2 groups, stratified by weight. Group
1 received 3.5 µl/g of vehicle (20% DMSO, 40% PEG-300 and
40% PBS) i.p. once a week while group 2 received Rapalink-1
(1.5 mg/Kg) resuspended in vehicle, i.p. every 5–7 days. Mouse
weight, tumor size and signs of acute toxicities were monitored
twice a week, tumor size was tracked by palpation and referred to
standardized size beads, to minimize animals’ discomfort during
the experiment. Mice were euthanized as soon as signs of acute
toxicity were detected or when tumor size reached 8 mm.
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Organoid Culture
Tissues were collected in basis medium [Advanced D-MEM/F-
12 (ThermoFisher Scientific) supplemented with 1ml Primocin
(Invivogen), 1% GlutaMAX and HEPES 10mM (ThermoFisher
Scientific)], finely minced with a scalpel and incubated in 5
mg/ml collagenase type II (Gibco), supplemented with 15µg/ml
DNase I (Sigma-Aldrich) and 10mM Y-27632, at 37◦C for
1–3 h with occasional mixing, until completely digested. Cell
suspension was then centrifuged at 400 rcf for 5min and washed
with basis medium. Cell pellet was then incubated at 37◦C
in 2ml TripLE Express (ThermoFisher Scientific) for 10min,
pipetting cell suspension every 5min. Digested cell suspension
was passed through a 50µm-pore size strainer (Celltrics, Sysmex)
and washed with basis medium. When required, cells were
incubated for 5min in erythrocytes-lysing buffer to eliminate
red blood cells, then washed with basis medium. Cells were
counted with trypan blue with an automated cell counter (TC20,
Bio-Rad), centrifuged and resuspended in complete prostate
cancer organoid medium [see Supplementary Information for
the complete recipe, reproduced from (35)] at 300,000 cells/ml
and seeded in 1.5ml volume in 6-well ultra-low attachment
plates (ULA plates, Corning). Fresh medium was added every 2–
3 days until organoids were used for downstream applications.
For drug pre-treatment, LAPC9 and BM18 organoids were
cultured in 6-well ULA plates in complete PCa medium
for 48 h, then medium was replaced with fresh medium
containing the target drug at the reported concentration and
organoids were cultured for further 48 h before proceeding with
downstream analysis.

Drug Assay
Organoids were collected in basis medium and centrifuged
for 3min at 100 rcf, then they were resuspended in TripLE
Express and incubated at 37◦C with occasional resuspension
until completely dissociated. Cell suspension was then washed
with basis medium and centrifuged at 300 rcf for 5min.
Cells were resuspended at 175,000 cells/ml in complete PCa
organoids medium and seeded in 20 µl volume in a 384-
well low-attachment plate, with black walls (Corning). After
48 h, wells with organoids were treated with the appropriate
compound, resuspended in 20 µl of PCa organoids medium.
The compounds used were Rapalink-1 (10–0.001µM, ApexBio),
rapamycin (10–0.1µM), everolimus (1–0.1µM), abiraterone
(1µM, in EtOH), enzalutamide (10µM), disulfiram (10–0.1µM,
Sigma-Aldrich), DMSO (0.1%), and EtOH (0.1%). Where not
stated otherwise, the compounds were from Selleckchem, and
were resuspended in DMSO. Wells treated with disulfiram were
additionally supplemented with copper-gluconate 1µM (Sigma-
Aldrich). Each condition was assessed in quadruplicates, each
experiment was repeated 3 times for the PDXmodels and 2 times
for the patient-derived bone metastasis material.

Ex vivo Tissue Culture
Freshly collected LAPC9 and BM18 tissues were aseptically cut
into 1 mm-thick serial slices. Tissue slices were then carefully
placed on themembrane of a 0.4µMpores polypropylene 24-well
transwell (ThinCert, Grainer Bio-one International) and cultured
on 0.5ml of DMEM supplemented with 10% FBS, 1% pen/strep

and the indicated compound for 5 days at 37◦C. Before starting
the incubation, the plate with the tissue slices was inserted in a
sealed chamber and flushed for 3min with O2 (3 L/min). After
the 5 days, the tissues were collected and fixed for 2 h in 4% PFA
under constant agitation, then washed in PBS, dehydrated and
embedded in paraffin.

Flow Cytometry
Single cells from dissociated organoids or from digested tissues
were washed in FACS buffer (0.5% BSA, 2mM EDTA in PBS,
pH 7.4). Cells were resuspended in a total of 100 µl of FACS
buffer with anti-CD44-APC (1:20, BD Bioscience, clone G515)
and incubated for 20min in the dark at room temperature. Cells
were then washed once in FACS buffer before proceeding to
ALDEFluor staining, as per manufacturer’s indications. Tubes
were incubated for 45′ at 37◦C. After the incubation, cells were
washed in ALDEFluor buffer (AB) and resuspended in 300
µl of AB per tube, supplemented with 5µg/mL of DAPI and
kept on ice until acquisition with a BD LSRII flow cytometer
(BD Biosciences).

Data Analysis
Data was analyzed using Prism GraphPad 8. Flowcytometry data
was analyzed using FlowJo v. 10.6.2. All samples acquired by flow
cytometry were analyzed with technical gates by the identification
of the population of interest in a SSC-A/FSC-A dot plot, followed
by a doublets-excluding gate in a FSC-H/FSC-A dot plot and by a
viability gate for DAPI exclusion in a DAPI-A/FSC-A dot plot.
For samples stained with ALDEFluor, a minimum of 100,000
events was acquired, for other samples a minimum of 30,000
was acquired, experiments were run in biological duplicates.
Gating for ALDEFluor-high (ALDH-hi) cells was setup in
the DEAB-treated, matched control sample using median and
robust standard deviation (rSD) of fluorescence according to the
following formula:

ALDH-hi threshold = (FITC[Median] of DAPI-negative
cells)+ (3∗FITC[rSD] of DAPI-negative cells)

Ki67 immunohistochemistry was quantified with ImageJ
(v1.52p). A macro was developed to semi-automatically segment
and quantify nuclei and AEC signal. Staining is reported
as fraction of Ki67-positive nuclei over total counted nuclei,
quantifying at least 5 fields per condition.

RESULTS

Bone Metastasis From Breast and Prostate
Cancer Have Distinctive Molecular
Signatures
We investigated the molecular profile of snap-frozen bone
metastasis specimens from patients with advanced breast or
prostate cancer. For a few samples that were available in
sufficient amount, a portion of fresh specimen was fixed and
paraffin embedded to perform both a hematoxylin and eosin
(HE) histological staining and an immunohistochemistry for
cytokeratins (panCK) on cut sections (Figure 1A). The detection
of cytokeratin-positive cells as well as the overall poorly organized
bone structure in the analyzed sections confirmed the presence
of epithelial cells in the bone sample and a pathological,
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FIGURE 1 | (A) Histological sections of breast and prostate bone metastasis. Sections were stained with hematoxylin and eosin (upper row) and for cytokeratin

expression (lower row). Whole-section image included in caption. Scale bar 100µm. (B) Analysis of differentially expressed genes of breast and prostate bone

(Continued)
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FIGURE 1 | metastasis, with unsupervised cluster analysis of both samples and genes. The histological type of bone lesion is reported below the heatmap and is

referenced as lytic (L), blastic (B), or mixed (M). (C) Principal component analysis (PCA) of the top-200 most differentially expressed genes between the BCa and PCa

bone metastasis samples included in (B). While all BCa bone metastasis form a defined cluster, PCa bone metastasis show a more scattered profile that does not

recapitulate their histological subtype. (D) Geneset enrichment analysis (GSEA) of differentially expressed genes shown in (B). Scores > 0 identify genesets enriched in

the prostate bone metastasis group, while scores < 0 identify genesets enriched in the breast bone metastasis group. Only significantly enriched genesets are shown.

FIGURE 2 | Dose-response curves of LAPC9 (A) and BM18 (B) PDX organoids to mTOR-targeting drugs rapalink-1 (red circles), rapamycin (blue triangles), and

everolimus (black diamonds) after 48 h treatment. Normalized viability values of organoids are plotted against log10 drug concentrations; N = 2–3. Viability assay of

LAPC9 (C) and BM18 (D) PDX organoids after treatment for 48 h with other, non mTOR-targeting drugs. The grayed area in plots (A–D) corresponds to the expected

distribution of the reference condition (untreated). Data were analyzed by one-way ANOVA, treated conditions were compared to vehicle (DMSO, EtOH for abiraterone

treatment); N = 2–3. *p < 0.05; **, §§p < 0.01; ***p < 0.001; ****p < 0.0001.

metastasis-induced bone remodeling process. We performed
RNASeq analysis on the bone metastasis specimens, the most
differentially expressed genes among the included samples are
reported (Figure 1B).

The samples formed two subgroups by unsupervised cluster
analysis, reflecting the primary cancer of origin. Of note, the bone
metastasis samples from prostate cancer did not cluster according
to their histotype (lytic, blastic, or mixed lesions), rather

by molecular features. The molecular clustering was further
investigated by principal component analysis of the top 200
most differentially expressed genes, between the BCa and PCa
bone metastasis samples. While all BCa bone metastasis samples
formed one cluster, the PCa bone metastasis showed a more
scattered distribution, that did not correspond to the histological
bone lesion type (Figure 1C). Further pathways analysis on
the differentially expressed genes in metastatic PCa highlighted
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the enrichment of androgen response genes, together with
processes linked to lipid metabolism (adipogenesis, cholesterol
homeostasis, peroxisome, fatty acid metabolism, Figure 1D).
Moreover, PCa bone metastasis showed a specific enrichment
for the mTOR pathway, compared to BCa bone metastasis,
which showed a specific enrichment for inflammatory processes
(interferon response, angiogenesis) and for genes involved in
epithelial-to-mesenchymal transition.

Dual mTORC1/mTORC2 Blockade and
ALDH Inhibition Reduce Advanced PCa
Organoids Viability in vitro
We investigated the effects of mTOR-targeting drugs
rapamycin, everolimus and Rapalink-1, a 3rd generation
dual mTORC1/2 inhibitor on BM18 and LAPC9 PDX, in vitro
on organoids. Drug assays on PDX organoids indicated that
both LAPC9 and BM18 organoids viability was significantly

reduced when treated with Rapalink-1, with a higher IC50

in LAPC9 organoids (0.0046µM) compared to BM18
organoids (0.0003µM). LAPC9 organoid viability could
not be reduced by everolimus at the tested concentrations
and could be significantly reduced by rapamycin only at
1µM, evidencing on the other hand an average viability at
10µM. BM18 instead showed significant reduction of organoid
viability when treated with either everolimus or rapamycin
(Figures 2A,B).

We then assessed the effects of the standard of care drugs
(abiraterone and enzalutamide) on organoids from both PDX,
comparing them to disulfiram and to doxorubicin, this latter
used for its efficacy on both PDX models (Figures 2C,D). After
48 h drug exposure, none of the standard of care drugs had
significant impact on organoid viability. On the other hand,
doxorubicin effectively and dose-dependently reduced viability of
both LAPC9 and BM18 organoids. Treatment with disulfiram 1–
10µM, in presence of 1µM copper gluconate, also significantly

FIGURE 3 | Total lysates of LAPC9 and BM18 organoids treated with rapalink-1 (RL, red bars), rapamycin (RM, blue bars), everolimus (EV, black bars), disulfiram (DS,

green bars), or vehicle (V, DMSO, open bars), at the reported concentrations (µM) for 48 h were fractionated by SDS-PAGE followed by Western blotting.

Phosphorylated sites or total proteins were detected by immunoblotting using antibodies against the indicated phosphosites or protein. Molecular weight (MW) marker

sizes are indicated on the left. Beta-actin was used as loading control. (A) The activation status of mTOR was assessed by analyzing the expression of the mTORC1

downstream targets ULK (p-ULK1, S757) and S6 (pS6, S240/244) and of the mTORC2 downstream target Akt (p-Akt, S473). (B) Quantification of the phosphosites

analyzed in (A). (C) The lysates analyzed in (A) were further assayed for the activation of the hexosamine biosynthesis pathway (GFAT1; p-GFAT1, S243; NAGK) and

of glutamine (GS, GLS), nucleotide (CAD), glucose (HK II), and lipid (ACC) metabolism. (D) Quantification of the targets assayed in (C). Glutamine:fructose

6-phosphate Amidotransferase, GFAT1; Glutamine synthetase, GS; Hexokinase II, HK II; acetyl-CoA carboxylase, ACC; Glutaminase, GLS; carbamoyl-phosphate

synthetase 2, aspartate transcarbamylase, dihydroorotase, CAD; N-acetyl-Dglucosamine kinase, NAGK.
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impacted organoid viability in both PDX models and had a
dose-dependent effect.

mTORC1/2 Blockade Alters Multiple
Metabolic Pathways in Advanced PCa
Organoids in vitro
To determine the mTOR targets that become inhibited by
our drug treatment, we performed western blot analyses on

LAPC9 and BM18 organoids treated for 48 h with DMSO
0.1%, Rapalink-1 0.1–0.01µM, rapamycin 0.1µM, everolimus
0.1µM, or disulfiram 0.1µM. In both PDX models, treatment
with Rapalink-1 efficiently blocked phosphorylation of the
mTORC1 effectors, S6 (Ser240/244) and ULK1 (Ser757). It also
abolished Akt phosphorylation (Ser473) in a dose-dependent way
(Figures 3A,B). Although rapamycin and everolimus abolished
S6 phosphorylation, they had little to no effect on ULK1
phosphorylation in both LAPC9 and BM18. They also did not

FIGURE 4 | (A) Summary table of viability values and of CD44+ and ALDHHi cells in LAPC9 organoids cultures treated with DMSO 0.1% (purple circle), disulfiram

0.1µM (green circle) or Rapalink-1 0.1µM (orange circle) for 48 h before analysis via flow cytometry. Data are reported as mean ± SEM, N = 2–5. (B) Representative

ALDEFluor staining dot plots for ALDHHi determination reported in (A); open histogram, unstained; purple, DMSO; green, disulfiram; orange, Rapalink-1. Rapalink-1

reduced the ALDHHi population of cells, although not significantly. (C) Representative viability and CD44 expression plots of data reported in (A). Treatment of LAPC9

organoids with Rapalink-1 for 48 h significantly increased viability and reduced CD44 expression (p < 0.0001 for both analyses). Color code for the histograms is the

same as reported in (A). Drug screen assay on prostate bone metastasis organoids from sample BM-PCa-8. Organoids were seeded and allowed to form for 48 h

before treating with the reported drugs for 48 h. (D) Viability values of organoids across the various tested conditions were normalized and shown. The grayed area

corresponds to the expected distribution of the reference condition (untreated). Standard of care drugs (blue) were not effective treatments in vitro at the tested

concentrations, while among the mTOR-targeting drugs (orange) the highest concentrations of rapalink-1 significantly reduced organoids viability after 48 h of

treatment. Treatment with doxorubicin (1, 10µM, red) as well as with the cancer stem cell-targeting drug disulfiram (1µM, with 1µM copper gluconate, green)

significantly reduced PCa bone metastasis organoids viability. Data were analyzed by one-way ANOVA, treated conditions were compared to vehicle (DMSO). N = 2;

*p < 0.05; ***p < 0.001. (E) Representative images of BM-PCa-8 organoids after 48 h of treatment with the indicated drugs. Scale bars, 200µm.
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FIGURE 5 | (A) Quantification of Ki67-positive nuclei stained on LAPC9 ex vivo tissue slices treated with the indicated compounds; a minimum of 5 fields per

condition were analyzed. Data are reported as mean ± SD (B). Representative images of Ki67-stained uncultured and untreated tissue, as well as of tissue treated

(Continued)
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FIGURE 5 | with Rapalink-1 (RLK), rapamycin (RPM), and doxorubicin (DOX) at the reported concentrations are included, with full section enclosed in caption. Scale

bar, 50µm. (C) Schematic of the in vivo mouse experiment. R and V indicate administration of Rapalink-1 or vehicle, respectively, at the indicated day. (D) Picture of

LAPC9 tumors explanted from Rapalink-1-treated (bottom) and vehicle-treated groups (top) at the end of experiment. Mice weight curves (E) and tumor size

measurement (F) of bilateral LAPC9 PDX tumors in mice treated with vehicle (blue) or Rapalink-1 (red). For each group, n = 3 mice; Data are reported as mean ±

SEM. (G) Representative HE stainings of LAPC9 tumors from vehicle-treated (top) and Rapalink-treated (bottom) mouse groups. Scale bar, 100µm. (H) Quantification

of Ki67-positive nuclei stained on FFPE sections of LAPC9 tissues from mice treated with Rapalink-1 or vehicle; a minimum of 9 fields per sample were analyzed. (I)

Quantification of western blots of LAPC9 lysates from mice treated with Rapalink-1 or vehicle. Signal from assessed targets was normalized to loading control (beta

actin) for each lane (J). Summary table of viability values and of CD44+ and ALDHHi cells in LAPC9 tumors from mice treated with vehicle (purple circles) or Rapalink-1

(orange circles), analyzed by flow cytometry. Data are reported as mean ± SEM, N = 2–4. Representative flow cytometry plots of viability and CD44 expression are

reported in (K). (L) Representative ALDEFluor staining dot plots for ALDHHi determination reported in (J); open histogram, unstained; orange, Rapalink-1; purple,

vehicle. LAPC9 cells from tumors of mice treated with Rapalink-1 showed a non-significant increase of ALDHHi cells. A population bearing DEAB-resistant ALDH

isoforms is detected in LAPC9 tumors of mice treated with vehicle (top, left panel) that is not evident in the tumors of mice treated with Rapalink-1 (top, right panel). *p

< 0.05; **p < 0.01; ***p < 0.001.

reduce Akt phosphorylation and in fact everolimus slightly
enhanced Akt phosphorylation. In contrast, treatment with
disulfiram had little to no effect on phosphorylation of S6
and ULK1, but reduced Akt phosphorylation in both models.
Together, these findings demonstrate that Rapalink-1, but not the
rapalogues or disulfiram, can effectively block bothmTORC1 and
mTORC2 signaling in the PDX organoids.

Since mTOR controls metabolism, we investigated how
different metabolic enzymes could be affected by our drug
treatment. Consistent with the robust inhibition of mTORC2
by RapaLink-1 and previous reports that mTORC2 responds
to glutamine catabolites (35), we found that the metabolic
enzymes that are linked to glutamine metabolism such as GFAT1,
GS, GLS, and CAD were effectively diminished by RapaLink-
1 (Figures 3C,D). Furthermore, ACC, a metabolic enzyme
involved in lipid metabolism, which is also controlled by both
mTORC1 and mTORC2 (36–38), was also reduced by Rapalink-1
but not by rapamycin or everolimus. On the other hand, NAGK,
which is involved in the salvage hexosamine biosynthesis and HK
II, which is involved in glucose metabolism were not significantly
affected by any of the drug treatments. Thus, inhibiting both the
mTOR complexes using Rapalink-1 can more effectively block
the expression of metabolic enzymes involved in glutamine and
lipid metabolism.

Combined Inhibition of mTORC1/2
Decreases Stem Cell Markers in a CRPC
PDX Model and Reduces PCa Bone
Metastasis PDO Viability
To further investigate the effects of the combined mTORC1/2
inhibition on the cancer stem cell (CSC) subpopulation,
we treated LAPC9 organoids for 48 h with sublethal doses
of Rapalink-1 (0.1µM), comparing the effect to treatment
with disulfiram (0.1µM, with copper gluconate 1µM) or
DMSO (0.1%). The treated organoids were then analyzed with
flow cytometry for viability, ALDEFluor staining and CD44
expression. A table summarizing the results is reported in
Figure 4A.

We found that compared to DMSO, treatment with disulfiram
had no impact on the assessed markers, whereas treatment
with Rapalink-1 significantly reduced the CD44-positive cell
fraction (from 70.4 to 37.9%, p < 0.0001) and increased

viability (from 87.0 to 93.1%, p < 0.0001, Figure 4B). It
also decreased the fraction of ALDHHi cells, although with a
higher variability compared to the other markers (from 18.5
to 12.8%, ns, Figure 4C). Data from the BM18 PDX were also
generated and despite a trend in reduced CD44-positive cell
fraction and ALDHHi cells, comparing the effects of Rapalink-
1 and disulfiram to DMSO yielded no significant differences
(Supplementary Figure 1)

We functionally tested the effect of Rapalink-1 on CSC by
performing a drug assay on PDO from a PCa bone metastasis
sample (BM-PCa-8, Figure 4D). We found that treating the
organoids with abiraterone or enzalutamide, two standard of care
drugs normally used for the treatment of advanced castration-
resistant PCa (CRPC), had no significant effect on their
viability, supporting a castration-resistant profile for this sample.
Doxorubicin, as well as the CSC-targeting drug disulfiram,
were both effective to reduce BM-PCa organoids viability. For
this latter drug, multiple cytotoxic mechanisms of action were
proposed, both dependent and independent on copper that was
supplemented in the disulfiram-treated wells (18). Representative
pictures of the BM-PCa-8 PDO after 48 h treatment with the
reported drugs are shown in Figure 4E.

Treatment of LAPC9 in vivo With
Rapalink-1 Delays Tumor Growth
Before evaluating the effects of Rapalink-1 in vivo, we
investigated its effects on a near-patient ex vivo tissue slices assay
on the PDX LAPC9. We compared the effects of Rapalink-1
to those of rapamycin, everolimus and doxorubicin, selected as
a positive control. The effect of the drugs on the proliferation
marker Ki67 was measured on FFPE sections of the treated
ex vivo tissue. Treatment with Rapalink-1 at the three highest
concentrations tested (10–0.1µM) significantly reduced LAPC9
proliferation ex vivo, in line with the effective inhibition of
mTOR signaling and expression of several metabolic enzymes
(Figure 5A). Representative images of the ex vivo LAPC9 tissues
treated with the reported drugs are shown in Figure 5B, an image
of the whole section is enclosed. Representative output images
of ImageJ macro quantification after processing are reported in
Supplementary Figure 2.

We then assessed the effect of Rapalink-1 (1.5 mg/Kg/5–7
days) in vivo on LAPC9 PDX model, comparing the treatment
to vehicle only, a schematic of treatment schedule is reported
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(Figure 5C). At the end of the experiment, mice treated with
Rapalink-1 had significantly smaller tumors compared to mice
treated with vehicle only (Figures 5D,F). Mice treated with
Rapalink-1 did not show signs of acute toxicity throughout the
experiment and had a weight curve comparable to that of vehicle-
treated animals (Figure 5E). Basing on hematoxylin and eosin
(HE) staining, LAPC9 tissues collected from the Rapalink-treated
mouse group showed a lower fraction of necrotic tissue compared
to stainings from the vehicle group (Figure 5G). Analysis of
tumors frommice treated with Rapalink-1 showed a significantly
lower proliferative activity, as evidenced by Ki67 staining on
FFPE tumor sections (Figure 5H, Supplementary Figure 3).
Protein analysis of matched tumor lysates showed diminished
phosphorylation of S6 and ULK1, indicating inhibition of
mTORC1. Interestingly, Akt phosphorylation was enhanced
in the Rapalink-treated group, indicating that mTORC2 was
active at this time point (Figure 5I, Supplementary Figure 4).
Among the metabolic enzymes that we examined, there was an
increase of nitrogen metabolizing enzymes CAD and NAGK
and a decrease of ACC1, controlling lipid biosynthesis. In
order to assess the effect of Rapalink-1 treatment on the CSC
subpopulation of LAPC9, tumors from Rapalink-1 and vehicle-
treated animals were digested and stained for CD44 expression
and with ALDEFluor assay, whereas DAPI was used to measure
cell viability within the analyzed samples. Two samples per
condition were independently processed and acquired, a table
with the results is reported together with representative plots
of viability measurement and of CD44 expression (Figure 5J).
Tumor cells from mice treated with Rapalink-1 had on average
a significantly higher viability compared to tumors from vehicle-
treated animals (79.1 ± 0.51% vs. 60.5 ± 1.78% alive cells,
respectively, p < 0.0001). However, the CD44+ compartment
in the former samples was markedly and significantly lower
(23.9 ± 1.97% vs. 57.0 ± 2.05%, respectively, p < 0.0001),
indicating a depletion of CD44+ cells in the LAPC9 tumors
of mice treated with Rapalink-1 (Figure 5K). Unexpectedly,
the ALDEFluor assay indicated an enrichment, although not
significant, of ALDHhi cells in the Rapalink-treated tumors (16.7
± 2.10%) compared to the vehicle-treated tumors (11.1± 0.15%).
Of note, the ALDEFluor assay reveals that treatment of mice
with Rapalink-1 induced a metabolic alteration in LAPC9 cancer
cells. This was highlighted by the presence of a DEAB-resistant,
ALDEFluor-reactive subpopulation of cells clearly detectable in
the DEAB-treated samples of mice receiving vehicle (Figure 5L,
top left panel). A DEAB-resistant population was not detectable
in LAPC9 cells of mice treated with Rapalink-1 (Figure 5L, top
right panel).

DISCUSSION

Despite the intense research on the mechanisms of bone
metastasis formation, a consensus molecular classification of
bone metastasis is still missing. Metastatic bone lesions can be
histologically identified as lytic, blastic or mixed if the effect on
the bone tissue is mainly erosive, sclerotic or a co-occurrence
of both processes, respectively (1). In this work however, this

histological classification did not match the unsupervised cluster
analysis nor the PCA at the transcriptomic level, in contrast to
the findings of a recent study by Ihle et al. (36). In their study,
the authors compared lytic and blastic PCa bone metastasis by
GSE analysis, finding the enrichment of different pathways in
the lytic vs. blastic lesions. The differences found between the
present study and that from Ihle et al. may be ascribed to the
different sources used in the two settings (FFPE vs. snap-frozen
tissue). We demonstrated the cytotoxic effectiveness of Rapalink-
1, in comparison to doxorubicin, disulfiram and standard-of-care
drugs, on PCa established PDX and near-patient bonemetastasis-
derived organoids. Standard-of-care drugs abiraterone and
enzalutamide could not elicit a significant response in any of
the tested conditions. As both the established PDX and the
bone metastasis organoids are derived from advanced, bone-
metastatic prostate cancer, this result might reflect convergent
resistance mechanisms to AR inhibition possibly evolved during
tumor progression. This is particularly significative for BM18
organoids, as this model is sensitive to AR inhibition in vivo
(8, 35). The organoids in vitro culture system may enrich for a
more AR independent subpopulation, as in the in vivo castrated
state. As expected however, all organoids responded to the
chemotherapeutic drug doxorubicin targeting DNA replication.

While organoids from both PDX were significantly inhibited
by disulfiram concentrations above 1µM, in bone metastasis
organoids the significant cytotoxic effect shown at 1µM
was not replicated at the higher concentration of 10µM.
This could be explained by the chemistry of disulfiram, that
forms cytotoxic equimolar complexes with Cu2+. At 10µM
concentration the amount of uncomplexed disulfiram might
have reduced the cytotoxic effect of Cu2+-complexed disulfiram.
More significantly, the sublethal dose of 0.1µM disulfiram tested
in vitro on LAPC9 and BM18 organoids failed to significantly
modulate CSC features like CD44 expression or ALDHHi cell
fraction. Overall, these results suggest multiple mechanisms
of action of disulfiram, that could be linked to concentration
and bioavailability.

Activatingmutations in different components of the PI3K/Akt
pathway occur in 49% of mCRPC, including mutations of PTEN
(>40% of cases), and are solidly implicated in PCa progression
(37, 38). Themodulation of the PI3K/Akt/mTOR pathway during
PCa progression also correlates with alterations in the AR
pathway and the cross-talk of these two pathways is currently the
focus of active research (27, 39, 40). Increased mTOR signaling
is associated with lymph node progression and increased
lymphangiogenesis in advanced prostate cancer, supporting a
link betweenmTOR activation andmetastatic spread of PCa (41).
We confirmed the activation of the PI3K/Akt/mTOR pathway
in our group of bone metastatic PCa samples. Noteworthy, in
all models tested, including the PCa bone metastasis, we found
increased sensitivity to Rapalink-1 compared to rapamycin and
the rapalog everolimus. Several clinical trials utilizing rapalogs
either as monotherapy or combination therapy revealed clinical
inefficacy in the treatment of prostate cancer (28) as well as
other types of cancer (19). Rapalogs only inhibit a subset of
mTORC1 targets and thus have cytostatic rather than cytotoxic
effects. Hence, mTOR inhibitors that block mTOR kinase activity
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have been engineered to more fully inhibit mTOR functions.
Since the mTOR kinase domain displays homology to PI3K
catalytic domain, dual PI3K/mTOR inhibitors have also been
developed for better targeted therapy. However, despite the
potent effect of mTOR and PI3K/mTOR inhibitors in cellular
models, they have less durable effect in vivo, thus necessitating
increased dose leading to toxicity (29). Rapalink-1 was developed
to combine the durable effect of rapalogs (owing to binding with
FKBP12) and robust inhibition of both mTORC1 and mTORC2
(31). The effect of Rapalink-1 in abolishing phosphorylation of
mTORC1 (S6, ULK1) and mTORC2 (Akt) effectors was dose-
proportionate and coincided with the robust overall decrease in
cell viability of the PDX organoids. This was accompanied by
significant reduction of expression of metabolic enzymes that
have been linked to mTOR signaling, in particular glutamine-
requiring pathways and lipid metabolism (19, 20). It is notable
that we also found enrichment of genes relating to lipid
metabolism and Myc. The latter is involved in increased
glutamine metabolism in a number of cancers (42). Hence, it
is possible that growth of the bone metastatic PCa organoids is
highly dependent on mTOR-mediated glutamine- and/or lipid
metabolism, making them particularly susceptible to combined
mTORC1/2 inhibition.

The analysis of LAPC9 tumor lysates from mice treated
with Rapalink-1 indicates residual mTORC2 activity as well
as fewer metabolic alterations compared to Rapalink-1-treated
organoids. Despite this divergence, treatment of mice with
Rapalink-1 every 6 days was sufficient to significantly reduce
tumor growth, as assessed by both tumor size and Ki67 staining
on lysates-matched tumor sections. Of note, the analyzed
tumor lysates from the Rapalink-1-treated mice group showed
that the effects on mTOR activation and lipid metabolism
regulation were heterogeneous (Supplementary Figure 4). This
could be explained by differences in Rapalink-1 bioavailability
among the particular mice, owing to factors like varying
tumor size, structure or vascularization, as well as by the
onset of compensatory mechanisms in tumors from treated
mice. Moreover, both LAPC9 PDX and organoids treated
with Rapalink-1 showed a significant decrease of CD44+ cells,
indicating not only a direct cytotoxic effect of the treatment,
but also the alteration of PCa subpopulation homeostasis. In
line with this observation, in vivo Rapalink-1 treatment altered
the expression of aldehyde dehydrogenases (ALDH) in the
surviving cells, as evidenced by the ALDEFluor assay. In the
assay, the large-spectrum ALDH inhibitor DEAB is provided
together with a fluorogenic substrate detecting multiple ALDH
isoforms. However, the DEAB does not inhibit all isoforms of
ALDH (17), an effect that was evident in the reported results.
Recently, Vaddi et al. published a study linking functional CSC
traits of multiple PCa cell lines to an enriched PI3K/Akt/mTOR
pathway both at the RNA and at the protein levels (43). Of
note, pharmacological inhibition of the PI3K/Akt pathway was
associated with a reduction of the CSC population in vitro,
in line with previous reports from Dubrovska et al. (44, 45).
The effect of Rapalink-1 on different LAPC9 subpopulations
could also explain the small but significant increase of viability
detected both in vitro at sublethal doses of Rapalink-1 and

in vivo. In both cases, the dose of Rapalink-1 used could
have had a direct cytotoxic effect on the more mTOR-addicted
subpopulations, selecting or inducing a subset of CD44-low,
metabolically slow cells.

Compared to breast cancer, PCa bone metastasis were also
enriched for pathways involved in oxidative phosphorylation
and lipid metabolism (fatty acid metabolism, peroxisome,
adipogenesis, cholesterol homeostasis), a finding in line with an
increase in lipid metabolism in more advanced PCa stages (46)
and supporting the clinical relevance of targeting this metabolic
branch to prevent the development of androgen-resistance (47).
An altered lipid metabolism has been linked to CSC for multiple
cancer types (48). Given the substrate preferences of the different
ALDH isoforms (49), it would be interesting to determine if
upregulation of the mTOR pathway induced metabolic rewiring
in PCa cells, or metabolic diversification of subpopulations
within the tumor. Further experiments are required to support
this hypothesis.

In conclusion, we provided a molecular analysis of a group
of breast and prostate cancer bone metastasis and showed the
translational applicability of an organoid-based drug screen on
patient-derived bone metastatic tissue. We demonstrated the
effectiveness of the dual mTORC1-2 inhibitor Rapalink-1 in
reducing PCa tumor growth, an effect that was associated with
the depletion of CD44+ cells in a PDX model of advanced, bone
metastatic PCa.
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Metastases—the spreading of cancer cells from primary tumors to distant organs,

including bone—is often incurable and is the major cause of morbidity in cancer patients.

Understanding how cancer cells acquire the ability to colonize to bone and become

overt metastases is critical to identify new therapeutic targets and develop new therapies

against bone metastases. Recent reports indicate that the endoplasmic reticulum (ER)

stress and, as its consequence, the unfolded protein response (UPR) is activated

during metastatic dissemination. However, their roles in this process remain largely

unknown. In this review, we discuss the recent progress on evaluating the tumorigenic,

immunoregulatory and metastatic effects of ER stress and the UPR on bone metastases.

We explore new opportunities to translate this knowledge into potential therapeutic

strategies for patients with bone metastases.

Keywords: bone metastases, seed and soil, metastatic niche, ER stress, unfolded protein response,

immunotherapy

INTRODUCTION

Bone is a frequent site of cancer metastases, and skeletal metastasis is much more common than
the primary bone cancers (1). Metastatic spread of primary tumor cells to bone tissues comprises
the following multiple-step cascade: (1) local invasion at the primary site; (2) intravasation; (3)
survival in circulation; (4) arrest at distant organ sites; (5) extravasation to enter the parenchymal
tissues of distant organs; (6) survival in the new microenvironment; and (7) proliferation to form
macroscopic, clinically detectable secondary tumors, which is the step that eventually leads to
morbidity (Figure 1) (2–4). Considerable research efforts have demonstrated that both intrinsic
traits of cancer cells (the seeds) and the unique bone microenvironmental factors (the soil)
contribute to the development of bone metastases (1, 3, 5–7). These efforts have led to approved
treatment on bone metastases, exemplified by the introduction of bisphosphonates and denosumab
(8–10). Meanwhile, several clinical trials are on-going based on the knowledge from these efforts.
Further studies aim to understanding the molecular basis for each step of bone metastasis will be
instrumental to manage the bone metastasis.

Tumor cells endure intrinsic (oncogenic) and extrinsic environmental stresses duringmetastatic
dissemination (11). These stresses can either increase the protein synthesis, overwhelming the
protein folding capacity of the endoplasmic reticulum (ER) or directly disrupt ER protein folding.
This leads to the accumulation of unfolded and misfolded proteins (known as ER stress) (12, 13).
An adaptive mechanism, termed the unfolded protein response (UPR), is consequently initiated
by transmembrane sensors on the ER upon detection of ER stress to restore ER homeostasis (14).
Multiple functions of the UPR in the development of primary tumors have been extensively studied,
and targeting the UPR has been shown to be an effective therapeutic strategy in multiple cancers
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(15–28). However, its role in metastases remain far less
documented. In this review, we will discuss the mechanisms of
the UPR in tumor progression and its potential implications in
bone metastases.

BONE METASTASES

The relative incidence, median survival, and effect on bone
homeostasis (osteolytic, osteoblastic, or mixed) of bone

FIGURE 1 | The multistep process from primary tumor to bone metastasis. During metastatic progression, tumor cells leave their primary site via local invasion into

the surrounding tumor-associated stroma, followed by tumor cell intravasation into the blood and lymph vasculature. Once in the vasculature, tumor cells interact with

neutrophils and NK cells, which regulate their survival in the circulation. These steps above are mostly common in metastasis to different distant organs. The

extravasation of cancer cells from the blood vasculature into the bone marrow can occur very early. After extravasation, colonizing cancer cells must develop survival

mechanisms to adapt to the local microenvironment and various treatment. This includes dormancy, interacting with (pre)metastatic niche cells (e.g., osteoblasts and

osteoclasts), and resistance to immunity. Of those cells that survived, some will be reactivated after years, even decades, to form macrometastasis.

metastases vary greatly among different cancer types (Table 1)
(1, 29, 30). Bone metastases are associated with multiple
skeletal complications, including bone pain, impaired mobility,
pathologic fractures, nerve compression, bone marrow aplasia,
and hypercalcemia (31). The clinical detection of metastases
may be a late event of disease progression; although, the
dissemination to bone may occur early. Disseminated tumor
cells (DTCs) can be detected in the bone marrow of patients and
in mouse models even without the invasive diseases (32–38).
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TABLE 1 | Incidence of bone metastases in cancer (1).

Primary cancer

type

Relative

incidence

Median survival

(months)

Five-year

survival rate

Impact to bone

homeostasis

Breast 65–75% 19–25 20% Mixed

Prostate 65–75% 12–53 25% Osteoblastic

Lung 30–40% 6 < 5% Osteolytic (NSCLC)

Osteoblastic (SCLC)

Thyroid 40–60% 48 40% Mixed

Bladder 40% 6–9 3% NA

Renal 20–25% 6–12 10% Osteolytic

Melanoma 14–45% < 6 < 5% Osteolytic

NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer.

However, because many more DTCs than macrometastases are
present in the bone marrow in both patients and mouse models,
it remains unclear whether these early DTCs ultimately cause
metastatic outgrowth or if they are simply bystanders during the
metastatic process (5, 9). Nevertheless, it is clear that the presence
of DTCs in bone marrow is associated with poor prognosis and
predicts eventual metastases to the bone as well as other organs
(39–43). The microenvironment in primary tumors contribute
to the selection of secondary tumors in bone. For example,
cancer-associated fibroblasts select Src-hyperactivated bone
metastatic seeds in triple-negative breast cancers (TNBC) (44).
Meanwhile, premetastatic niches in the bone microenvironment
are actively formed by secreted factors and/or exosomes from the
primary tumor prior to DTC seeding (5, 45, 46). Upon arrival
at the bone, DTCs that survive the hostile environment interact
with the bone resident cells, forming the metastatic niche that
determines the fate of DTCs (dormant, reactivated, or drug
resistant) (5, 7, 9, 47).

ER STRESS AND THE UPR

The ER is the major organelle in eukaryotic cells responsible
for intracellular Ca2+ homeostasis, lipid biosynthesis, and the
folding of membrane and secreted proteins (14, 48–52). Protein
folding in the ER is precisely regulated and highly sensitive to
alterations in the protein load, mutations that affect the folding
process, and the ER folding environment (e.g., redox state,
nutrient status, and Ca2+ levels) (49, 53). The accumulation
of unfolded or misfolded proteins in the ER causes ER stress,
which can be detected and resolved by the UPR (48, 51, 54–
57). There are three major UPR signaling branches named after
their transmembrane sensors: (1) inositol-requiring enzyme 1α
(IRE1α, encoded by ERN1), (2) PKR-like ER kinase (PERK,
encoded by EIF2AK3), and (3) activating transcription factor
6α (ATF6α, encoded by ATF6) (58) (Figure 2). All of these
three sensors are activated upon the dissociation of the binding
immunoglobin protein (BiP, encode by HSPA5) (59) or by the
direct binding of unfolded proteins (60, 61) under ER stress.

IRE1α is the most evolutionarily conserved branch
of the UPR (62, 63). It is a bifunctional transmembrane
kinase/endoribonuclease that dimerizes, and autophosphorylates
upon luminal activation and then specifically cleaves 26
nucleotides from cytoplasmic X-box binding protein 1 (XBP1)

mRNA (Hac1 in yeast) (54, 55, 64–66). This is the first step of
a cytoplasmic splicing event that creates an active form of the
transcription factor XBP1s which, among its various functions
activates multiple ER quality control genes to enhance the
protein folding capacity of the ER to reduce the misfolded
proteins there. Meanwhile, activated IRE1α also degrades
certain ER-localized cytoplasmic mRNAs in a process known as
regulated IRE1-dependent decay (RIDD) to reduce the number
of proteins entering the ER (67, 68). By interacting with different
adaptor and modulator proteins, IER1α can also activate the
JNK, ERK, p38, and NF-kB pathways (69–71).

PERK is a serine/threonine kinase, and its best characterized
substrate is eIF2α (72). PERK-dependent phosphorylation of
eIF2α reduces the protein load into the ER by inhibiting the
5′ cap-dependent translation, while selectively increasing the
translation of ATF4. ATF4 subsequently activates multiple genes
involved in the regulation of autophagy, amino acid metabolism,
and antioxidant responses (73–75).

Under ER stress, ATF6 is translocated to the Golgi apparatus,
where it is cleaved by site 1 protease (S1P) and S2P, releasing the
cytoplasmic transcription factor fragment (76). ATF6 activates
genes that are involved in protein folding in the ER. Collectively,
the consequences of UPR activation—pro-survival or pro-
apoptotic—depend on the duration and intensity of the stress
stimuli (14, 15, 20, 51, 53, 56).

THE UPR IN PREMETASTATIC NICHE
FORMATION

Survival and outgrowth of tumor cells in distant organs depend
on their interaction with the microenvironment of the distal
site (5–7). Several fundamental discoveries have revealed that
cancer cells can remotely reprogram the microenvironments
in distant organs to facilitate the later colonization, survival,
and growth in a process termed prometastatic niche (PMN)
formation (45, 46, 77). In the context of bone metastases, lysyl
oxidase (LOX) is secreted by estrogen receptor–negative (ER−)
breast tumors and mediates PMN formation in the bone (45).
Hypoxia signature is correlated with increased risk of bone
metastases, particularly in ER− breast tumors. Cox et al. found
LOX is highly expressed in bone-tropic MDA-MB-231 subline
1833-BoT cells and is associated with bone tropism in ER− breast
tumors. LOX secreted by the hypoxic primary tumor leads to
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FIGURE 2 | Overview of the mammalian UPR. The three ER resident sensors (IRE1α, PERK, and ATF6) transduce information about the protein folding status of the

ER to the cytosol and nucleus to restore the protein folding capacity. Under normal conditions, the sensors are inactivated by binding to the chaperone BiP. Under ER

stress conditions, the sensors are activated by BiP dissociation and/or direct misfolded protein binding. Each pathway uses a different mechanism for signal

transduction upon activation. IRE1α dimerizes, autophosphorylates, and triggers its RNase activity. This leads to the splicing of the XBP1 mRNA to produce an active

transcription factor, spliced XBP1 (XBP1s). XBP1s induces the transcription of the genes encoding protein chaperones, ERAD, and phospholipid synthesis. The

RNase activity of IRE1α also degrades certain mRNAs through RIDD. Activated IRE1α can activate the JNK, p38, ERK, and NF-kB pathways, thus playing an

XBP1-independent role to modulate diverse cellular responses. Upon activation, PERK phosphorylates eIF2α, leading to global translational attenuation while

selectively mediating translation of ATF4. In turn, ATF4 induces the expression of genes involved in amino acid metabolism, proapoptotic factor DDIT3/CHOP, and

antioxidant responses (HO1). PERK also phosphorylates and stabilizes NRF2, a transcription factor involved in redox metabolism. ATF6 is transported to the Golgi

apparatus under ER stress, where it is processed by S1P and S2P, releasing its cytosolic domain fragment as a transcription factor. ATF6 activates genes encoding

protein chaperones, ERAD components, and XBP1. Abbreviations: ATF, activating transcription factor; BiP, binding immunoglobulin protein; DDIT3, DNA damage

inducible transcript 3; eIF2α, eukaryotic translation initiation factor 2 subunit 1; ER, endoplasmic reticulum; ERAD, ER-associated protein degradation; HO1, heme

oxygenase 1; IRE1α, inositol-requiring enzyme 1α; JNK, c-Jun N-terminal kinase; NF-kB, nuclear factor kappa light-chain enhancer of activated B cells; NRF2,

NF-E2-related factor 2; PERK, PKR-like ER kinase; RIDD, regulated IRE1α dependent decay of mRNA; S1P and S2P, site 1 and site 2 proteases; UPR, unfolded

protein response.

the formation of premetastatic osteolytic lesions and promotes
bone metastatic burden in a 4T1-BALB/c mouse model. The
expression of LOX is induced by hypoxia inducible factor (HIF)
under hypoxic conditions (45). Meanwhile, the UPR is known
to be induced by hypoxia (15). Further study demonstrated
that XBP1s interacts with HIF1α and is required for the
upregulation of HIF1α-mediated hypoxia response pathway
genes in TNBC tumors (18). This study implies that XBP1s
may directly regulate the expression of LOX under hypoxic
conditions. Indeed, XBP1 activates LOX expression in lung
adenocarcinoma cells to promote the cell growth (78). Thus,
the increased secretion of LOX in hypoxic tumors may be

due to the activation of the UPR. It is compelling to note
that blocking the IRE1a-XBP1 pathway may simultaneously
inhibit the growth of both the primary TNBC tumors and
bone metastases. Additional work will be required to test the
universality of UPR involvement in the PMN formation during
bone metastasis.

ROLE OF THE UPR ON THE SURVIVAL OF
CIRCULATING TUMOR CELLS

In the vasculature, circulating tumor cells (CTCs) encounter
various stresses, including the loss of extracellular matrix (ECM)
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detachment, oxidative stress, innate immune response, and
physical shear force (3, 79, 80). Normally, cells undergo apoptosis
when they lose contact with their ECM or neighboring cells. This
specific type of apoptosis, termed anoikis, prevents adherent-
independent cell growth, attachment to an inappropriate matrix,
and thus colonization of distant organs (79, 80). Multiple studies
suggest that the PERK-eIF2α branch of the UPR inhibits anoikis
and is required for tumors to invade and metastasize (81–83).
The PERK-eIF2α pathway was shown to activate in suspension-
cultured MCF10A cells and sustains MCF10A cell survival (81).
Cells that undergo epithelial-to-mesenchymal transition (EMT)
are highly secretory, and the PERK axis of the UPR was found to
be selectively activated (82). In addition, the inhibition of PERK
compromised the ability of EMT cells to form tumorspheres
and migrate in transwell assays (82). Human melanoma cells
experience higher levels of oxidative stress in the circulation and
distant tissues than in primary tumors (84). To manage such
oxidative stress, metastasizing melanomas undergo reversible
metabolic adaptations, including the synthesis of antioxidants,
to survive and eventually metastasize to distant sites. A previous
study (83) showed that the PERK downstream transcription
factor ATF4 and NRF2, which is stabilized by PERK (85),
activate the expression of major antioxidant enzyme heme
oxygenase 1 (HO-1), and therefore protect the detached cells
from oxidative stress.

CTCs are also vulnerable to immune attacks by innate
immune cells, notably NK cells (86, 87). In contrast to NK
cells, neutrophils seem to protect CTCs and favor the metastatic
spreading (4, 88). The functions of the IRE1α-XBP1 branch
during the CTC stage are complicated (89–92). On the one hand,
XBP1s promotes NK cell proliferation and positively regulates
cytolytic activity of NK cells (89, 91, 92). On the other hand,
XBP1 stimulates the expression of lectin-type oxidized LDL
receptor 1 (LOX-1) in human neutrophils and transforms them
into immunosuppressive cells, possibly promoting CTC survival
(90). Overall, the PERK pathway could promote CTC survival by
inhibiting anoikis and oxidative stress. Further in vivo studies are
necessary to evaluate the overall effect of the IRE1α-XBP1 branch
on the survival of CTCs in vivo.

ROLE OF THE UPR ON COLONIZATION
AND DORMANCY

CTCs surviving in the circulation arrive at the bone marrow
vasculatures and extravasate into bone marrow parenchyma. It
is still unclear whether this process is completed by passive
entry due to the discontinuous endothelium of bone marrow
sinusoids or if any other pathway actively involved (6, 7, 93).
Compared with other organs, the bone is unique for its mineral
content, enriched vasculatures, low oxygen level, high local Ca2+

concentration, and acidosis (94). As a result, the newly arrived
tumor cells are challenged in many aspects (5, 6). Meanwhile,
DTCs in bone remain dormant state in a variable period,
which is critical for their survival, adaptation, escaping systemic
treatments, and final outgrowth (6, 9, 94).

The hostile microenvironment (e.g., hypoxia) in the bone may
disrupt ER protein folding; therefore, UPR pathways are expected
to be upregulated in these DTCs. Indeed, UPR target genes are
upregulated in dormant cancer cells from patients and mouse
models (95–99). In the bone marrow of breast cancer patients,
both GRP78/BiP and GRP94 are selectively highly expressed
by bone marrow (BM) DTCs (98). Interestingly, UPR target
genes are also overexpressed in cells derived from bone marrow
DTCs compared with those from primary tumors (98, 100).
These studies suggest that UPR upregulation is a stable trait for
BM DTCs.

This trait may arise from the selection of pre-existing UPR
positive subpopulation by the hostile microenvironment (and
treatment, see discussion below) from the heterogenous cancer
cell population, adaptation of the survived cancer cells to the
microenvironment, or both. Nevertheless, these UPR genes are
thought to confer a survival advantage to DTCs within the bone
microenvironment because cell lines derived from BM DTCs are
more resistant to glucose and oxygen deprivation in vitro. Studies
in the head and neck cancer cell line HEp3 indicated that p38
plays a critical role in the induction and maintenance of tumor
dormancy (95–97, 101). Interestingly, p38 activates all three
branches of UPR in the dormant HEp3 cells, which contributes
to the survival of cancer cells under glucose deprivation or
chemotherapeutic treatments. Meanwhile, the PERK pathway
inhibits the translation of cyclin D1/D3 and CDK4 in these
cells, thereby arresting the cells in the G0-G1 phase. These
studies support a causal role for the UPR in the establishment
of dormancy (95–97). The upregulation of UPR genes are also
found in dormant pancreatic ductal adenocarcinoma DTCs from
lives of patient samples andmouse model (99). Collectively, these
data indicate that UPR activation may be a common strategy
utilized by cancer cells to enter dormancy and promote their
survival. Further studies would be worthwhile to follow up on
these impressive results and answer the following questions: (1)
what triggers and/or maintains UPR signaling in dormant cancer
cells in which overall protein synthesis is attenuated (101); (2) can
UPR activation contribute to the dormant state of bone marrow
DTCs in vivo, and if so, how; (3) what determines the pro-survival
or pro-apoptotic effects of UPR activation in these cells; and (4)
can the inhibition of the UPR promote DTCs death or sensitize
them to therapies targeting proliferating cells.

ROLE OF THE UPR ON THE
REACTIVATION AND OUTGROWTH OF
DTCs

Our current knowledge about the reactivation process of
dormant DTCs, particularly in bone, is limited (4–6, 102).
The autonomous traits of tumor cells alone cannot explain
the asynchronized relapse of metastases after a long latency.
Alternatively, local stimulation of the microenvironments may
awaken dormant tumor cells. In bone, osteoclasts are key players
in the microenvironmental support of osteolytic breast cancer
cell growth and bone destruction. The upregulation of vascular
cell adhesion molecule 1 (VCAM-1) in tumor cells promotes the
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transition from indolent micrometastasis to overt metastasis in
breast cancer (103). DTCs with high VCAM-1 recruit integrin
α4β+ osteoclast progenitors and induce local osteoclast activity.
Therapeutically targeting the VCAM-1–integrin a4 interaction
effectively inhibits the progression of bone metastasis and
preserves bone structure in mouse models (103). Osteoblasts are
another cell type found in the remodeling bone environment.
It has been suggested that cancer cells interact with osteogenic
cells through E-cadherin/N-cadherin and gap junctions and
such interaction promotes early-stage bone colonization and
outgrowth (104, 105). In multiple myeloma, XBP1 is required
for the expression of VCAM-1, IL6, and RANKL and promotes
osteolytic outgrowth (106). Given that XBP1 is one of the top
transcription factors enriched in bone metastases compared with
primary tumors and metastases in other organs (105), additional
research is necessary to determine whether XBP1 regulates
VCAM-1 in bone metastasis and promotes outgrowth.

Similarly to metastases in other organs, the immune system is
absolutely critical in regulating the outgrowth of bone metastasis
(94). In clinical practice, donor-derived cancer develops on rare
occasions in immune-suppressed recipients who have received
organs from cancer survivors (disease free for more than 10
years) or donors without diagnosable cancer at the time of
transplantation (107–109). These observations suggest that the
competent immune system may hold disseminated tumor cells
in an asymptomatic state. Indeed, a higher ratio of CD56+

CD8+ T cells and memory CD4+ T cells were found in DTC-
present bone marrow samples than in DTC-free samples in
breast cancer patients (110). In a mouse model of spontaneous
bone metastasis, the restoration of interferon regulatory factor 7
(Irf7) suppresses bone metastases through interferon signaling,
whereas the deficiency of T and NK cell responses accelerates
breast cancer bone metastases (111). A possible interpretation
of these results is that cancer cell proliferation is balanced by
immune-mediated cancer cell death (4, 112). The bone marrow
is occupied by diverse immune cells including neutrophils
(113–115). With age, hematopoietic stem cells gradually lose
their self-renewal and regeneration capacity and are biased to
differentiate into myeloid lineage including monocytes (giving
rise to macrophages and dendritic cells), granulocytes (giving rise
to basophils, neutrophils, and eosinophils), and megakaryocytes
(116–118). This leads to an aged-related decline of the immune
response (referred to as immunosenescence) and chronic, sterile,
low-grade inflammation (named “inflamm-aging”) in older
adults (119, 120). Inflammation is linked to the relapse of
breast cancer (121). Sustained experimental inflammation and
the accompanying formation of neutrophil extracellular traps
in the lungs was found to convert dormant breast cancer
cells to aggressive lung metastases in mice. Mechanistically,
the neutrophil extracellular traps associated protease neutrophil
elastase and matrix metalloproteinase 9 sequentially cleaves the
ECM component laminin, leading to laminin remodeling. The
remodeled laminin activates α3β1-FAK signaling in dormant
cancer cells to induce their reactivation (122). As discussed
above, XBP1 promotes neutrophils into immunosuppressive
cells. In addition, the inhibition of the IRE1α RNase activity
downregulates the expression and secretion of CXCL1 inmultiple

breast cancer cell lines (23), indicating the possibility that
IRE1α promotes neutrophil recruitment by activating CXCL1.
Furthermore, the IRE1a-XBP1 pathway is required for neutrophil
extracellular trap formation during infection (123) Overall,
the IRE1a-XBP1 pathway is known to promote neutrophil
recruitment and function. Nevertheless, additional investigation
is necessary to test whether neutrophils contribute to DTC
reactivation in bone and whether/how the IRE1α-XBP1 pathway
is involved in this process.

Dendritic cells (DCs) are responsible for the presentation of
tumor antigens to T cells and initiation of the antitumor response
(124). Activated T cells, especially cytotoxic CD8+ T cells and
CD4+ T helper 1 cells, attack and destroy the target tumor cells
(125). However, these processes are often inhibited by tumor
cells via multiple strategies including at least by silencing the
antigen presentation (hiding major histocompatibility complex
I (MHCI) or making dendritic cells (DCs) dysfunctional), T-
cell dysfunction, and the establishment of an immunosuppressive
tumor microenvironment by myeloid-derived suppressor cells
(MDSCs) (124–126). In contrast to the essential role of the
IRE1α-XBP1 pathway in the physiology of antigen presentation
cells under homeostatic conditions (127, 128), a study by the
Laurie Glimcher’s laboratory uncovered XBP1s as a critical driver
of tumor-associated dendritic cell (tDC) dysfunction in the
ovarian cancer microenvironment (129). IRE1α activation of
XBP1s, stimulated by lipid peroxidation byproducts in tDCs,
leads to abnormal lipid accumulation and subsequent inhibition
of the antigen-presenting capacity of tDCs. Accordingly, DC-
specific XBP1 inhibition restores their immunostimulatory
capacity and extends survival in tumor-bearing mice. In
addition, targeting the IRE1α-XBP1 pathway benefits T-cell
function directly in the ovarian cancer microenvironment
by increasing mitochondrial respiration activity (130) and
attenuating cholesterol-induced CD8+ T-cell exhaustion (131).
The PERK downstream target Chop (encode by Ddit3) is highly
expressed in tumor-associated MDSCs, and the depletion of
Chop compromises the function of MDSCs and delays tumor
growth (132). Therefore, inhibition of the IRE1α and PERK
pathways could boost the immune response in multiple tumors.

Taken together, these recent findings suggest that ER stress is
induced in tumor cells and infiltrated immune cells in the tumor
microenvironment. Thus, it would be interesting to test whether
the abovementioned functions of the UPR are specific to the
tumor microenvironment studied or can be generalized to other
cancer types and different metastatic organs including bone.

THERAPEUTIC RESISTANCE AND
METASTATIC-RELATED MORBIDITY

Metastatic cancer often represents a terminal illness and is
the main cause of cancer death (133). Current treatments
for metastatic lesions are essentially similar to those for
the corresponding primary tumors, including chemotherapy,
targeted therapy, hormone therapy, radiation therapy, and
immunotherapy (4, 134). Unfortunately, therapeutic resistance
often occurs (4) due to many mechanisms, including tumor
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FIGURE 3 | Potential connections between the UPR and bone metastasis. Schematic representation of the proposed effects of the UPR in bone metastasis by

regulating indicated processes.

dormancy, stem-like properties, EMT, and immune suppression
as discussed above. In a mouse model of spontaneous
lung metastases from mammary tumors, IRE1α expression
was induced upon cyclophosphamide-mediated chemotherapy
(135). This result is further supported by a study that
reported that IRE1α RNase activity is induced upon paclitaxel
treatment in TNBC cells (23). Importantly, the inhibition
of IRE1α RNase activity increases paclitaxel-mediated tumor
suppression and delays tumor relapse posttherapy (23). This is
consistent with our recent finding that the inhibition of IRE1α
RNase activity substantially enhances the efficacy of docetaxel-
based chemotherapy in treating MYC-overexpressing primary
tumors and lung metastases (26). In summary, hijacking and
upregulation of the IRE1α-XBP1 pathway is one strategy tumor
cells use to develop chemoresistance, yet further investigation is
required on the detailed mechanisms about how this pathway is
activated and how it leads to resistance.

Bone pain is one of the most frequent symptoms of bone
metastases, impairing both life quality and expectancy (136).
One of the extensively studied molecules that leads to bone
pain is cyclooxygenase-2 (COX-2), which is the key enzyme
in prostaglandin biosynthesis (136, 137). Prostaglandins bind
to prostanoid receptors on sensory terminals, resulting in
bone pain (136). Inhibition of COX-2 attenuates bone pain,
tumor growth, and bone destruction in a mouse model (138).
The two latter phenotypes can be explained by the fact that
prostaglandins can also directly promote cancer cell proliferation

and induce immunosuppression (137). Recently, the IRE1α-
XBP1 pathway was identified as an important regulator in
prostaglandin biosynthesis and pain management (139). In
myeloid cells (including macrophages and monocytes), XBP1
directly activates the expression of COX-2 and mPGES-1.
Genetically or pharmacologically inhibition of the IRE1α-XBP1
pathway diminished pain-related behaviors in mouse models.
Given the established functions of COX2/PGES-1 in pain and
immunosuppression, this finding not only revealed a new
therapeutic approach for attenuating pain behavior but also
indicated an alternative explanation how the IRE1α-XBP1 arm
promotes immunosuppression.

CONCLUSIONS AND FUTURE
DIRECTIONS

In the past decade, great strides have been made in bone
metastasis research to enhance our understanding of this disease
in both patients and experimental models. However, some
key questions still remain unanswered. What triggers DTC
dormancy and reawakening? How do DTCs evade immune
cell surveillance? And ultimately, can we cure bone metastases?
To address these questions, both conceptual and technological
advances must be made. Improved models need to be developed
that faithfully mimic the natural history of bone metastases in
patients. The advancement in single-cell RNA sequencing has
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broadened our knowledge about the heterogeneity of cancer and
bone marrow niche cells (114, 115, 140). This technique alone
or together with the metastatic-niche labeling strategy (141) will
shed new light on the biology of bone metastases and may
identify new therapeutic targets.

The activation of the UPR has been demonstrated to endow
cancer cells with tumorigenic, metastatic, and drug-resistant
capacities and provide tumors with an immunosuppressive
microenvironment. Given the convincing underlying
mechanisms discovered and the exciting therapeutic results
so far, it would be very promising to translate our current
knowledge on the functions of the UPR in primary tumors to the
study of bone metastases (Figure 3). Further studies are required
to characterize the functions of the UPR in different steps of bone
metastasis and in different cancer models. What are the driver
events that induce/inhibit the UPR during bone metastasis? How
does the UPR interplay with other signaling during this process?
Can these stress responses in cancer cells be transmitted to niche
cells to promote bone metastasis (142, 143)? Importantly, due to
the immunosuppressive function of the UPR and the availability

of multitarget drugs, it is conceivable to combine these inhibitors
to various forms of cancer immunotherapy strategies to control
bone metastases.
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Osteosarcoma (OS) accounts for a large proportion of the types of bone tumors that
are newly diagnosed, and is a relatively common bone tumor. However, there are
still no effective treatments for this affliction. One interesting avenue is related to the
mitochondrial NDUFA4L2 protein, which is encoded by the nuclear gene and is known
to be a critical mediator in the regulation of cell survival. Thus, in this study, we aimed to
investigate the effect of NDUFA4L2 upon the metastasis and epithelial–mesenchymal
transition of OS. We found that NDUFA4L2 protein expression was upregulated in
hypoxic conditions. We also used 2-ME and DMOG, which are HIF-1α inhibitors and
agonists, respectively, to assess the effects related to decreasing or increasing HIF-1α

expression. 2-ME caused a significant decrease of NDUFA4L2 expression and DMOG
had the opposite effect. It was obvious that down-regulation of NDUFA4L2 had a direct
interaction with the apoptosis of OS cells. Western blotting, wound healing analyses,
Transwell invasion assays, and colony formation assays all indicated and supported the
conclusion that NDUFA4L2 promoted OS cell migration, invasion, proliferation, and the
epithelial–mesenchymal transition. During experiments, we incidentally discovered that
autophagy and the ROS inhibitor could be used to facilitate the rescuing of tumor cells
whose NDUFA4L2 was knocked down. Our findings will help to further elucidate the
dynamics underlying the mechanism of OS cells and have provided a novel therapeutic
target for the treatment of OS.

Keywords: HIF-1a, hypoxia, osteosarcoma, metastases, NDUFA4L2

INTRODUCTION

Osteosarcoma (OS) accounts for a large proportion of primary malignant bone tumors that
significantly affect children, teenagers, and young adults, accounting for 20–35% of all such
diagnoses (Torre et al., 2015). Although there are many treatments that have emerged in
recent years, such as chemotherapy and effective resection, the 5-year overall survival rate
of OS remains poor, mainly as a result of metastases and relapse (Harrison et al., 2018).
The underlying mechanisms inducing the evolution and progression of OS remain poorly
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understood. Consequently, it is of significance for the
research community to elucidate the potential mechanisms
of OS and to facilitate the discovery of novel and effective
treatment approaches.

The oxygen concentration of normal non-diseased tissue is
about 4%, while the oxygen concentration of solid tumorous
tissues is <1% (Muz et al., 2015). OS cells usually survive in low-
oxygen conditions, and this advantage plays an important
role in the rapid rates of tumor proliferation (Ebbesen
et al., 2004). Cells of solid tumors that have survived in a
hypoxic environment can activate hypoxic gene pathways
and accelerate tumor chemoresistance, which eventually
causes a poor prognosis (Keith and Simon, 2007). Hypoxia
inducible factor-1 (HIF-1) protein can regulate hypoxic genes
of cancer cells and thus can help cope with the hypoxic
environments. Notably, HIF-1 protein is comprised of a
hypoxia-regulated α subunit and a non-hypoxia-regulated β

subunit (Goda et al., 2003). In a normoxic environment, HIF-1α

is hydroxylated by prolyl hydroxylases, and hydroxylated
HIF-1α is eventually disintegrated by the proteasome.
Activated prolyl hydroxylases can be inhibited when cancer
cells are exposed to hypoxic environments and when they
become hypoxic (Huang et al., 1998; Maxwell et al., 1999;
Jaakkola et al., 2001).

NDUFA4L2, a component of the electron transport chain
(ETC) complex I subunit, is highly expressed in hypoxic
environments, and plays an important role in fine adjustments
of complex I activity. Consequently, NDUFA4L2 can mediate
the function of oxidative phosphorylation and reactive oxygen
species (ROS) production in mitochondria. At present, little is
known with respect to the function of NDUFA4L2, especially in
regards to its possible functions and roles in OS development.
NDUFA4L2 was knocked out in cells, which survived in a
hypoxic environment and subsequently promoted mitochondrial
ROS production (Tello et al., 2011). This indicated that the
NDUFA4L2 protein repressed ROS production and consequently
induced anti-oxidative stress in cancer cells (Tello et al.,
2011). DNA destruction induced by high ROS accumulation
is also known to have detrimental effects upon the survival,
proliferation, and metastasis of cancer cells. A recent study
reported that NDUFA4L2 accelerated the survival of Non-
small cell lung cancer (NSCLC) in hypoxic conditions (Meng
et al., 2019). However, the underlying mechanisms of how
NDUFA4L2 appears to control and influence the survival
of OS is unknown.

Autophagy, a highly conserved biological process, disposes
of abnormal or misfolded proteins and limits dysregulation
as well as unnecessary organelles in a lysosome-dependent
manner (Weckman et al., 2015; Mowers et al., 2017). In
recent decades it has emerged that dysfunction of autophagy
induced the pathogenesis of varied types of neural diseases
(Umezawa et al., 2018), metabolic defects, and the onset
of tumors (Huang et al., 2017). However, the specifics of
interactions between autophagy and NDUFA4L2 in OS are
currently unknown. Therefore, in our study, we sought to
explore the influence of NDUFA4L2 and autophagy to the
pathogenesis of OS.

MATERIALS AND METHODS

Cell Lines and Cell Culture
The human OS cell lines 143b, HOS, and U2OS were purchased
from ATCC Company (Manassas, VA), and were cultured in
DMEM modified medium (Gibco, Invitrogen). All medium
contained 10% fetal bovine serum, 100 units/mL penicillin and
100 µg/mL streptomycin. Cells were cultured in a consistent and
humidified atmosphere of 5% CO2 at 37◦C. Cells were cultured
in hypoxic environments (1% O2) until 70% density.

Cell Proliferation Assay
We used the Cell Counting Kit-8 (CCK-8; Beyotime, Beijing,
China) to measure cell viability. 143b, HOS, and U2OS cells were
adjusted to 1 × 105 cells/well and were seeded in six-well plates.
24, 48, 72 and 96 h post-transfection, 20 µL of CCK-8 solution
was added per well. After 4 h of incubation, cell proliferation was
determined by measuring optical density (OD) values at 450 nm
on a Microplate Reader (Thermo Fisher Scientific).

Colony Formation Assays
Colony formation assays were performed following previously
published methods (Cai et al., 2017). Transfected cells during
logarithmic phases were plated in six-well plates at a density
of 1,000 cells per well. Two weeks later, we twice washed the
cells by using phosphate buffered saline (PBS), and then fixed
the samples by using methanol for 30 min. Colonies were
then stained by using 0.1% crystal violet (Sinopharm Chemical
Reagent, Shanghai, China), and the numbers of colonies were
manually calculated.

Flow Cytometry to Detect Cell Apoptosis
Flow cytometry was used to measure the rate of apoptosis
by using the Annexin V-FITC Apoptosis Detection Kits (BD
Biosciences, Franklin Lakers, NJ) according to the manufacturer’s
protocol. Cells were incubated with the mixing solution at room
temperature for 15 min, and the cells were analyzed by using the
FACS System (BD Biosciences).

Immunofluorescence
Cells were seeded on glass coverslips and then fixed with 4%
paraformaldehyde for 30 min. The cells were permeabilized
in 0.1% Triton X-100 for 20 min. Next, cells were incubated
with primary antibodies overnight at 4◦C as follows: E-cadherin
(1:100, Abcam, United States) and Vimentin (1:200, Abcam,
United States). Coverslips were thrice washed with PBST
after they were incubated with secondary antibody for
1.5 h at 37◦C (Beyotime, China). Immunofluorescence was
captured through photography and by using fluorescence
microscopy (Olympus BX51).

Western Blotting Assays
The treated cells were harvested and lysed using RIPA buffer
(with protease inhibitors). Nuclear protein was harvested by
using Nuclear protein and cytoplasmic protein extraction
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kit (Beyotime, China). Cell lysates were separated on SDS-
PAGE, transferred onto PVDF membranes, blocked with
5% BSA, incubated with primary antibodies against the
following: HIF-1α (1:1,000, Proteintech, China), HIF-2α

(1:1,000, abcam, United Kingdom), NDUFA4L2 (1:1,000,
Proteintech, China), Cytochrome c (1:1,000, Proteintech,
China), P62 (1:1,000, Proteintech, China), Beclin-1 (1:1,000,
CST, United States), LC3(1:1,000, Novus, United States), Bax
(1:1,000, Proteintech, China), Bcl-2 (1:1,000, Proteintech, China),
PARP (1:1,000, CST, United States), E-cadherin (1:1,000, CST,
United States), Vimentin (1:1,000, CST, United States), Slug
(1:1,000, CST, United States), Snail (1:1,000, CST, United States),
MMP2 (1:1,000, CST, United States), MMP9 (1:1,000, CST,
United States), Lamin B (1:1,000, Beyotime, China), Tubulin
(1:1,000, Beyotime, China) and GAPDH (1:1,000, Beyotime,
China). Subsequently, membranes were incubated with
secondary antibodies and measures were determined using
EasyBlot ECL kits (Sangong, Songjiang, Shanghai, China).
Membranes were thrice washed with TBST and were then
incubated with HRP-conjugated secondary antibodies. Finally,
membranes were induced to react with the addition of ECL Plus
reagent (Millipore). Results were quantified by Image-J (National
Institutes of Health).

RNAi, pcNDA, and Lentivirus
Transfection
NDUFA4L2-siRNAs and respective negative control (NC)
siRNAs were designed, synthesized, and purchased from
GenePharma, China. siRNAs sequences are listed as follows:
5′-CUGAUGACCAGCAACUUGAdTdT-3′ (sense); 5′-
UCAAGUUGCUGGUCAUCAGdTdT-3′ (antisense) for
si-HIF-1α-1; 5′-GGGCCGUUCAAUUUAUGAATT-3′ (sense)
and 5′-GCCUCUUCGACAAVCUUAATT-3′ (antisense) for
si-HIF-1α-2; 5′-CAGCAUCUUUGAUAGCAGUdTdT-3′
(sense) and 5′-ACUGCUAUCAAAGAUGCUGdTdT-
3′ (Antisense) for si-HIF-2α-1; 5′-
CACCGCCGTACTGTCAACCTCAAGTTTCAAGAGAACTT
GAGGTTGACAGTACGGCTTTTTTG-3′ (sense) and 5′-
GATCCAAAAAAGCCGTACTGTCAACCTCAAGTTCTCTT
GAAACTTGAGGTTGACAGTACGGC-3′ (Antisense) for
si-HIF-2α-2; 5′-UCCUCGGUACGUGUCACGUTT-3′ (sense)
and 5′-ACGUGCCACGAUCGCAGAUTT-3′ (antisense) for
si-NC; 5′-GCAGUUUCCACUGACUAUATT-3′ (sense) and
5′-UAUAGUCAGUGGAAACUGCTT-3′ (anti-sense) for si-
NDUFA4L2-1; 5′-UCAUCCCGAUGAUCGGCUUTT-3′ (sense)
and 5′-AAGCCGAUCAUCGGGAUGATT-3′ (anti-sense) for
si-NDUFA4L2–2; 5′-GCUGGGACAGAAAGAACAATT-3′
(sense) and 5′-UUGUUCUUUCUGUCCCAGCTT-3′ (anti-
sense) for si-NDUFA4L2–3. pcDNA-NDUFA4L2 plasmids
were designed and synthesized chemically (Sangon Biotech,
China). The cloning vector was pcDNA3.1+. As described above,
NDUFA4L2 plasmids were added to serum-free medium, and
then, Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was added
to the same medium. The Lentivirus containing shNDUFA4L2
or shNC were transfected into OS cells. After 48 h, cells were
used in follow-up experiments.

Chromatin Immunoprecipitation (ChIP)
Assays
We used SimpleChIP Enzymatic Chromatin IP kit (Magnetic
Beads; CST, Pudong, Shanghai, China) to conduct the ChIP
assays following all manufacturer protocols. The precipitated
protein/DNA complexes were separately immunoprecipitated
with the use of antiSP1 antibody (Abcam, Pudong, Shanghai,
China) and IgG antibody (Abcam, Pudong, Shanghai, China).
The precipitated DNA was then analyzed in quantitative
real time polymerase chain reaction (qRT-PCR). Primer
Sequences for CHIP Assays were as follows: Forward:
5′–CAGGTCTGTGTATGTGTGAAA–3′, and Reverse:
5′–CTACGCACTGTCACTGAG–3′.

Transwell Assays
Transwell invasion assays were performed to assess cell invasion.
Upper chambers were coated with Matrigel (Corning, NY) and
then incubated overnight before cells were plated. Transfected
cells were cultured in upper chambers with serum-free medium.
In the lower chambers, DMEM with 10% FBS was added.
Post 24 h of incubation, remaining non-invaded cells were
carefully wiped away. Finally, invaded cells were stained with
0.1% crystal violet (Sinopharm Chemical Reagent). Invaded cells
were counted under light microscopy (Olympus, Tokyo, Japan).

Migration Assays
To measure cell migratory ability, 143b were seeded onto a 6 cm
plate overnight in a consistent and humidified atmosphere of
5% CO2 at 37◦C. Confluent monolayers were scratched using
sterile pipette tips followed by several washes with phosphate-
buffered saline (PBS) to remove detached cells. Cells were then
transfected with siRNA for 48 h in medium without serum.
Photographs of wounded areas were obtained using a Leica
DMI3000 B inverted microscope (Leica Microsystems GmbH,
Wetzlar, Germany). The migration rate was calculated according
to the scratched surfaces, which were quantified using ImageJ
Version 1.410 software (National Institutes of Health, Bethesda,
MD, United States).

Tumor Xenograft Model
Immunodeficient male BALB/C nude mice (18–20 g) were
obtained from the Animal Center of Shanghai Jiao Tong
University. Animals were cared for at least 1 week before
initiation of experimental phases. Animals were fed with
rodent laboratory chow and water ad libitum under standard
laboratory animal conditions (25◦C, 50–70% humidity, 12 h
light/dark cycle). Each nude mouse (Five mice per treatment
group) was injected subcutaneously with 143b cells (100 µ,
1 × 106) transfected with LV-shNC or LV-shNDUFA4L2.
After 2 weeks, mice were sacrificed and tumors were excised.
Tumors were weighed as well as subjected subsequently to
immunohistochemical assays. All experiments were carried out
in accordance with Guidelines for the Care and Use of Laboratory
Animals and approved by the Xinhua Hospital, Shanghai Jiao
Tong University School of Medicine.
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Immunohistochemical Examination
Immunohistochemical examinations were performed following
methods outlined in a previous study. Briefly, antigen was
retrieved and microwaved for 15 min. Next, endogenous
peroxidase activity was blocked for 10 min by use of 3%
hydrogen peroxide, and then non-specific binding sites were
blocked for 30 min at room temperature by 5% BSA (bovine
serum albumin). Primary antibodies were added to sections
and incubated overnight at 4◦C. For primary antibodies we
used anti-LC3, 1:100, Novus, United States, and (PCNA, 1:100,
Proteintech, China). Sections were incubated with an appropriate
HRP-conjugated secondary antibody (Santa Cruz Biotechnology,
Dallas, TX, United States) and counterstained with hematoxylin.

ROS Measurement
Mitochondrial ROS production was detected by Reactive
Oxygen Species Assay Kit (Beyotime, China) according to
the manufacturer’s protocol. After various treatments, Os cells
were washed with PBS and incubated with serum-free medium
containing with DCFH-DA at 37◦C for 20 min. Then DCFH-
DA was removed and washed with serum-free medium three
times. DCF fluorescence distribution of cells was detected using
fluorescence microscope analysis (Olympus Fluoview, Japan).
Positive cells were emitted with green.

TUNEL Assays for Apoptosis
OS cell apoptosis was determined using One-step TUNEL
cell apoptosis detection kits (Beyotime, No. C1086, Shanghai,
China) following manufacturer protocols. OS cells were seeded
upon coverslips in six-well plates. Post-application of varied
treatments, cells were washed using PBS. Cells were then fixed
with 4% paraformaldehyde for 30 min and then washed once with
PBS. Cells were permeabilized with PBS containing 0.3% Triton
X-100 at room temperature for 5 min. Cells were then twice
washed with PBS. We then added 50 µL of TUNEL detection
solution to samples and incubated at 37◦C for 60 min in the dark.
Finally, we added DAPI, incubated for 5 min, and completed
imaging using fluorescence microscopy (Olympus BX51).

Oxygen Consumption
Oxygen consumption (OCR) was measured by high-resolution
respirometry (Oxygraph-2k, Orobros Instruments, Innsbruck,
Austria). After OS cells were trypsinized, they were resuspended
in HBSS containing 25 mM HEPES at 2 × 106 cells/ml. The
instrument background flux was calculated as a linear function of
oxygen concentration, and the experimental data were corrected
using DatLab software (Oroboros Instruments). The oxygen
concentration in the air saturated medium was 175.7 µM at 37◦C.
The oxygen concentration of cells was measured in a 37◦C box
under normoxic and hypoxic (1% O2) environments with the
indicated treatments.

Lactate Production
To evaluate the production of lactate, a lactic acid assay
kit (BioVision) was used to explore the cell culture medium

according to the manufacturer’s protocol. These values were
normalized to protein concentration.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism 5. All
data were presented as the mean ± standard deviation (SD).
Independent-sample t-tests were performed to facilitate analysis
of differences between treatments. For multiple comparisons, a
two-way analysis of variance (ANOVA) was performed followed
by a Tukey post-hoc test. All p-values were two-sided and
nsp ≥ 0.05, ∗p < 0.05, ψp < 0.01, and #p < 0.001 were
deemed as levels of statistical significance. All experiments were
replicated three times.

RESULTS

HIF-1α Can Regulate NDUFA4L2
Expression in 143b and U2OS in Hypoxic
Conditions
To investigate hypoxia adaptation mechanisms in human OS,
we performed Western blotting and characterized levels of gene
expression of two human OS cell lines, 143b and U2OS. Cells
were cultured in normoxic and hypoxic environments for 24 and
48 h, respectively. The results for 143b and U2OS indicated that
HIF-1α and NDUFA4L2 expression was significantly upregulated
under hypoxic conditions (Figures 1A,B). We further examined
the Cytochrome C and autophagy relative protein, p62, Beclin-
1, LC3, and found that the activity of autophagy was much
higher under hypoxic vs. non-hypoxic conditions (Figure 1A). In
hypoxic environments, Cytochrome c was released to cytoplasm
from mitochondria, indicating that there was some apoptosis
in OS cells cultured in hypoxic environments (Supplementary
Figure S1A). The following experiments were performed in
hypoxic environments for 48 h. The ROS production was also
increased in hypoxic environments (Figure 1B). The lower OCR
and higher lactate production demonstrated that OS cells mainly
used glycolysis to produce energy in hypoxic environments
(Supplementary Figures S1B,C). An autophagy indicator was
used to track autophagy flux, and results indicated that autophagy
flux was significantly enhanced under hypoxic environments
(Figure 1C). Thus, we inferred there were important connections
among NDUFA4L2, autophagy, and apoptosis.

Treatment of cells with HIF-1α inhibitor (2-methoxyestradiol,
2-ME, 20 mmol/L) (Chen et al., 2015) and agonist
(Dimethyloxaloylglycine, DMOG, hydroxylase inhibitor,
0.2 mmol/L) (Xie et al., 2012), respectively was performed.
Western blotting results revealed that suppression of HIF-1α

induced reductions in NDUFA4L2 and that accelerated HIF-1α

expression could heighten NDUFA4L2 protein expression
compared to the control group (Figure 1D). CHIP assays
were performed on 143b cells. To determine the level of
consequence that HIF-1α bound to NDUFA4L2’ HREs, qPCR
was carried out with specific primer for attachment to the
HRE site. Schematic representations of the human NDUFA4L2
gene and the nucleotide sequences matching HRE from six
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FIGURE 1 | HIF-1α might regulate the expression of NDUA4L2 in 143b and U2OS cell lines. 143b and U2OS cells were cultured in hypoxic environments for 24 and
48 h while control cells were cultured in normoxic environments. (A) Protein expression of HIF-1α, NDUFA4L2, P62, Beclin-2, LC3, and GAPDH in 143b and U2OS
cells was determined by Western blotting. (B) ROS production was detected in 143b and U2OS under normoxic environments or hypoxic environments for 48 h by
use of a Reactive Oxygen Detection Kit. (C) Fluorescence-based imaging for 143b cells transfected with mRFP-GFP-LC3 adenovirus. Green dot represents the start
of autophagic flux, and Red dot represents the end of autophagic flux. Promotion of Red dot represents that autophagic flux was promoted. 143b cells were under
normoxic environments or hypoxic environments for 48 h. (D) Expression of HIF-1α, NDUFA4L2, Beclin-1, LC3, and GAPDH were determined by Western blotting in
143b and U2OS cells pretreated with 2-ME and DMOG in hypoxic environments. (E) CHIP assay of HIF-1α binding to NDUFA4L2 gene in 143b cells. (F) About
1 × 106 143b cells were planted into six-well plates and cultured at 37◦C until 70% confluence. 143b cell morphology was photographed using microscopy. Scale
Bar = 100 µm. (G) Apoptosis of 143b cells was detected by flow cytometry. NX, normoxic environment; HY, hypoxic environment. nsp ≥ 0.05, ∗p < 0.05, ψ < 0.01,
and # < 0.001 were defined as measures that indicated significant differences among treatment groups. All experiments were performed in triplicate.

mammalian genes was provided in Supplementary Figure S1D.
The level of consequence that HIF-1αbound to NDUFA4L2’
HREs was found to have decreased in the 2-ME treatment
group and contrastingly increased in the DMOG treatment

group (Figure 1E). 143b cells that were treated with HIF-1α

agonist were found to have had vigorous growth compared
to the control group as characterized under light microscopy.
However, we found opposite results in the treatment of 143b
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cells with 2-ME (Figure 1F). The cell proliferation detected by
CCK-8 confirmed that HIF-1(α inhibitor 2-ME repressed the cell
proliferation of OS cells and HIF-1(α agonist DMOG promoted
the cell proliferation of OS cells in hypoxic environments
(Supplementary Figure S1E). Importantly, the incidence of
apoptosis was detected by use of flow cytometry Annexin V/PI
double staining. Results confirmed that 143b cells treated with
DMOG had lower apoptosis incidence (Figure 1G). However,
the very low percentages of dead cells seemed to represent a
normal rate of cell death rather than actually increased apoptosis.
Therefore, we pretreated the cells with staurosporine (100 nM)
(Lien et al., 2018) to quantify the relative effect of DMOG and
ME treatments upon dead cells. The results confirmed the above
findings that OS cells treated with DMOG had a lower incidence
of apoptosis (Supplementary Figure S1F). We further examined
autophagy relative proteins, Beclin-1 and LC3. We found that
autophagy activity was significantly inhibited when DMOG was
added to 143b and U20S, and autophagy activity was significantly
promoted when 2-ME was added to the OS cell lines (Figure 1D).

To further confirm the relationship between HIF-1α and
NDUFA4L2, small interfering RNAs to HIF-1α and HIF-2α

were established to facilitate silencing of expression HIF-1α

and HIF-2α. The effect of si-HIF-1α and si-HIF-2α in hypoxic
environments was confirmed by use of qRT-PCR and Western
blotting. HIF-1α protein expression was knocked down by si-
HIF-1(α-1 and si-HIF-1(-2 significantly (Supplementary Figure
S1G). HIF-1α knockdown induced decreased expression of
NDUFA4L2 protein in OS cells (Supplementary Figure S1G).
CHIP assays indicated that HIF-1α bound to NDUFA4L2’
HREs was decreased by way of si-HIF-1α (Supplementary
Figure S1I). Moreover, we found that HIF-2α knockdown by
si-HIF-2α-1 and si-HIF-2α-2 did not induce a reduction in
expression of NDUFA4L2 and HIF-2α bound to NDUFA4L2’
HREs did not decreased by way of si-HIF-2α (Supplementary
Figures S1H,J). These results revealed that HIF-1α regulated
expression of NDUFA4L2 and regulated levels of autophagy in
hypoxic environments.

Knockdown of NDUFA4L2 Inhibits
Osteosarcoma Cell Proliferation,
Migration, and Epithelial–Mesenchymal
Transition Progression and Promotes
Apoptosis in vitro
We found that NDUFA4L2 expression was increased, but
also found that Cytochrome c expression was decreased
in mitochondria of OS cells under hypoxic environments.
Consequently, to examine if NDUFA4L2 could inhibit apoptosis
in OS cell lines cultured in hypoxic environments, small
interference including si-NC, si-NDUFA4L2-1, si-NDUFA4L2-
2 and si-NDUFA4L2-3 was used to knock down NDUFA4L2
in 143b, U2OS, and HOS cells cultured under hypoxic
environments. Western bolting results showed that NDUFA4L2
was silenced significantly by si-NDUFA4L2-1, si-NDUFA4L2-
2, and si-NDUFA4L2-3 (Supplementary Figure S2A). Bcl-
2/Bax has a negative correlation with apoptosis incidence. The
more apoptosis happens, the greater ratio of C-PARP/T-PARP

is observed in apoptosis cells. Figure 2A demonstrated that
knockdown of NDUFA4L2 induced decreased expression of Bcl-
2/Bax and increased expression of C-PARP/T-PARP compared
to the control group in 143b, U2OS, and HOS cell lines. Flow
cytometry Annexin V/PI double staining and TUNEL assays
demonstrated that si-NDUFA4L2 promoted apoptosis of HOS
and 143b cells (Supplementary Figure S2C). At the cellular level,
we used CCK-8 to examine relative cell proliferation whereby
results suggested that proliferation was reduced in cells whose
NDUFA4L2 was knocked down (Figure 2B and Supplementary
Figure S2B). Furthermore, silencing of NDUFA4L2 induced
production of ROS (Figure 2C). Intriguingly, autophagy
was increased in these cells transfected with si-NDUFA4L2
(Figure 2A). We inferred that mitochondrial NDUFA4L2 might
be essential for OS cells survival. However, the role of autophagy
still remains unknown and was elucidated in our study.

To assess if NDUFA4L2 regulated cancer metastasis in
OS cells, we established small interference RNA to silence
NDUFA4L2. The results of associated wound healing
assays suggested that 143b and HOS cells transfected
with si-NDUFA4L2 had reduced migration related abilities
(Supplementary Figure S2F). At the molecular level, results
of immunofluorescence and Western blotting indicated that
there were increases in epithelial–mesenchymal transition
(EMT) relative protein E-cadherin expression, and decreases
in EMT relative protein Vimentin in OS cells transfected with
si-NDUFA4L2 (Figure 2E and Supplementary Figure S2E).
Silencing of NDUFA4L2 also induced an increase in measures
of E-cadherin, and induced a decrease in Vimentin, Slug,
Snail, and MMP9 expression (Figure 2D). However, MMP2
protein expression was increased in cells transfected with
si-NDUFA4L2. Importantly, NDUFA4L2 knockdown led to
an increased OCR in OS cells under hypoxic environments
(Figure 2F). Finally, we established pcDNA-NDUFA4L2 to
overexpress NDUFA4L2 expression in HOS cells cultured in
normoxic environments. Our results showed that overexpression
of NDUFA4L2 in normoxia was insufficient alone to activate
the EMT progression (Figure 2G). These results revealed that
mitochondrial NDUFA4L promoted OS cell migration and EMT
progression in hypoxic environments.

NDUFA4L2 Protects Osteosarcoma Cells
by Repressing ROS Production
A recent study reported that NDUFA4L2 could function as
an antioxidant (Lien et al., 2018). To confirm the role of
ROS in OS cells post-silencing of NDUFA4L2, we applied
NAC (N-acetylcysteine, 10mM) (Li et al., 2017), which is
a scavenger of ROS, to treat 143b, U2OS, and HOS cells
in hypoxic environments. NAC did not affect the control
cells no matter whether or not OS cells were cultured in
normal or hypoxic environments (Supplementary Figures S3A–
C). NDUFA4L2 knockdown did not affect OS cells under
normal environments either (Supplementary Figure S3C).
NDUFA4L2 was downregulated in OS cells cultured in non-
hypoxic environments. NDUFA4L2 knockdown did not induce
an increase of ROS production and thereby NAC did not affect

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 November 2020 | Volume 8 | Article 515051117

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-515051 November 16, 2020 Time: 15:14 # 7

Xu et al. Role of NDUFA4L2 in Osteosarcoma

FIGURE 2 | Knockdown of NDUFA4L2 inhibited OS cell proliferation migration, and epithelial–mesenchymal transition progression, as well as promotes apoptosis
in vitro. 143b, U2OS, and HOS cell lines were transfected with si-NC or si-NDUFA4L2-2 or si-NDUFA4L2-3 in hypoxic environments. (A) Protein expression of
NDUA4L2, P62, LC3, Bax, Bcl-2, PARP, and GAPDH in 143b, U2OS, and HOS cells was measured using Western blotting. (B) Relative cell proliferation of 143b
cells was detected by CCK-8. (C) ROS production was detected by use of a Reactive Oxygen Detection Kit. (D) Protein expression of Slug, snail, MMP2, MMP9,
E-cadherin, and Vimentin was measured in 143b and HOS cells post-transfection of si-NC, si-NDUFA4L2-1, or si-NDUFA4L2-2. (E) Immunofluorescence
assessments were performed to measure E-cadherin and Vimentin protein expression in 143b and HOS cells. (F) Protein expression of NDUFA4L2, E-cadherin, and
Vimentin was measured in HOS cells. NX, normoxic environment; HY, hypoxic environment. nsp ≥ 0.05, *p < 0.05, ψ < 0.01, and # < 0.001 were defined as
measures that indicated significant differences among treatment groups. All experiments were performed in triplicate. (F) OCR were detected in 143b and HOS cells.
(G) Protein expression of NDUFA4L2, E-cadhrin, and Vimentin was measured in HOS cells.

OS cells cultured in non-hypoxic environments. However, results
of Western blotting indicated that NAC attenuated apoptosis
and autophagy of OS cells transfected with si-NDUFA4L2
(Figure 3A). TUNEL assays confirmed that NAC rescued
OS cell apoptosis (Supplementary Figure S3D). Ultimately,
these results suggested that NAC could rescue the survival

of OS cells under a hypoxic environment when NDUFA4L2
was knocked down.

To further investigate whether or not NDUFA4L2 regulated
proliferation, invasion, and EMT progression of OS cell
lines through the effect of repression of ROS production,
we performed colony formation assays, transwell assays, and
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FIGURE 3 | NDUFA4L2 protected OS cells by repressing ROS production. 143b, U2OS, and HOS cells were treated with NAC post-transfection with si-NC,
si-NDUFA4L2-1, or si-NDUFA4L2-2 in hypoxic environments. (A) Western blotting facilitated determinations of protein expression of Beclin-1, P62, LC3, Bax, Bcl-2,
Cleaved-caspase3, PARP, and GAPDH in 143b, U2OS, and HOS cells. (B,D) The colonizing ability of si-NDUFA4L2-transfected 143b and U2OS cells
post-treatment with NAC was determined by using colony formation assays. (C,E) Invasion ability of si-NDUFA4L2-transfected 143b and HOS cells post-treatment
with NAC was determined by using transwell assays. HY: hypoxic environment. nsp ≥ 0.05, and # < 0.001 were defined as measures that indicated significant
differences among treatment groups. All experiments were performed in triplicate.

Western blotting to evaluate the proliferation, invasion, and
EMT progression of OS cell lines transfected with si-NDUFA4L2
after treatment with the ROS inhibitor. Figures 3B,D indicated
that 143b and U2OS cells transfected with si-NDUFA4L2 had
a lower degree of colony formation than cells transfected
with si-NC, whereas NAC could reverse this effect. We also

observed that NAC promoted invasion of 143b and HOS
cells transfected with si-NDUFA4L2. Results of transwell assays
indicated that knockdown of NDUFA4L2 consequently induced
inhibition of the invasion of 143b and HOS, whereas NAC could
reverse this effect (Figures 3C,E). Furthermore, Western blotting
indicated that NAC promoted EMT progression of OS cells
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transfected with si-NDUFA4L2 (Supplementary Figure S3E).
These outcomes indicated that NDUFA4L2 could promote the
proliferation, invasion and EMT progression of OS through
repressing ROS production.

Autophagy Promotes the EMT
Progression, Invasion, Migration, and
Proliferation in Osteosarcoma Cell
Transfected With si-NDUFA4L2 by
Eliminating ROS Production
According to previous research, we speculated that autophagy
was positively correlated with metastasis of OS cells. Autophagy
protected the survival, metastasis, and EMT progression
by removing a large amount of ROS in OS cells when
NDUFA4L2 was repressed. To confirm this role of autophagy
in OS cells cultured in hypoxic environments, Rapamycin
(10 nM) (Li et al., 2019) was used to treat 143b and HOS
after transfection with si-NDUFA4L2. As demonstrated in
Figure 4A, protein expression of P62 decreased and LC3
increased in si-NC + Rapamycin, si-NDUFA4L2 and si-
NDUFA4L2 + Rapamycin based treatment groups. Compared
with si-NC + Rapamycin and si-NDUFA4L2 groups, the trend
is more obvious in si-NDUFA4L2 + Rapamycin groups. Thus,
these results confirmed that Rapamycin promoted autophagy.
Subsequently, we found that treatment with rapamycin alone
did not significantly change E-cadherin and Vimentin protein
expression. However, Rapamycin was capable of enhancing the
protein-based expression of E-cadherin and was capable of
reducing Vimentin expression after silencing of NDUFA4L2
(Figure 4A). Notably, immunofluorescence confirmed all of our
above findings (Figure 4B and Supplementary Figures S3F,G).
Subsequent to these findings, we next investigated the role
of autophagy in the invasion of OS cells transfected with si-
NDUFA4L2 by using transwell assays. Figure 4C indicated that
autophagy also enhanced the invasion of OS cells transfected with
si-NDUFA4L2. These results indicated that autophagy promoted
the progression of EMT and invasion of OS cells under a hypoxic
environment when NDUFA4L2 was repressed.

To confirm the role of autophagy in migration and
proliferation, we used wound healing analysis and colonizing
assays for OS cells treated with Rapamycin after transfected
with si-NDUFA4L2. As was demonstrated in Supplementary
Figure S4A, the migration of HOS cells was repressed, and
autophagy was capable of promoting the migration of HOS
transfected with si-NDUFA4L2. Furthermore, the results from
colony formation assays demonstrated that autophagy could
enhance the proliferation of OScells post-transfection with si-
NDUFA4L2 (Supplementary Figure S4B). However, treatments
with Rapamycin alone did not significantly change the migration
and cloning ability of OS cells (Supplementary Figures S4A,B).
To further assess whether or not autophagy regulated metastasis
and epithelial–mesenchymal transition of osteosarcoma cells
though the removal of ROS production, we assessed ROS
levels by using Reactive Oxygen Species Assay Kits. The
corresponding results demonstrated that Rapamycin reduced
ROS levels in OS cells transfected with si-NDUFA4L2 and

treatments with Rapamycin alone could also decrease the ROS
levels in hypoxic environments (Supplementary Figure S4C).
These results indicated that treatments with Rapamycin alone
were able to reduce the ROS levels while they did not significantly
promote the invasion, migration, proliferation and EMT ability
of OS cells. Rapamycin could significantly promote the invasion,
migration, proliferation and EMT ability of OS cells transfected
with si-NDUFA4L2 in hypoxic environments.

To further verify the role of autophagy in OS cells
under hypoxic environments when NDUFA4L2 was inhibited,
Chloroquine (CQ, 10 µM) (He et al., 2019) was used
to treat OS cells transfected with si-NDUFA4L2. As was
demonstrated in Figure 5A, CQ caused an increased level
of P62 and LC3, which showed autophagy was inhibited,
and was likely repressed by CQ. Next, Western blotting and
transwell assays were used to assess the effect of autophagy
in OS cells. Figure 5A indicated that EMT progression
in OS cells were decreased due to the knockdown of
NDUFA4L2, and furthermore suggested that CQ enhanced this
effect. Additionally, Figure 5B demonstrated that restraint of
autophagy further inhibited the invasion of OS cells induced
by knockdown of NDUFA4L2. Interestingly, ROS production
in OS cells increased (Figure 5C). Importantly, treatments
with CQ alone were able to remarkably inhibit EMT and
invasion of OS cells as well as increasing ROS levels in
hypoxic environments (Figures 5A–C). These results revealed
that autophagy promoted EMT progression, invasion, migration,
and proliferation in OS cells transfected with si-NDUFA4L2 by
eliminating ROS production.

NDUFA4L2 Knockdown Inhibits
Osteosarcoma Growth in vivo
The function of NDUFA4L2 in vivo was evaluated in BALB/c
nude mice xenografted with 143b cells. The effect of Lenti-
shNDUFA4L2 was confirmed by qRT-PCR and Western blotting.
The levels of mRNA and protein expression of NDUFA4L2 in
143b cells were reduced significantly (Figures 6A,B). There was a
significant decrease in tumor volume in the Lenti-shNDUFA4L2
treatment group (Figure 6C). It can be seen in Figure 6D
that tumor volume was decreased obviously at time steps of
7, 10, and 15 days. Furthermore, tumor weight, PCNA and
LC3-II were measured. Findings indicated that compared with
the Lenti-NC group, tumor weights in the Lenti-NDUFA4L2
group were significantly reduced and expression of PCNA in
the Lenti-shNDUFA4L2 group was significantly downregulated
in OS tissues derived from nude mice. LC3-II protein expression
was upregulated (Figure 6E). However, there were no significant
differences in HIF-1α expression between Lenti-NC and Lenti-
shNDUFA4L2 groups (Supplementary Figure S5A), confirming
that NDUFA4L2 knockdown did not change the expression
level of HIF-1α and HIF-1α regulate NDUFA4L2 expression.
Moreover, HIF-1α was accumulated in the nuclei of cancer cells
in vivo (Supplementary Figures S5A,B). These results confirmed
that knockdown of NDUFA4L2 induced the inhibition of growth
of OS tumors and that autophagy could be induced when
mitochondrial NDUFA4L2 was silenced.
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FIGURE 4 | Upregulation of autophagy promoted the invasion and EMT progression of si-NDUFA4L2-transfected 143b and HOS cells. 143b and HOS cells were
treated with Rapamycin post-transfection with si-NC or si-NDUFA4L2 in hypoxic environments. (A) Western blotting was performed to determine protein expression
of P62, LC3, E-cadherin, and Vimentin in 143b cells. For P62, si-NC vs. si-NC + Rapamycin was #p < 0.001, si-NC vs. si-NDUFA4L2 was #p < 0.001,
si-NDUFA4L2 vs. si-NDUFA4L2 + Rapamycin was ∗p < 0.05; For LC3, si-NC vs. si-NC + Rapamycin was #p < 0.001, si-NC vs. si-NDUFA4L2 was #p < 0.001,
si-NDUFA4L2 vs. si-NDUFA4L2 + Rapamycin was #p < 0.001; For E-cadherin and Vimentin, si-NC vs. si-NC + Rapamycin was nsp ≥ 0.05, si-NC vs. si-NDUFA4L2
was # < 0.001, si-NDUFA4L2 vs. si-NDUFA4L2 + Rapamycin was # < 0.001. (B) Immunofluorescence was performed to measure E-cadherin and Vimentin
expression in 143b cells. (C) Transwell assays were performed to determine the invasion ability of si-NDUFA4L2-transfected 143b and HOS cells post-treatment with
Rapamycin. HY: hypoxic environment. nsp ≥ 0.05, ψ < 0.01, and # < 0.001 were defined as measures that indicated significant differences among treatment
groups. All experiments were performed in triplicate.

To confirm the role of NAC in OS tumors transfected
with Lenti-shNDUFA4L2, we treated BALB/c nude mice with
NAC (7 mg/mL). We found that NAC facilitated the growth
of OS tumors (Supplementary Figure S5C). NAC increased

tumor volume and weight in the Lenti-shNDUFA4L2 + NAC
treatment group (Supplementary Figures S5D,E). PCNA
expression increased and LC-3 expression decreased significantly
in the Lenti-shNDUFA4L2 + NAC treatment group
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FIGURE 5 | Repression of autophagy could repress the EMT progression of si-NDUFA4L2-transfected 143b and HOS cells. 143b and HOS cells were treated with
CQ after transfecting with si-NC or si-NDUFA4L2 in hypoxic environments. (A) Western blotting was performed to determine the protein expression of P62, LC3,
E-cadherin, Vimentin, and GAPDH in 143b cells. For P62, LC3, E-cadherin, and Vimentin, si-NC vs. si-NC + Rapamycin was # < 0.001, si-NC vs. si-NDUFA4L2
was # < 0.001, si-NDUFA4L2 vs. si-NDUFA4L2 + Rapamycin was # < 0.001. (B) Transwell assays were performed to determine the invasion ability of
si-NDUFA4L2-transfected 143b and HOS cells after treatment with CQ. (C) ROS production was detected by using Reactive Oxygen Detection Kits. HY, hypoxic
environment. nsp ≥ 0.05, ψ < 0.01, and # < 0.001 were defined as measures that indicated significant differences among treatment groups. All experiments were
performed in triplicate.

(Supplementary Figure S5F). These results suggested
that NAC could rescue the growth of OS tumors
post-knockdown of NDUFA4L2.

DISCUSSION

Osteosarcoma is one of the most common primary malignant
bone tumors that occurs in children, teenagers, and young adults.
Typical characteristics of OS are pain and swelling in the affected
bone in the place of onset. OS patients often wake from sleep with
an intensive pain, which is a hallmark of OS (Cai et al., 2019).
Chemotherapy is the most efficient supportive therapy for the
treatment of OS (Bielack et al., 2002). However, a large number of
patients are prone to developing chemoresistance, which might
relate to relatively low levels of improvement of respective 5-
year survival rates despite advancements in methodology (Ferrari
and Serra, 2015). Therefore, there has been an ongoing need for
novel methods that can help to better overcome the limitations

of chemotherapy. Accordingly, in our study we firstly confirmed
that HIF-1α and NDUFA4L2 were overexpressed in OS cells
under hypoxic environments. The ROS production and lactate
production was increased in hypoxic environments. OCR was
decreased in hypoxic environments. We also found that HIF-
1α regulated NDUFA4L2 expression through the HRE (Hypoxic
reaction element) in the NDUFA4L2 promoter region in OS
cell lines cultured in hypoxic environments. HIF-2α did not
regulate NDUFA4L2 expression. High levels of expression of
NDUFA4L2 were significantly correlated with apoptosis, cell
migration, invasion and EMT progression of OS. In 143b and
U2OS, we found that knockdown of NDUFA4L2 inhibited OS
cell proliferation, invasion, and migration, as well as induced
cell apoptosis through the results based upon functional assays.
In vivo, we found that NDUFA4L2 knockdown could inhibit the
growth of OS tumors. These results revealed that NDUFA4L2
induced by HIF-1α improved the survival, metastasis, and EMT
progression of OS cells.
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FIGURE 6 | NDUFA4L2 knockdown repressed OS tumor growth in vivo. (A) The levels of expression of NDUFA4L2 mRNA were detected by using qRT-PCR (n = 5).
(B) NDUFA4L2 protein expression was determined by Western blotting (n = 5). (C) Results for nude mice carrying tumors from 143b/LV-shNDUFA4L2 and
143b/LV-shNC groups were characterized. Tumor growth curves were assessed weekly (n = 5). (D) Tumor weight from 143b/LV-shNDUFA4L2 and 143b/LV-shNC
groups were characterized (n = 5). (E) PCNA and LC3 protein expression was determined by using immunohistochemical staining (n = 5). nsp ≥ 0.05, ∗p < 0.05,
ψ < 0.01, and # < 0.001 were defined as measures that indicated significant differences among treatment groups.

Prior findings have indicated that NDUFA4L2 is upregulated
in many kinds of tumors and plays an important role in
the hypoxic environments (Tello et al., 2011; Yamamoto and
Tsuchiya, 2013; Lai et al., 2016; Wang et al., 2017; Piltti et al.,
2018). However, such examinations as related to NDUFA4L2
have yet to be reported upon with respect to OS. In our study, we
discovered that NDUFA4L2, a component of the ETC complex
I, was upregulated in OS in hypoxic environments. Complex
I, which is a key component in the first step of ETC, can
transfer electrons from NADPH to a non-covalently bound flavin
mononucleotide. In the process of the ubiquinone reduction in
complex I and the outer quinone-binding site of the Q cycle
in complex III, it has significant ROS production (Raha and
Robinson, 2000; Liu et al., 2002; Lv et al., 2017). ROS production

mediates homeostasis of redox that correspondingly plays an
important role in the survival of cancer cells. In this study,
we showed that mitochondrial NDUFA4L2, a component of
the ETC complex I subunit, was overexpressed in OS cell lines
cultured in hypoxic conditions. OCR was reduced significantly,
and the ROS levels was increased in OS cell lines under hypoxic
environment. NDUFA4L2 knockdown caused an increased level
of ROS and OCR in OS cells under hypoxic environments. These
results confirmed that NDUFA4L2 restricted the ETC activity and
NDUFA4L2 knockdown increased ROS production and OCR in
OS cells through promoting the ETC activity. Based upon our
above findings, we inferred that NDUFA4L2 protected OS cell
lines from hypoxic environments by facilitating the regulation
of redox homeostasis. To test and confirm our hypothesis, the
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ROS scavenger NAC was applied to OS cells with the effect of
silencing of NDUFA4L2. Interestingly, we discovered that NAC
can reverse functions of si-NDUFA4L2 to OS cells. However,
NAC did not affect the control cells regardless of whether
OS cells were cultured in normal or hypoxic environments
(Supplementary Figure S3A). From there we evaluated the
effects of NAC upon OS cells cultured in normal environments
and found that NDUFA4L2 knockdown and NAC did not
affect OS cells (Supplementary Figure S3B). NDUFA4L2 was
downregulated in OS cells cultured in normoxia environments.
NDUFA4L2 knockdown did not cause an increase of ROS
production and thereby NAC did not affect OS cells cultured
in normoxic environments. Overexpression of NDUFA4L2 in
normoxia could not activate the EMT progression. In vivo, ROS
scavenger NAC could promote the growth of OS tumors although
NDUFA4L2 was silenced. These results provided support and
lent confirmation to our hypothesis that NDUFA4L2 could
promote the survival, metastasis, and EMT progression by
inhibition of ROS.

It is well-known that autophagy can mediate apoptosis
activity. However, the specific mechanism remains unknown.
As a double-edged sword, autophagy could either heighten
or repress tumor cell proliferation, invasion, and migration,
depending upon the conditions of the environment of the cell
and stimuli present (St-Pierre et al., 2002). For osteosarcoma,
research has contrastingly both observed that autophagy may
either promote or inhibit proliferation under the context of
different gene regulation (Kenific et al., 2010; Bao et al., 2018;
Zhao et al., 2018). Literature has also indicated that autophagy
could enhance cellular activity through anti-oxidative stress
(Zhang et al., 2018) and that cells tend to increase oxidative
stress under hypoxic conditions (Liang et al., 2015). Herein, we
found that autophagy related proteins were overexpressed when
143b and U2OS cells were cultured in hypoxic environments.
When using small interference to knock down NDUFA4L2,
we observed that autophagy flux was upregulated. Treatments
with Rapamycin did not enhance the EMT process, invasion,
proliferation and migration of OS cells while could reduce
ROS levels in hypoxic environments. These results showed that
further autophagy could not enhance the tumor phenotype
of OS but could compensate for tumor suppression induced
by NDUFA4L2 deletion via reducing ROS levels. However,
inhibition of autophagy alone could inhibit the tumor phenotype
of OS in hypoxic environments and increase the ROS levels.
Inhibition of autophagy may cause an increased level of ROS to
inhibit the tumor phenotype of OS. Rapamycin promoted OS
cell metastasis and EMT progression in vitro and CQ enhanced
the effect of si-NDUFA4L2 on OS cells when NDUFA4L2 was
knocked down. These findings thus revealed that autophagy
was able to compensate for the loss of NDUFA4L2 function
with respect to OS cell proliferation, invasion, migration
and EMT progression. Silencing of NDUFA4L2 was able to
induce autophagy to facilitate rescue of proliferation, invasion,
migration, and EMT progression.

There is a shortcoming in this study. The further mechanism
of NDUFA4L2 in tumor growth has not been fully demonstrated.
In future, we hope that our peers will study this issue with us.

CONCLUSION

In conclusion, this study illustrated how the molecular
relationship between HIF-1α, NDUFA4L2, oxidative stress,
and autophagy mediated the regulation of survival, metastasis
and EMT progression of OS cells in hypoxic environments.
In hypoxic environments, we found that low oxygen tension
induced HIF-1α, such as to promote NDUFA4L2 expression.
NDUFA4L2 improved survival, metastasis, and EMT progression
of OS cells that survived in hypoxic conditions by facilitating
repression of ROS production. When NDUFA4L2 was silenced,
a large amount of ROS activated autophagy flux to facilitate
maintenance of survival, metastasis, and EMT progression of
OS cells. Therefore, the findings in our study helped to elucidate
the survival of Osteosarcoma and provided a novel therapeutic
target for Osteosarcoma. Further studies are warranted to
confirm the clinical significance of NDUFA4L2 and autophagy
in Osteosarcoma.
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