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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

Frontiers in Oncology | www.frontiersin.org 4 March 2020 | Volume 10 | Article 293

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

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.

AUTHOR CONTRIBUTIONS

ZYa and ZYu generated the concept and wrote the manuscript.
XM and ZX searched the literatures and reviewed themanuscript.
All of the authors approved the final manuscript.

FUNDING

This work was supported by grants from National Natural
Science Foundation of China (81971555 to ZYa, 81703118 to
ZX), Shanghai Pujiang Program (19PJ1408700 to ZYa), China
Postdoctoral Science Foundation (2019M651534 to ZYu) and
Innovative Research Team of High-level Local Universities
in Shanghai.

ACKNOWLEDGMENTS

We thank Dr. Wentao Dai for constructive discussions.

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality

worldwide for 36 cancers in 185 countries. CA. (2018) 68:394–424.

doi: 10.3322/caac.21492

2. Mehlen P, Puisieux A. Metastasis: a question of life or death. Nat Rev Cancer.

(2006) 6:449–58. doi: 10.1038/nrc1886

3. Perez-Garcia J, Munoz-Couselo E, Cortes J. Bone metastases: causes,

consequences and therapeutic opportunities. EJC Suppl. (2013) 11:254–6.

doi: 10.1016/j.ejcsup.2013.07.035

4. Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone: a

fatal attraction. Nat Rev Cancer. (2011) 11:411–25. doi: 10.1038/nr

c3055

5. Lambert AW, Pattabiraman DR, Weinberg RA. Emerging biological

principles of metastasis. Cell. (2017) 168:670–91. doi: 10.1016/

j.cell.2016.11.037

6. Lyle LT, Lockman PR, Adkins CE, Mohammad AS, Sechrest E, Hua E,

et al. Alterations in pericyte subpopulations are associated with elevated

blood-tumor barrier permeability in experimental brain metastasis of breast

cancer. Clin Cancer Res. (2016) 22:5287–99. doi: 10.1158/1078-0432.CCR-1

5-1836

7. Suva LJ, Washam C, Nicholas RW, Griffin RJ. Bone metastasis: mechanisms

and therapeutic opportunities. Nat Rev Endocrinol. (2011) 7:208–18.

doi: 10.1038/nrendo.2010.227

8. Fox SB, Leek RD, Bliss J, Mansi JL, Gusterson B, Gatter KC, et al. Association

of tumor angiogenesis with bone marrow micrometastases in breast cancer

patients. J Natl Cancer Instit. (1997) 89:1044–9. doi: 10.1093/jnci/89.14.1044

9. Silva R, D’Amico G, Hodivala-Dilke KM, Reynolds LE. Integrins: the keys

to unlocking angiogenesis. Arteriosc Thromb Vasc Biol. (2008) 28:1703–13.

doi: 10.1161/ATVBAHA.108.172015

10. Catena R, Luis-Ravelo D, Anton I, Zandueta C, Salazar-Colocho

P, Larzabal L, et al. PDGFR signaling blockade in marrow stroma

impairs lung cancer bone metastasis. Cancer Res. (2011) 71:164–74.

doi: 10.1158/0008-5472.CAN-10-1708

11. Sarvaiya PJ, Guo D, Ulasov I, Gabikian P, Lesniak MS. Chemokines

in tumor progression and metastasis. Oncotarget. (2013) 4:2171–85.

doi: 10.18632/oncotarget.1426

12. Sosnoski DM, Krishnan V, Kraemer WJ, Dunn-Lewis C, Mastro AM.

Changes in cytokines of the bone microenvironment during breast

cancer metastasis. Int J Breast Cancer. (2012) 2012:160265. doi: 10.1155/

2012/160265

13. Coniglio SJ. Role of tumor-derived chemokines in osteolytic bonemetastasis.

Front Endocrinol. (2018) 9:313. doi: 10.3389/fendo.2018.00313

14. Monteith GR, Davis FM, Roberts-Thomson SJ. Calcium channels and pumps

in cancer: changes and consequences. J Biol Chem. (2012) 287:31666–73.

doi: 10.1074/jbc.R112.343061

15. Monteith GR, McAndrew D, Faddy HM, Roberts-Thomson SJ. Calcium

and cancer: targeting Ca2+ transport. Nat Rev Cancer. (2007) 7:519–30.

doi: 10.1038/nrc2171

Frontiers in Oncology | www.frontiersin.org 12 March 2020 | Volume 10 | Article 293

https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/nrc1886
https://doi.org/10.1016/j.ejcsup.2013.07.035
https://doi.org/10.1038/nrc3055
https://doi.org/10.1016/j.cell.2016.11.037
https://doi.org/10.1158/1078-0432.CCR-15-1836
https://doi.org/10.1038/nrendo.2010.227
https://doi.org/10.1093/jnci/89.14.1044
https://doi.org/10.1161/ATVBAHA.108.172015
https://doi.org/10.1158/0008-5472.CAN-10-1708
https://doi.org/10.18632/oncotarget.1426
https://doi.org/10.1155/2012/160265
https://doi.org/10.3389/fendo.2018.00313
https://doi.org/10.1074/jbc.R112.343061
https://doi.org/10.1038/nrc2171
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

16. Berridge MJ, Bootman MD, Roderick HL. Calcium signalling: dynamics,

homeostasis and remodelling. Nat Rev Mol Cell Biol. (2003) 4:517–29.

doi: 10.1038/nrm1155

17. Doherty AH, Ghalambor CK, Donahue SW. Evolutionary physiology of

bone: bone metabolism in changing environments. Physiology. (2015) 30:17–

29. doi: 10.1152/physiol.00022.2014

18. Veldurthy V, Wei R, Oz L, Dhawan P, Jeon YH, Christakos S.

Vitamin D, calcium homeostasis and aging. Bone Res. (2016) 4:16041.

doi: 10.1038/boneres.2016.41

19. Stewart AF. Clinical practice. Hypercalcemia associated with cancer. N Engl

J Med. (2005) 352:373–9. doi: 10.1056/NEJMcp042806

20. Cheng H, Lederer WJ. Calcium sparks. Physiol Rev. (2008) 88:1491–545.

doi: 10.1152/physrev.00030.2007

21. Sims CE, Allbritton NL. Metabolism of inositol 1,4,5-trisphosphate and

inositol 1,3,4,5-tetrakisphosphate by the oocytes of Xenopus laevis. J Biol

Chem. (1998) 273:4052–8. doi: 10.1074/jbc.273.7.4052

22. Feske S. Calcium signalling in lymphocyte activation and disease. Nat Rev

Immunol. (2007) 7:690–702. doi: 10.1038/nri2152

23. Clapham DE. Calcium signaling. Cell. (2007) 131:1047–58.

doi: 10.1016/j.cell.2007.11.028

24. Negishi-Koga T, Takayanagi H. Ca2+-NFATc1 signaling is an essential

axis of osteoclast differentiation. Immunol Rev. (2009) 231:241–56.

doi: 10.1111/j.1600-065X.2009.00821.x

25. Lewis RS. Calcium oscillations in T-cells: mechanisms and consequences for

gene expression. Biochem Soc Trans. (2003) 31(Pt 5):925–9. doi: 10.1042/

bst0310925

26. MaoD, Epple H, Uthgenannt B, Novack DV, Faccio R. PLCgamma2 regulates

osteoclastogenesis via its interaction with ITAM proteins and GAB2. J Clin

Invest. (2006) 116:2869–79. doi: 10.1172/JCI28775

27. Yang Z, Kim S, Mahajan S, Zamani A, Faccio R. Phospholipase cgamma1

(PLCgamma1) controls osteoclast numbers via colony-stimulating factor

1 (CSF-1)-dependent diacylglycerol/beta-catenin/CyclinD1 pathway. J Biol

Chem. (2017) 292:1178–86. doi: 10.1074/jbc.M116.764928

28. Soboloff J, Rothberg BS, Madesh M, Gill DL. STIM proteins: dynamic

calcium signal transducers. Nat Rev Mol Cell Biol. (2012) 13:549–65.

doi: 10.1038/nrm3414

29. Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser

S, et al. STIM1 clusters and activates CRAC channels via direct

binding of a cytosolic domain to Orai1. Cell. (2009) 136:876–90.

doi: 10.1016/j.cell.2009.02.014

30. Stathopulos PB, Schindl R, Fahrner M, Zheng L, Gasmi-Seabrook GM,

Muik M, et al. STIM1/Orai1 coiled-coil interplay in the regulation

of store-operated calcium entry. Nat Commun. (2013) 4:2963.

doi: 10.1038/ncomms3963

31. Ma G, Wei M, He L, Liu C, Wu B, Zhang SL, et al. Inside-out Ca(2+)

signalling prompted by STIM1 conformational switch. Nat Commun. (2015)

6:7826. doi: 10.1038/ncomms8826

32. Azimi I, Milevskiy MJG, Kaemmerer E, Turner D, Yapa K, Brown MA,

et al. TRPC1 is a differential regulator of hypoxia-mediated events and Akt

signalling in PTEN-deficient breast cancer cells. J Cell Sci. (2017) 130:2292–

305. doi: 10.1242/jcs.196659

33. Schaar A, Sukumaran P, Sun Y, Dhasarathy A, Singh BB. TRPC1-

STIM1 activation modulates transforming growth factor beta-induced

epithelial-to-mesenchymal transition. Oncotarget. (2016) 7:80554–67.

doi: 10.18632/oncotarget.12895

34. El Hiani Y, Ahidouch A, Lehen’kyi V, Hague F, Gouilleux F, Mentaverri R,

et al. Extracellular signal-regulated kinases 1 and 2 and TRPC1 channels

are required for calcium-sensing receptor-stimulated MCF-7 breast cancer

cell proliferation. Cell Physiol Biochem. (2009) 23:335–46. doi: 10.1159/

000218179

35. Davis FM, Peters AA, Grice DM, Cabot PJ, Parat MO, Roberts-

Thomson SJ, et al. Non-stimulated, agonist-stimulated and store-operated

Ca2+ influx in MDA-MB-468 breast cancer cells and the effect of

EGF-induced EMT on calcium entry. PLoS ONE. (2012) 7:e36923.

doi: 10.1371/journal.pone.0036923

36. Ong EC, Nesin V, Long CL, Bai CX, Guz JL, Ivanov IP, et al. A TRPC1

protein-dependent pathway regulates osteoclast formation and function. J

Biol Chem. (2013) 288:22219–32. doi: 10.1074/jbc.M113.459826

37. Ma X, Chen Z, Hua D, He D, Wang L, Zhang P, et al. Essential

role for TrpC5-containing extracellular vesicles in breast cancer with

chemotherapeutic resistance. Proc Natl Acad Sci USA. (2014) 111:6389–94.

doi: 10.1073/pnas.1400272111

38. Wang T, Ning K, Lu TX, Sun X, Jin L, Qi X, et al. Increasing circulating

exosomes-carrying TRPC5 predicts chemoresistance in metastatic breast

cancer patients. Cancer Sci. (2017) 108:448–54. doi: 10.1111/cas.13150

39. Zhang P, Liu X, Li H, Chen Z, Yao X, Jin J, et al. TRPC5-

induced autophagy promotes drug resistance in breast carcinoma via

CaMKKbeta/AMPKalpha/mTOR pathway. Scient Rep. (2017) 7:3158.

doi: 10.1038/s41598-017-03230-w

40. Jardin I, Diez-Bello R, Lopez JJ, Redondo PC, Salido GM, Smani T, et al.

TRPC6 channels are required for proliferation, migration and invasion of

breast cancer cell lines by modulation of orai1 and orai3 surface exposure.

Cancers. (2018) 10:E331. doi: 10.3390/cancers10090331

41. Naziroglu M, Cig B, Blum W, Vizler C, Buhala A, Marton A, et al.

Targeting breast cancer cells by MRS1477, a positive allosteric

modulator of TRPV1 channels. PLoS ONE. (2017) 12:e0179950.

doi: 10.1371/journal.pone.0179950

42. Kosar PA, Naziroglu M, Ovey IS, Cig B. Synergic effects of doxorubicin

and melatonin on apoptosis and mitochondrial oxidative stress in MCF-7

breast cancer cells: involvement of TRPV1 channels. J Membr Biol. (2016)

249:129–40. doi: 10.1007/s00232-015-9855-0

43. Pecze L, Josvay K, Blum W, Petrovics G, Vizler C, Olah Z, et al. Activation

of endogenous TRPV1 fails to induce overstimulation-based cytotoxicity in

breast and prostate cancer cells but not in pain-sensing neurons. Biochim

Biophys Acta. (2016) 1863:2054–64. doi: 10.1016/j.bbamcr.2016.05.007

44. Tong Z, Luo W, Wang Y, Yang F, Han Y, Li H, et al. Tumor tissue-derived

formaldehyde and acidic microenvironment synergistically induce bone

cancer pain. PLoS ONE. (2010) 5:e10234. doi: 10.1371/journal.pone.0010234

45. Rossi F, Tortora C, Punzo F, Bellini G, Argenziano M, Di Paola A, et al.

The endocannabinoid/endovanilloid system in bone: from osteoporosis to

osteosarcoma. Int J Mol Sci. (2019) 20:1919. doi: 10.3390/ijms20081919

46. He LH, LiuM, He Y, Xiao E, Zhao L, Zhang T, et al. TRPV1 deletion impaired

fracture healing and inhibited osteoclast and osteoblast differentiation. Scient

Rep. (2017) 7:42385. doi: 10.1038/srep42385

47. Kajiya H, Okamoto F, Nemoto T, Kimachi K, Toh-Goto K, Nakayana S, et al.

RANKL-induced TRPV2 expression regulates osteoclastogenesis via calcium

oscillations. Cell Calcium. (2010) 48:260–9. doi: 10.1016/j.ceca.2010.09.010

48. Bai H, Zhu H, Yan Q, Shen X, Lu X, Wang J, et al. TRPV2-

induced Ca(2+)-calcineurin-NFAT signaling regulates differentiation of

osteoclast in multiple myeloma. Cell Commun Signal. (2018) 16:68.

doi: 10.1186/s12964-018-0280-8

49. Peters AA, Jamaludin SYN, Yapa K, Chalmers S, Wiegmans AP, Lim HF,

et al. Oncosis and apoptosis induction by activation of an overexpressed

ion channel in breast cancer cells. Oncogene. (2017) 36:6490–500.

doi: 10.1038/onc.2017.234

50. Lee WH, Choong LY, Mon NN, Lu S, Lin Q, Pang B, et al. TRPV4 regulates

breast cancer cell extravasation, stiffness and actin cortex. Scient Rep. (2016)

6:27903. doi: 10.1038/srep27903

51. Fiorio Pla A, Ong HL, Cheng KT, Brossa A, Bussolati B, Lockwich

T, et al. TRPV4 mediates tumor-derived endothelial cell migration via

arachidonic acid-activated actin remodeling. Oncogene. (2012) 31:200–12.

doi: 10.1038/onc.2011.231

52. Masuyama R, Vriens J, Voets T, Karashima Y, Owsianik G, Vennekens R,

et al. TRPV4-mediated calcium influx regulates terminal differentiation of

osteoclasts. Cell Metab. (2008) 8:257–65. doi: 10.1016/j.cmet.2008.08.002

53. Masuyama R, Mizuno A, Komori H, Kajiya H, Uekawa A, Kitaura

H, et al. Calcium/calmodulin-signaling supports TRPV4 activation in

osteoclasts and regulates bone mass. J Bone Mineral Res. (2012) 27:1708–21.

doi: 10.1002/jbmr.1629

54. McNulty AL, Leddy HA, Liedtke W, Guilak F. TRPV4 as a therapeutic

target for joint diseases. Naunyn-Schmiedeberg’s Arch Pharmacol. (2015)

388:437–50. doi: 10.1007/s00210-014-1078-x

55. van der Eerden BC, Hoenderop JG, de Vries TJ, Schoenmaker T, Buurman

CJ, Uitterlinden AG, et al. The epithelial Ca2+ channel TRPV5 is essential

for proper osteoclastic bone resorption. Proc Natl Acad Sci USA. (2005)

102:17507–12. doi: 10.1073/pnas.0505789102

Frontiers in Oncology | www.frontiersin.org 13 March 2020 | Volume 10 | Article 293

https://doi.org/10.1038/nrm1155
https://doi.org/10.1152/physiol.00022.2014
https://doi.org/10.1038/boneres.2016.41
https://doi.org/10.1056/NEJMcp042806
https://doi.org/10.1152/physrev.00030.2007
https://doi.org/10.1074/jbc.273.7.4052
https://doi.org/10.1038/nri2152
https://doi.org/10.1016/j.cell.2007.11.028
https://doi.org/10.1111/j.1600-065X.2009.00821.x
https://doi.org/10.1042/bst0310925
https://doi.org/10.1172/JCI28775
https://doi.org/10.1074/jbc.M116.764928
https://doi.org/10.1038/nrm3414
https://doi.org/10.1016/j.cell.2009.02.014
https://doi.org/10.1038/ncomms3963
https://doi.org/10.1038/ncomms8826
https://doi.org/10.1242/jcs.196659
https://doi.org/10.18632/oncotarget.12895
https://doi.org/10.1159/000218179
https://doi.org/10.1371/journal.pone.0036923
https://doi.org/10.1074/jbc.M113.459826
https://doi.org/10.1073/pnas.1400272111
https://doi.org/10.1111/cas.13150
https://doi.org/10.1038/s41598-017-03230-w
https://doi.org/10.3390/cancers10090331
https://doi.org/10.1371/journal.pone.0179950
https://doi.org/10.1007/s00232-015-9855-0
https://doi.org/10.1016/j.bbamcr.2016.05.007
https://doi.org/10.1371/journal.pone.0010234
https://doi.org/10.3390/ijms20081919
https://doi.org/10.1038/srep42385
https://doi.org/10.1016/j.ceca.2010.09.010
https://doi.org/10.1186/s12964-018-0280-8
https://doi.org/10.1038/onc.2017.234
https://doi.org/10.1038/srep27903
https://doi.org/10.1038/onc.2011.231
https://doi.org/10.1016/j.cmet.2008.08.002
https://doi.org/10.1002/jbmr.1629
https://doi.org/10.1007/s00210-014-1078-x
https://doi.org/10.1073/pnas.0505789102
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

56. Chamoux E, Bisson M, Payet MD, Roux S. TRPV-5 mediates a receptor

activator of NF-kappaB (RANK) ligand-induced increase in cytosolic Ca2+

in human osteoclasts and down-regulates bone resorption. J Biol Chem.

(2010) 285:25354–62. doi: 10.1074/jbc.M109.075234

57. Peters AA, Simpson PT, Bassett JJ, Lee JM, Da Silva L, Reid LE, et al.

Calcium channel TRPV6 as a potential therapeutic target in estrogen

receptor-negative breast cancer. Mol Cancer Therap. (2012) 11:2158–68.

doi: 10.1158/1535-7163.MCT-11-0965

58. Bolanz KA, Hediger MA, Landowski CP. The role of TRPV6

in breast carcinogenesis. Mol Cancer Therap. (2008) 7:271–9.

doi: 10.1158/1535-7163.MCT-07-0478

59. Bolanz KA, Kovacs GG, Landowski CP, Hediger MA. Tamoxifen inhibits

TRPV6 activity via estrogen receptor-independent pathways in TRPV6-

expressing MCF-7 breast cancer cells. Mol Cancer Res. (2009) 7:2000–10.

doi: 10.1158/1541-7786.MCR-09-0188

60. Chen F, Ni B, Yang YO, Ye T, Chen A. Knockout of TRPV6 causes osteopenia

in mice by increasing osteoclastic differentiation and activity. Cell Phy

Biochem. (2014) 33:796–809. doi: 10.1159/000358653

61. HopkinsMM, Feng X, LiuM, Parker LP, Koh DW. Inhibition of the transient

receptor potential melastatin-2 channel causes increased DNA damage and

decreased proliferation in breast adenocarcinoma cells. Int J Oncol. (2015)

46:2267–76. doi: 10.3892/ijo.2015.2919

62. Meng X, Cai C, Wu J, Cai S, Ye C, Chen H, et al. TRPM7 mediates breast

cancer cell migration and invasion through the MAPK pathway. Cancer Lett.

(2013) 333:96–102. doi: 10.1016/j.canlet.2013.01.031

63. Kuipers AJ, Middelbeek J, Vrenken K, Perez-Gonzalez C, Poelmans G,

Klarenbeek J, et al. TRPM7 controls mesenchymal features of breast cancer

cells by tensional regulation of SOX4. Biochim Biophys Acta Mol Basis Dis.

(2018) 1864:2409–19. doi: 10.1016/j.bbadis.2018.04.017

64. Middelbeek J, Kuipers AJ, Henneman L, Visser D, Eidhof I, van Horssen R,

et al. TRPM7 is required for breast tumor cell metastasis. Cancer Res. (2012)

72:4250–61. doi: 10.1158/0008-5472.CAN-11-3863

65. Guilbert A, Gautier M, Dhennin-Duthille I, Haren N, Sevestre H,

Ouadid-Ahidouch H. Evidence that TRPM7 is required for breast cancer

cell proliferation. Am J Physiol Cell Physiol. (2009) 297:C493–502.

doi: 10.1152/ajpcell.00624.2008

66. Liu J, Chen Y, Shuai S, Ding D, Li R, Luo R. TRPM8 promotes aggressiveness

of breast cancer cells by regulating EMT via activating AKT/GSK-3beta

pathway. Tum Biol. (2014) 35:8969–77. doi: 10.1007/s13277-014-2077-8

67. Takahashi N, Chen HY, Harris IS, Stover DG, Selfors LM, Bronson RT,

et al. Cancer cells co-opt the neuronal redox-sensing channel TRPA1 to

promote oxidative-stress tolerance. Cancer Cell. (2018) 33:985–1003 e7.

doi: 10.1016/j.ccell.2018.05.001

68. Chen J, Lu L, Feng Y, Wang H, Dai L, Li Y, et al. PKD2 mediates multi-

drug resistance in breast cancer cells through modulation of P-glycoprotein

expression. Cancer Lett. (2011) 300:48–56. doi: 10.1016/j.canlet.2010.09.005

69. Erkhembaatar M, Gu DR, Lee SH, Yang YM, Park S, Muallem S, et al.

Lysosomal Ca(2+) signaling is essential for osteoclastogenesis and bone

remodeling. J Bone Miner Res. (2017) 32:385–96. doi: 10.1002/jbmr.2986

70. Xu M, Almasi S, Yang Y, Yan C, Sterea AM, Rizvi Syeda AK, et al.

The lysosomal TRPML1 channel regulates triple negative breast cancer

development by promoting mTORC1 and purinergic signaling pathways.

Cell Calcium. (2019) 79:80–8. doi: 10.1016/j.ceca.2019.02.010

71. Ji Y, Han Z, Shao L, Zhao Y. Ultrasound-targeted microbubble destruction

of calcium channel subunit alpha 1D siRNA inhibits breast cancer

via G protein-coupled receptor 30. Oncol Rep. (2016) 36:1886–92.

doi: 10.3892/or.2016.5031

72. Ohkubo T, Yamazaki J. T-type voltage-activated calcium channel Cav3.1,

but not Cav3.2, is involved in the inhibition of proliferation and apoptosis

in MCF-7 human breast cancer cells. Int J Oncol. (2012) 41:267–75.

doi: 10.3892/ijo.2012.1422

73. Pera E, Kaemmerer E, Milevskiy MJG, Yapa K, O’Donnell JS, Brown MA,

et al. The voltage gated Ca(2+)-channel Cav3.2 and therapeutic responses in

breast cancer. Cancer Cell Int. (2016) 16:24. doi: 10.1186/s12935-016-0299-0

74. Basson MD, Zeng B, Downey C, Sirivelu MP, Tepe JJ. Increased

extracellular pressure stimulates tumor proliferation by a mechanosensitive

calcium channel and PKC-beta. Mol Oncol. (2015) 9:513–26. doi: 10.1016/

j.molonc.2014.10.008

75. Jardin I, Lopez JJ, Salido GM, Rosado JA. Store-Operated Ca(2+) entry in

breast cancer cells: remodeling and functional role. Int J Mol Sci. (2018)

19:4053. doi: 10.3390/ijms19124053

76. Yang S, Zhang JJ, Huang XY. Orai1 and STIM1 are critical for breast

tumor cell migration and metastasis. Cancer Cell. (2009) 15:124–34.

doi: 10.1016/j.ccr.2008.12.019

77. DidiasovaM, Zakrzewicz D,Magdolen V, Nagaraj C, Balint Z, RohdeM, et al.

STIM1/ORAI1-mediated Ca2+ influx regulates enolase-1 exteriorization. J

Biol Chem. (2015) 290:11983–99. doi: 10.1074/jbc.M114.598425

78. Zhang S, Miao Y, Zheng X, Gong Y, Zhang J, Zou F, et al. STIM1 and

STIM2 differently regulate endogenous Ca(2+) entry and promote TGF-

beta-induced EMT in breast cancer cells. Biochem Biophys Res Commun.

(2017) 488:74–80. doi: 10.1016/j.bbrc.2017.05.009

79. Cheng H, Wang S, Feng R. STIM1 plays an important role in TGF-beta-

induced suppression of breast cancer cell proliferation. Oncotarget. (2016)

7:16866–78. doi: 10.18632/oncotarget.7619

80. Kim MS, Yang YM, Son A, Tian YS, Lee SI, Kang SW, et al. RANKL-

mediated reactive oxygen species pathway that induces long lasting Ca2+

oscillations essential for osteoclastogenesis. J Biol Chem. (2010) 285:6913–21.

doi: 10.1074/jbc.M109.051557

81. Robinson LJ, Mancarella S, Songsawad D, Tourkova IL, Barnett JB, Gill DL,

et al. Gene disruption of the calcium channel Orai1 results in inhibition of

osteoclast and osteoblast differentiation and impairs skeletal development.

Lab Invest. (2012) 92:1071–83. doi: 10.1038/labinvest.2012.72

82. Hwang SY, Putney JW. Orai1-mediated calcium entry plays a critical

role in osteoclast differentiation and function by regulating activation

of the transcription factor NFATc1. FASEB J. (2012) 26:1484–92.

doi: 10.1096/fj.11-194399

83. Hwang SY, Foley J, Numaga-Tomita T, Petranka JG, Bird GS, Putney

JW, Jr. Deletion of Orai1 alters expression of multiple genes during

osteoclast and osteoblast maturation. Cell Calcium. (2012) 52:488–500.

doi: 10.1016/j.ceca.2012.10.001

84. Chantome A, Potier-Cartereau M, Clarysse L, Fromont G, Marionneau-

Lambot S, Gueguinou M, et al. Pivotal role of the lipid Raft SK3-Orai1

complex in human cancer cell migration and bone metastases. Cancer Res.

(2013) 73:4852–61. doi: 10.1158/0008-5472.CAN-12-4572

85. Xia J, Yu X, Tang L, Li G, He T. P2X7 receptor stimulates breast cancer cell

invasion and migration via the AKT pathway. Oncol Rep. (2015) 34:103–10.

doi: 10.3892/or.2015.3979

86. Jelassi B, Chantome A, Alcaraz-Perez F, Baroja-Mazo A, Cayuela ML,

Pelegrin P, et al. P2X(7) receptor activation enhances SK3 channels- and

cystein cathepsin-dependent cancer cells invasiveness. Oncogene. (2011)

30:2108–22. doi: 10.1038/onc.2010.593

87. Park M, Kim J, Phuong NTT, Park JG, Park JH, Kim YC, et al. Involvement

of the P2X7 receptor in the migration and metastasis of tamoxifen-resistant

breast cancer: effects on small extracellular vesicles production. Scient Rep.

(2019) 9:11587. doi: 10.1038/s41598-019-47734-z

88. Tan C, Han LI, Zou L, Luo C, Liu A, Sheng X, et al. Expression of

P2X7R in breast cancer tissue and the induction of apoptosis by the

gene-specific shRNA in MCF-7 cells. Exp Therap Med. (2015) 10:1472–8.

doi: 10.3892/etm.2015.2705

89. Gilbert SM, Oliphant CJ, Hassan S, Peille AL, Bronsert P, Falzoni S,

et al. ATP in the tumour microenvironment drives expression of nfP2X7,

a key mediator of cancer cell survival. Oncogene. (2019) 38:194–208.

doi: 10.1038/s41388-018-0426-6

90. Korcok J, Raimundo LN, Ke HZ, Sims SM, Dixon SJ. Extracellular

nucleotides act through P2X7 receptors to activate NF-kappaB in osteoclasts.

J Bone Miner Res. (2004) 19:642–51. doi: 10.1359/JBMR.040108

91. Gartland A, Buckley KA, Hipskind RA, Perry MJ, Tobias JH, Buell G,

et al. Multinucleated osteoclast formation in vivo and in vitro by P2X7

receptor-deficient mice. Crit Rev Eukary Gene Express. (2003) 13:243–53.

doi: 10.1615/CritRevEukaryotGeneExpr.v13.i24.160

92. Wang N, Agrawal A, Jorgensen NR, Gartland A. P2X7 receptor regulates

osteoclast function and bone loss in a mouse model of osteoporosis. Scient

Rep. (2018) 8:3507. doi: 10.1038/s41598-018-21574-9

93. Pellegatti P, Falzoni S, Donvito G, Lemaire I, Di Virgilio F. P2X7

receptor drives osteoclast fusion by increasing the extracellular adenosine

concentration. FASEB J. (2011) 25:1264–74. doi: 10.1096/fj.10-169854

Frontiers in Oncology | www.frontiersin.org 14 March 2020 | Volume 10 | Article 293

https://doi.org/10.1074/jbc.M109.075234
https://doi.org/10.1158/1535-7163.MCT-11-0965
https://doi.org/10.1158/1535-7163.MCT-07-0478
https://doi.org/10.1158/1541-7786.MCR-09-0188
https://doi.org/10.1159/000358653
https://doi.org/10.3892/ijo.2015.2919
https://doi.org/10.1016/j.canlet.2013.01.031
https://doi.org/10.1016/j.bbadis.2018.04.017
https://doi.org/10.1158/0008-5472.CAN-11-3863
https://doi.org/10.1152/ajpcell.00624.2008
https://doi.org/10.1007/s13277-014-2077-8
https://doi.org/10.1016/j.ccell.2018.05.001
https://doi.org/10.1016/j.canlet.2010.09.005
https://doi.org/10.1002/jbmr.2986
https://doi.org/10.1016/j.ceca.2019.02.010
https://doi.org/10.3892/or.2016.5031
https://doi.org/10.3892/ijo.2012.1422
https://doi.org/10.1186/s12935-016-0299-0
https://doi.org/10.1016/j.molonc.2014.10.008
https://doi.org/10.3390/ijms19124053
https://doi.org/10.1016/j.ccr.2008.12.019
https://doi.org/10.1074/jbc.M114.598425
https://doi.org/10.1016/j.bbrc.2017.05.009
https://doi.org/10.18632/oncotarget.7619
https://doi.org/10.1074/jbc.M109.051557
https://doi.org/10.1038/labinvest.2012.72
https://doi.org/10.1096/fj.11-194399
https://doi.org/10.1016/j.ceca.2012.10.001
https://doi.org/10.1158/0008-5472.CAN-12-4572
https://doi.org/10.3892/or.2015.3979
https://doi.org/10.1038/onc.2010.593
https://doi.org/10.1038/s41598-019-47734-z
https://doi.org/10.3892/etm.2015.2705
https://doi.org/10.1038/s41388-018-0426-6
https://doi.org/10.1359/JBMR.040108
https://doi.org/10.1615/CritRevEukaryotGeneExpr.v13.i24.160
https://doi.org/10.1038/s41598-018-21574-9
https://doi.org/10.1096/fj.10-169854
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

94. Agrawal A, Buckley KA, Bowers K, Furber M, Gallagher JA, Gartland

A. The effects of P2X7 receptor antagonists on the formation and

function of human osteoclasts in vitro. Puriner Signal. (2010) 6:307–15.

doi: 10.1007/s11302-010-9181-z

95. Zhou JZ, Riquelme MA, Gao X, Ellies LG, Sun LZ, Jiang JX. Differential

impact of adenosine nucleotides released by osteocytes on breast

cancer growth and bone metastasis. Oncogene. (2015) 34:1831–42.

doi: 10.1038/onc.2014.113

96. Venkatachalam K, Montell C. TRP channels. Ann Rev Biochem. (2007)

76:387–417. doi: 10.1146/annurev.biochem.75.103004.142819

97. Rohacs T. Teaching resources. TRP channels. Science’s STKE: signal

transduction knowledge environment. Eur PMC. (2005) 2005:tr14.

doi: 10.1126/stke.2822005tr14

98. Vangeel L, Voets T. Transient receptor potential channels and calcium

signaling. Cold Spring Harbor Perspect Biol. (2019) 11:a035048.

doi: 10.1101/cshperspect.a035048

99. Rohacs T, Thyagarajan B, Lukacs V. Phospholipase C mediated modulation

of TRPV1 channels. Mol Neurobiol. (2008) 37:153–63. doi: 10.1007/s

12035-008-8027-y

100. Gautier M, Dhennin-Duthille I, Ay AS, Rybarczyk P, Korichneva I, Ouadid-

Ahidouch H. New insights into pharmacological tools to TR(i)P cancer up.

Br J Pharmacol. (2014) 171:2582–92. doi: 10.1111/bph.12561

101. Dhennin-Duthille I, Gautier M, Faouzi M, Guilbert A, Brevet M, Vaudry

D, et al. High expression of transient receptor potential channels in human

breast cancer epithelial cells and tissues: correlation with pathological

parameters. Cell Physiol Biochem. (2011) 28:813–22. doi: 10.1159/000335795

102. Lastraioli E, Iorio J, Arcangeli A. Ion channel expression as promising

cancer biomarker. Biochim Biophys Acta. (2015) 1848(10 Pt B):2685–702.

doi: 10.1016/j.bbamem.2014.12.016

103. Rosenbaum T, Simon SA. TRPV1 receptors and signal transduction. In:

Liedtke WB, Heller S, editors. TRP Ion Channel Function in Sensory

Transduction and Cellular Signaling Cascades. Boca Raton, FL: Frontiers in

Neuroscience (2007). doi: 10.1201/9781420005844.ch5

104. Fornetti J, Welm AL, Stewart SA. Understanding the Bone in Cancer

Metastasis. J Bone Mineral Res. (2018) 33:2099–113. doi: 10.1002/jbmr.3618

105. Lotinun S, Kiviranta R, Matsubara T, Alzate JA, Neff L, Luth A, et al.

Osteoclast-specific cathepsin K deletion stimulates S1P-dependent bone

formation. J Clin Invest. (2013) 123:666–81. doi: 10.1172/JCI64840

106. Hantute-Ghesquier A, Haustrate A, Prevarskaya N, Lehen’kyi V.

TRPM family channels in cancer. Pharmaceuticals. (2018) 11:58.

doi: 10.3390/ph11020058

107. Ishii M, Hagiwara T, Mori Y, Shimizu S. Involvement of TRPM2 and L-type

Ca(2)(+) channels in Ca(2)(+) entry and cell death induced by hydrogen

peroxide in rat beta-cell line RIN-5F. J Toxicol Sci. (2014) 39:199–209.

doi: 10.2131/jts.39.199

108. Kheradpezhouh E, Ma L, Morphett A, Barritt GJ, Rychkov GY. TRPM2

channels mediate acetaminophen-induced liver damage. Proc Natl Acad Sci

USA. (2014) 111:3176–81. doi: 10.1073/pnas.1322657111

109. Liu X, Cotrim A, Teos L, Zheng C, SwaimW,Mitchell J, et al. Loss of TRPM2

function protects against irradiation-induced salivary gland dysfunction. Nat

Commun. (2013) 4:1515. doi: 10.1038/ncomms2526

110. Davis FM, Azimi I, Faville RA, Peters AA, Jalink K, Putney JW, Jr.,

et al. Induction of epithelial-mesenchymal transition (EMT) in breast

cancer cells is calcium signal dependent. Oncogene. (2014) 33:2307–16.

doi: 10.1038/onc.2013.187

111. Shen B, Sun L, Zheng H, Yang D, Zhang J, Zhang Q. The association

between single-nucleotide polymorphisms of TRPM7 gene and breast

cancer in Han Population of Northeast China. Med Oncol. (2014) 31:51.

doi: 10.1007/s12032-014-0051-3

112. Guilbert A, Gautier M, Dhennin-Duthille I, Rybarczyk P, Sahni J, Sevestre

H, et al. Transient receptor potential melastatin 7 is involved in oestrogen

receptor-negative metastatic breast cancer cells migration through its kinase

domain. Eur J Cancer. (2013) 49:3694–707. doi: 10.1016/j.ejca.2013.07.008

113. LaPlante JM, Falardeau J, Sun M, Kanazirska M, Brown EM, Slaugenhaupt

SA, et al. Identification and characterization of the single channel

function of human mucolipin-1 implicated in mucolipidosis type IV, a

disorder affecting the lysosomal pathway. FEBS Lett. (2002) 532:183–7.

doi: 10.1016/S0014-5793(02)03670-0

114. Wong YC, Kim S, Peng W, Krainc D. Regulation and function of

mitochondria-lysosome membrane contact sites in cellular homeostasis.

Trends Cell Biol. (2019) 29:500–13. doi: 10.1016/j.tcb.2019.02.004

115. Dolphin AC. Voltage-gated calcium channels and their auxiliary subunits:

physiology and pathophysiology and pharmacology. J Physiol. (2016)

594:5369–90. doi: 10.1113/JP272262

116. Kaestner L, Wang X, Hertz L, Bernhardt I. Voltage-activated ion channels

in non-excitable cells-A viewpoint regarding their physiological justification.

Front Physiol. (2018) 9:450. doi: 10.3389/fphys.2018.00450

117. Catterall WA. Voltage-gated calcium channels. Cold Spring Harbor Perspect

Biol. (2011) 3:a003947. doi: 10.1101/cshperspect.a003947

118. Yu HG, McLaughlin S, Newman M, Brundage K, Ammer A, Martin K,

et al. Altering calcium influx for selective destruction of breast tumor. BMC

Cancer. (2017) 17:169. doi: 10.1186/s12885-017-3168-x

119. Bhargava A, Saha S. T-Type voltage gated calcium channels: a target in breast

cancer? Breast cancer research and treatment. Breast Cancer Res Treat. (2019)

173:11–21. doi: 10.1007/s10549-018-4970-0

120. Lewis RS. Store-operated calcium channels: new perspectives on

mechanism and function. Cold Spring Harbor Persp Biol. (2011) 3:a003970.

doi: 10.1101/cshperspect.a003970

121. Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M, Zhang S,

et al. STIM1, an essential and conserved component of store-operated Ca2+

channel function. J Cell Biol. (2005) 169:435–45. doi: 10.1083/jcb.200502019

122. Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE, Jr., et al. STIM

is a Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx.

Curr Biol. (2005) 15:1235–41. doi: 10.1016/j.cub.2005.05.055

123. Zhang SL, Yu Y, Roos J, Kozak JA, Deerinck TJ, Ellisman MH, et al.

STIM1 is a Ca2+ sensor that activates CRAC channels and migrates

from the Ca2+ store to the plasma membrane. Nature. (2005) 437:902–5.

doi: 10.1038/nature04147

124. Prakriya M, Feske S, Gwack Y, Srikanth S, Rao A, Hogan PG. Orai1 is

an essential pore subunit of the CRAC channel. Nature. (2006) 443:230–3.

doi: 10.1038/nature05122

125. Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-Huberson M, et al.

CRACM1 is a plasma membrane protein essential for store-operated Ca2+

entry. Science. (2006) 312:1220–3. doi: 10.1126/science.1127883

126. Zhang SL, Yeromin AV, Zhang XH, Yu Y, Safrina O, Penna A, et al. Genome-

wide RNAi screen of Ca(2+) influx identifies genes that regulate Ca(2+)

release-activated Ca(2+) channel activity. Proc Natl Acad Sci USA. (2006)

103:9357–62. doi: 10.1073/pnas.0603161103

127. Feske S, Skolnik EY, Prakriya M. Ion channels and transporters in

lymphocyte function and immunity. Nat Rev Immunol. (2012) 12:532–47.

doi: 10.1038/nri3233

128. Lacruz RS, Feske S. Diseases caused by mutations in ORAI1 and STIM1. Ann

NY Acad Sci. (2015) 1356:45–79. doi: 10.1111/nyas.12938

129. Wygrecka M, Marsh LM, Morty RE, Henneke I, Guenther A, Lohmeyer

J, et al. Enolase-1 promotes plasminogen-mediated recruitment of

monocytes to the acutely inflamed lung. Blood. (2009) 113:5588–98.

doi: 10.1182/blood-2008-08-170837

130. Massague J. TGFbeta in cancer. Cell. (2008) 134:215–30. doi: 10.1016/j.

cell.2008.07.001

131. Yang Y, Jiang Z, Wang B, Chang L, Liu J, Zhang L, et al. Expression of STIM1

is associated with tumor aggressiveness and poor prognosis in breast cancer.

Pathol Res Practice. (2017) 213:1043–7. doi: 10.1016/j.prp.2017.08.006

132. Ou-Yang F, Lin YD, Chuang LY, Chang HW, Yang CH, Hou MF.

The combinational polymorphisms of ORAI1 gene are associated with

preventive models of breast cancer in the Taiwanese. BioMed Res Int. (2015)

2015:281263. doi: 10.1155/2015/281263

133. Chang WC, Woon PY, Hsu YW, Yang S, Chiu YC, Hou MF. The

association between single-nucleotide polymorphisms of ORAI1 gene and

breast cancer in a Taiwanese population. Scient World J. (2012) 2012:916587.

doi: 10.1100/2012/916587

134. Chang WC, Fang YY, Chang HW, Chuang LY, Lin YD, Hou MF,

et al. Identifying association model for single-nucleotide polymorphisms

of ORAI1 gene for breast cancer. Cancer Cell Int. (2014) 14:29.

doi: 10.1186/1475-2867-14-29

135. Zhang Z, Xu Q, Song C, Mi B, Zhang H, Kang H, et al. Serum- and

glucocorticoid-inducible kinase 1 is essential for osteoclastogenesis and

Frontiers in Oncology | www.frontiersin.org 15 March 2020 | Volume 10 | Article 293

https://doi.org/10.1007/s11302-010-9181-z
https://doi.org/10.1038/onc.2014.113
https://doi.org/10.1146/annurev.biochem.75.103004.142819
https://doi.org/10.1126/stke.2822005tr14
https://doi.org/10.1101/cshperspect.a035048
https://doi.org/10.1007/s12035-008-8027-y
https://doi.org/10.1111/bph.12561
https://doi.org/10.1159/000335795
https://doi.org/10.1016/j.bbamem.2014.12.016
https://doi.org/10.1201/9781420005844.ch5
https://doi.org/10.1002/jbmr.3618
https://doi.org/10.1172/JCI64840
https://doi.org/10.3390/ph11020058
https://doi.org/10.2131/jts.39.199
https://doi.org/10.1073/pnas.1322657111
https://doi.org/10.1038/ncomms2526
https://doi.org/10.1038/onc.2013.187
https://doi.org/10.1007/s12032-014-0051-3
https://doi.org/10.1016/j.ejca.2013.07.008
https://doi.org/10.1016/S0014-5793(02)03670-0
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.1113/JP272262
https://doi.org/10.3389/fphys.2018.00450
https://doi.org/10.1101/cshperspect.a003947
https://doi.org/10.1186/s12885-017-3168-x
https://doi.org/10.1007/s10549-018-4970-0
https://doi.org/10.1101/cshperspect.a003970
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1038/nature04147
https://doi.org/10.1038/nature05122
https://doi.org/10.1126/science.1127883
https://doi.org/10.1073/pnas.0603161103
https://doi.org/10.1038/nri3233
https://doi.org/10.1111/nyas.12938
https://doi.org/10.1182/blood-2008-08-170837
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1016/j.prp.2017.08.006
https://doi.org/10.1155/2015/281263
https://doi.org/10.1100/2012/916587
https://doi.org/10.1186/1475-2867-14-29
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

promotes breast cancer bone metastasis. Mol Cancer Therap. (2020) 19:650–

660. doi: 10.1158/1535-7163.MCT-18-0783

136. Jing J, He L, Sun A, Quintana A, Ding Y, Ma G, et al. Proteomic mapping of

ER-PM junctions identifies STIMATE as a regulator of Ca(2)(+) influx. Nat

Cell Biol. (2015) 17:1339–47. doi: 10.1038/ncb3234

137. Quintana A, Rajanikanth V, Farber-Katz S, Gudlur A, Zhang C, Jing J,

et al. TMEM110 regulates the maintenance and remodeling of mammalian

ER-plasma membrane junctions competent for STIM-ORAI signaling.

Proc Natl Acad Sci USA. (2015) 112:E7083–92. doi: 10.1073/pnas.15219

24112

138. Palty R, Raveh A, Kaminsky I, Meller R, Reuveny E. SARAF inactivates the

store operated calcium entry machinery to prevent excess calcium refilling.

Cell. (2012) 149:425–38. doi: 10.1016/j.cell.2012.01.055

139. Krapivinsky G, Krapivinsky L, Stotz SC, Manasian Y, Clapham DE.

POST, partner of stromal interaction molecule 1 (STIM1), targets STIM1

to multiple transporters. Proc Natl Acad Sci USA. (2011) 108:19234–9.

doi: 10.1073/pnas.1117231108

140. Yang Z, Yan H, Dai W, Jing J, Yang Y, Mahajan S, et al. Tmem178 negatively

regulates store-operated calcium entry in myeloid cells via association

with STIM1. J Autoimmun. (2019) 101:94–108. doi: 10.1016/j.jaut.2019.

04.015

141. Srikanth S, Woo JS, Wu B, El-Sherbiny YM, Leung J, Chupradit K, et al. The

Ca(2+) sensor STIM1 regulates the type I interferon response by retaining

the signaling adaptor STING at the endoplasmic reticulum. Nat Immunol.

(2019) 20:152–62. doi: 10.1038/s41590-018-0287-8

142. Wang QC, Wang X, Tang TS. EB1 traps STIM1 and regulates

local store-operated Ca(2+) entry. J Cell Biol. (2018) 217:1899–900.

doi: 10.1083/jcb.201805037

143. Chen YJ, Chang CL, Lee WR, Liou J. RASSF4 controls SOCE and ER-PM

junctions through regulation of PI(4,5)P2. J Cell Biol. (2017) 216:2011–25.

doi: 10.1083/jcb.201606047

144. Srivats S, Balasuriya D, Pasche M, Vistal G, Edwardson JM, Taylor CW, et al.

Sigma1 receptors inhibit store-operated Ca2+ entry by attenuating coupling

of STIM1 to Orai1. J Cell Biol. (2016) 213:65–79. doi: 10.1083/jcb.2015

06022

145. Khakh BS, North RA. P2X receptors as cell-surface ATP sensors in health

and disease. Nature. (2006) 442:527–32. doi: 10.1038/nature04886

146. Wang H, Gong C, Liu X, Rao S, Li T, He L, et al. Genetic interaction of

purinergic P2X7 receptor and ER-alpha polymorphisms in susceptibility

to osteoporosis in Chinese postmenopausal women. J Bone Miner Metab.

(2018) 36:488–97. doi: 10.1007/s00774-017-0862-3

147. Jorgensen NR, Husted LB, Skarratt KK, Stokes L, Tofteng CL, Kvist T, et al.

Single-nucleotide polymorphisms in the P2X7 receptor gene are associated

with post-menopausal bone loss and vertebral fractures. Eur J Hum Genet.

(2012) 20:675–81. doi: 10.1038/ejhg.2011.253

148. Ohlendorff SD, Tofteng CL, Jensen JE, Petersen S, Civitelli R, Fenger M, et al.

Single nucleotide polymorphisms in the P2X7 gene are associated to fracture

risk and to effect of estrogen treatment. Pharmacogenet Genomics. (2007)

17:555–67. doi: 10.1097/FPC.0b013e3280951625

149. Suzuki T, Notomi T, Miyajima D, Mizoguchi F, Hayata T, Nakamoto T, et al.

Osteoblastic differentiation enhances expression of TRPV4 that is required

for calcium oscillation induced by mechanical force. Bone. (2013) 54:172–8.

doi: 10.1016/j.bone.2013.01.001

150. Jing D, Baik AD, Lu XL, Zhou B, Lai X, Wang L, et al. In situ intracellular

calcium oscillations in osteocytes in intact mouse long bones under dynamic

mechanical loading. FASEB J. (2014) 28:1582–92. doi: 10.1096/fj.13-237578

151. Abed E, Moreau R. Importance of melastatin-like transient

receptor potential 7 and cations (magnesium, calcium) in human

osteoblast-like cell proliferation. Cell Prolifer. (2007) 40:849–65.

doi: 10.1111/j.1365-2184.2007.00476.x

152. Abed E, Martineau C, Moreau R. Role of melastatin transient receptor

potential 7 channels in the osteoblastic differentiation of murine MC3T3

cells. Calcif Tissue Int. (2011) 88:246–53. doi: 10.1007/s00223-010-

9455-z

153. Xiao Z, Cao L, Liang Y, Huang J, Stern AR, Dallas M, et al. Osteoblast-specific

deletion of Pkd2 leads to low-turnover osteopenia and reduced bone marrow

adiposity. PLoS ONE. (2014) 9:e114198. doi: 10.1371/journal.pone.0114198

154. Cao C, Ren Y, Barnett AS, Mirando AJ, Rouse D, Mun SH, et al.

Increased Ca2+ signaling through CaV1.2 promotes bone formation and

prevents estrogen deficiency-induced bone loss. JCI Insight. (2017) 2:e95512.

doi: 10.1172/jci.insight.95512

155. Lee SH, Park Y, Song M, Srikanth S, Kim S, Kang MK, et al. Orai1 mediates

osteogenic differentiation via BMP signaling pathway in bone marrow

mesenchymal stem cells. Biochem Biophys Res Commun. (2016) 473:1309–14.

doi: 10.1016/j.bbrc.2016.04.068

156. Choi H, Srikanth S, Atti E, Pirih FQ, Nervina JM, Gwack Y, et al.

Deletion of Orai1 leads to bone loss aggravated with aging and

impairs function of osteoblast lineage cells. Bone Rep. (2018) 8:147–55.

doi: 10.1016/j.bonr.2018.03.007

157. Sindhavajiva PR, Sastravaha P, Arksornnukit M, Pavasant P. Intermittent

compressive force induces human mandibular-derived osteoblast

differentiation via WNT/beta-catenin signaling. J Cell Biochem. (2018)

119:3474–85. doi: 10.1002/jcb.26519

158. Feng Y, Zhou M, Zhang Q, Liu H, Xu Y, Shu L, et al. Synergistic

effects of high dietary calcium and exogenous parathyroid hormone in

promoting osteoblastic bone formation in mice. Br J Nutr. (2015) 113:909–

22. doi: 10.1017/S0007114514004309

159. Sooampon S, Manokawinchoke J, Pavasant P. Transient receptor

potential vanilloid-1 regulates osteoprotegerin/RANKL homeostasis in

human periodontal ligament cells. J Periodontal Res. (2013) 48:22–9.

doi: 10.1111/j.1600-0765.2012.01493.x

160. Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH,

et al. Metastatic behavior of breast cancer subtypes. J Clin Oncol. (2010)

28:3271–7. doi: 10.1200/JCO.2009.25.9820

161. Cancer Genome Atlas N. Comprehensive molecular portraits of

human breast tumours. Nature. (2012) 490:61–70. doi: 10.1038/nature

11412

162. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al.

Molecular portraits of human breast tumours. Nature. (2000) 406:747–52.

doi: 10.1038/35021093

163. Makena MR, Rao R. Subtype specific targeting of calcium signaling in

breast cancer. Cell Calcium. (2020) 85:102109. doi: 10.1016/j.ceca.2019.

102109

164. So CL, Saunus JM, Roberts-Thomson SJ, Monteith GR. Calcium

signalling and breast cancer. Sem Cell Dev Biol. (2019) 94:74–83.

doi: 10.1016/j.semcdb.2018.11.001

165. Magby JP, Richardson JR. Role of calcium and calpain in the

downregulation of voltage-gated sodium channel expression by the

pyrethroid pesticide deltamethrin. J Biochem Mol Toxicol. (2015) 29:129–34.

doi: 10.1002/jbt.21676

166. Azimi I, Roberts-Thomson SJ, Monteith GR. Calcium influx pathways

in breast cancer: opportunities for pharmacological intervention. Br J

Pharmacol. (2014) 171:945–60. doi: 10.1111/bph.12486

167. Drake MT, Clarke BL, Khosla S. Bisphosphonates: mechanism of action

and role in clinical practice. Mayo Clin Proc. (2008) 83:1032–45.

doi: 10.4065/83.9.1032

168. Vasikaran SD. Bisphosphonates: an overview with special reference to

alendronate. Ann Clin Biochem. (2001) 38(Pt 6):608–23. doi: 10.1258/

0004563011901037

169. Roelofs AJ, Thompson K, Gordon S, Rogers MJ. Molecular mechanisms of

action of bisphosphonates: current status. Clin Cancer Res. (2006) 12(20 Pt

2):6222s−30s. doi: 10.1158/1078-0432.CCR-06-0843

170. Chesnut CH III, Harris ST. Short-term effect of alendronate on bone mass

and bone remodeling in postmenopausal women. Osteoporosis Int. (1993) 3

(Suppl. 3):S17–9. doi: 10.1007/BF01623003

171. Kostenuik PJ, Nguyen HQ, McCabe J, Warmington KS, Kurahara C, Sun

N, et al. Denosumab, a fully human monoclonal antibody to RANKL,

inhibits bone resorption and increases BMD in knock-in mice that express

chimeric (murine/human) RANKL. J Bone Mineral Res. (2009) 24:182–95.

doi: 10.1359/jbmr.081112

172. Lacey DL, Boyle WJ, Simonet WS, Kostenuik PJ, Dougall WC, Sullivan JK,

et al. Bench to bedside: elucidation of the OPG-RANK-RANKL pathway

and the development of denosumab. Nat Rev Drug Disc. (2012) 11:401–19.

doi: 10.1038/nrd3705

Frontiers in Oncology | www.frontiersin.org 16 March 2020 | Volume 10 | Article 293

https://doi.org/10.1158/1535-7163.MCT-18-0783
https://doi.org/10.1038/ncb3234
https://doi.org/10.1073/pnas.1521924112
https://doi.org/10.1016/j.cell.2012.01.055
https://doi.org/10.1073/pnas.1117231108
https://doi.org/10.1016/j.jaut.2019.04.015
https://doi.org/10.1038/s41590-018-0287-8
https://doi.org/10.1083/jcb.201805037
https://doi.org/10.1083/jcb.201606047
https://doi.org/10.1083/jcb.201506022
https://doi.org/10.1038/nature04886
https://doi.org/10.1007/s00774-017-0862-3
https://doi.org/10.1038/ejhg.2011.253
https://doi.org/10.1097/FPC.0b013e3280951625
https://doi.org/10.1016/j.bone.2013.01.001
https://doi.org/10.1096/fj.13-237578
https://doi.org/10.1111/j.1365-2184.2007.00476.x
https://doi.org/10.1007/s00223-010-9455-z
https://doi.org/10.1371/journal.pone.0114198
https://doi.org/10.1172/jci.insight.95512
https://doi.org/10.1016/j.bbrc.2016.04.068
https://doi.org/10.1016/j.bonr.2018.03.007
https://doi.org/10.1002/jcb.26519
https://doi.org/10.1017/S0007114514004309
https://doi.org/10.1111/j.1600-0765.2012.01493.x
https://doi.org/10.1200/JCO.2009.25.9820
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/35021093
https://doi.org/10.1016/j.ceca.2019.102109
https://doi.org/10.1016/j.semcdb.2018.11.001
https://doi.org/10.1002/jbt.21676
https://doi.org/10.1111/bph.12486
https://doi.org/10.4065/83.9.1032
https://doi.org/10.1258/0004563011901037
https://doi.org/10.1158/1078-0432.CCR-06-0843
https://doi.org/10.1007/BF01623003
https://doi.org/10.1359/jbmr.081112
https://doi.org/10.1038/nrd3705
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Ca2+ Modulates a Vicious Cycle

173. Chawla S, Henshaw R, Seeger L, Choy E, Blay JY, Ferrari S, et al. Safety and

efficacy of denosumab for adults and skeletally mature adolescents with giant

cell tumour of bone: interim analysis of an open-label, parallel-group, phase

2 study. Lancet Oncol. (2013) 14:901–8. doi: 10.1016/S1470-2045(13)70277-8

174. Granholm S, Lundberg P, Lerner UH. Calcitonin inhibits osteoclast

formation in mouse haematopoetic cells independently of transcriptional

regulation by receptor activator of NF-{kappa}B and c-Fms. J Endocrinol.

(2007) 195:415–27. doi: 10.1677/JOE-07-0338

175. Feldenzer KL, Sarno J. Hypercalcemia of malignancy. J Adv Pract Oncol.

(2018) 9:496–504. doi: 10.6004/jadpro.2018.9.5.4

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Yang, Yue, Ma and Xu. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 17 March 2020 | Volume 10 | Article 293

https://doi.org/10.1016/S1470-2045(13)70277-8
https://doi.org/10.1677/JOE-07-0338
https://doi.org/10.6004/jadpro.2018.9.5.4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Calcium Homeostasis: A Potential Vicious Cycle of Bone Metastasis in Breast Cancers
	Introduction
	Calcium Homeostasis in the Cells
	Transient Receptor Potential (TRP) Channels
	TRPCs
	TRPCs in Breast Cancers
	TRPCs in Osteoclasts

	TRPVs
	TRPVs in Breast Cancers
	TRPVs in Osteoclasts

	TRPMs
	TRPMs in Breast Cancers
	TRPMs in Osteoclasts

	TRPA1, TRPPs, and TRPMLs

	Voltage-Gated Calcium Channels (VGCCs)
	Store-Operated Calcium Entry (SOCE)
	SOCE in Breast Cancers
	SOCE in Osteoclasts
	P2X Receptors
	P2X7 in Breast Cancers
	P2X7 in Osteoclasts

	Extracellular Calcium Entry in Osteoblasts
	Calcium Channels and Bone Metastasis in the Specific Subtype of Breast Cancers
	Treating Bone Metastasis By Considering Systemic Calcium Homeostasis
	Conclusion and Perspective
	Author Contributions
	Funding
	Acknowledgments
	References


