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Abstract. Multiple myeloma is the second most commonly
diagnosed hematologic malignancy. As an incurable disease,
the molecular mechanisms underlying its many aspects
remain unclear. Intracellular calcium ion is an essential
signaling molecule that modulates malignant cell behavior,
and abnormal regulation of cellular calcium homeostasis
may promote cancer cell survival and induce drug resistance.
Transient receptor potential (TRP) cation channels are a
superfamily of non-selective Ca**-permeable channels that
regulate intracellular calcium signaling and are involved in the
regulation of various characteristics of cancer cells. Emerging
evidence shows a close connection between TRP channels
and multiple myeloma. This review summarizes the roles of
TRP channels in multiple myeloma progression, metastasis,
bone destruction, and drug resistance. TRPV1 and TRPV2
orchestrate the progression of multiple myeloma, while
TRPM?7 promotes myeloma cell dissemination and spreading.
TRPV2 and TRPV4, that activate osteoclasts, contribute to
the development of osteolytic bone disease caused by multiple
myeloma. Both TRPV1 inhibition and TRPV2 activation
synergize with bortezomib in the chemotherapy of multiple
myeloma, and TRPCI1 can determine the responsiveness of
multiple myeloma to MTI-101, a cyclic beta-hairpin peptide.
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Antagonizing TRPA1 can alleviate bortezomib-induced
painful peripheral neuropathy. Future studies in this field
may identify certain TRP channels as markers or therapeutic
targets for predicting the prognosis, preventing progression,
and improving drug responsiveness in patients with multiple
myeloma.
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1. Introduction

Multiple myeloma (MM), although a relatively uncommon
disease, is the second most commonly diagnosed hematologic
malignancy after lymphoma (1,2). MM, also known as plasma
cell myeloma, begins with monoclonal proliferation of plasma
cells in the bone marrow and then spreads throughout the body
via the bloodstream, resulting in significant bone destruction
and displacement of normal hematopoietic cells (3). Despite
recent advances in chemotherapeutic treatment, MM is still
an incurable disease characterized by remission and relapse
in the majority of patients (4). The molecular mechanisms of
many aspects of MM, including malignant transformation,
progression and dissemination, bone destruction, and chemo-
therapy resistance, are not fully understood. Importantly, all
these characteristics of MM are seemingly associated with
abnormal calcium homeostasis and signaling (5). Intracellular
Ca?* signaling, as an important second messenger, regulates
tumor cell behavior, and altered calcium signaling may
contribute to cancer progression, metastasis, and resistance
to chemotherapy (6). Calcium channels that control Ca?*
influx and remodel cellular calcium homeostasis regulate
various cancer cell hallmarks such as proliferation, migration,
and invasion (7). Emerging evidence indicates that calcium
channels are involved in the development, progression, and
chemotherapy of MM (5).
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Transient receptor potential (TRP) cation channels are
a superfamily of non-selective Ca*"-permeable channels
consisting of six subfamilies: TRPV (vanilloid), TRPM
(melastatin), TRPA (ankyrin), TRPC (canonical), TRPP
(polycystic), and TRPML (mucolipin) in mammals (8). Most
TRP channels are non-selective Ca** permeable, while some
of them are also permeable to sodium and magnesium cations.
Many members in the TRPV, TRPM, and TRPA subfamilies
are thermosensory channels, also known as thermoTRPs,
which are activated by changes in ambient temperature
ranging from noxious cold to unpleasant heat (9). Recent
studies found that the S1-S4 domain in the protein structure
of the TRPVI channel significantly contributes to thermo-
sensing and temperature-dependent activation (10). Although
the thermoTRPs such as TRPV1 and TRPV2 have similar
function in mediating Ca®* entry, they have distinct func-
tions in cellular processes by changing their expression levels
and responding to different stimulants (11). We realized that
these thermosensory TRP channels can also detect various
endogenous stress stimuli and respond to tissue damage (12).
Members in the TRPC subfamily are considered as calcium
release activated channels that contribute to store-operated
calcium entry (SOCE) through interacting with calcium
release-activated calcium modulator 1 (Orail) and stromal
interaction molecule 1 (STIM1) (13). Although the primary
roles of TRP channels are perception of a variety of sensa-
tions such as pain, temperature, tastes, pressure, and vision,
accumulative evidence demonstrates that TRP channels also
participate in the regulation of proliferation, differentiation,
and apoptosis of malignant cells through regulating intracel-
lular Ca** signaling (14-16). It has been demonstrated that
changes in the expression of TRP channels can regulate
tumor cell proliferation and their sensitivity to chemotherapy,
suggesting roles of TRP channels in malignancy-promoting
effects and resistance to antitumor chemotherapy (17).
Moreover, TRP channels have been reported to be linked to
overall survival and progression of various hematological
malignancies, including leukemia and lymphoma (18). During
recent years, there has been an increased interest in medical
research into the association between TRP channels and MM,
leading to the discovery of a variety of roles and functions of
TRP channels in MM tumorigenesis and progression, dissemi-
nation and metastasis, MM-related osteolytic bone disease,
and chemotherapy resistance (5). In this review, we summarize
the evidence of the connections between TRP channels and
MM (Table I).

2. TRP channels in the progression of multiple myeloma
(MM)

MM is a plasma cell malignancy characterized by uncontrolled
proliferation of plasma cell clones (19). It is broadly accepted
that the tumorigenesis of MM is primarily linked to multiple
genetic aberrations, including chromosome abnormalities,
translocations, copy number variations, and somatic muta-
tions, which alter several cellular processes and molecular
pathways (19). These alterations that subsequently lead to
neoplastic transformation and progression involve abnormal
intracellular calcium signaling and altered expression of many
calcium channels, including TRP channels (5,18,20,21).

TRPV?2 predicts the survival of patients with MM. TRPV2 is
a nonspecific cation channel which is a member of the TRP
vanilloid subfamily (22). TRPV2 can be activated by noxious
temperatures greater than 52°C and plays an important role
in cellular functions including cell proliferation and apop-
tosis (23,24). Previous studies demonstrated that TRPV2 was
overexpressed in MM cell lines as well as in myeloma samples
from patients with MM and that TRPV2 was one of the
two most significantly upregulated genes in the 17p11.2-p12
region that is an unstable chromosomal region and ampli-
fied in primary MM tumors (25). The overexpression of
TRPV2 might be associated with the abnormal monoclonal
proliferation of MM tumor cells (26). Bai et al (27) confirmed
that TRPV2 was highly expressed in patients with MM and
found that MM patients with higher transcriptional levels of
TRPV2 had shorter overall survival rates than patients with
lower TRPV2 expression levels, indicating that TRPV2 over-
expression is associated with poor prognosis in patients with
MM. These results suggest that TRPV2 may serve as a marker
of MM, and TRPV2 seemingly plays a detrimental role in
MM progression (Fig. 1). Then, another research group found
that tumor cells from patients with MM could be divided into
two subpopulations, CD138*/TRPV2* and CD138*/TRPV2-
tumor cells, with distinct phenotypes, and that cannabidiol, a
TRPV2 agonist, decreased proliferation of CD138*/TRPV2*
cells (28). Moreover, activation of TRPV2 with its agonists
significantly decreased MM cell viability and inhibited MM
cell proliferation without affecting apoptosis likely though
regulating intracellular free calcium levels (27,29). These
results seem to conflict with previous findings. A reasonable
explanation is that overexpression of TRPV2 might serve as a
compensatory response to the development and progression of
MM. Nevertheless, these findings suggest that overexpression
of TRPV2 may become a biomarker of MM and that TRPV2
may become a potential therapeutic target for the treatment
of MM (24).

TRPVI promotes MM cell survival via acid sensation. It
is well known that an acidic tumor microenvironment is a
driving force promoting cancer development and progression
by activating tumor cell proliferation and survival signals (30).
TRPVI1, a member of the TRP vanilloid subfamily, is a
non-selective cation channel that serves as a sensor of noxious
heat with temperature greater than 43°C (31). TRPV1 can also
be activated by a wide variety of endogenous physical and
chemical stimuli, including acidic conditions with pH values
lower than 5.9 (31). Myeloma cells stimulate and activate
osteoclasts to produce numerous protons to form an acidic
tumor microenvironment, in which the pH values are usually
below 5.5 (32,33). It has been reported that the TRPV1 channel
on MM cells is activated in the MM acidic microenvironment,
which subsequently activates PI3K/Akt survival signaling and
further increases the expression of TRPV1 in MM cells to
enhance acid sensation (34). The PI3K/Akt pathway was found
to be aberrantly activated in myeloma cells from patients with
MM and to play a crucial role in survival and chemotherapy
resistance of myeloma cells (34,35). This positive feedback
loop between upregulation of TRPV1 as an acid sensor and
activation of the PI3K/Akt pathway forms a vicious cycle that
could contribute to myeloma progression (Fig. 1).
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Table I. Role of TRP channels in MM.
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TRP Function and role in MM (Refs.)
TRPV1 Promotes MM cell survival via acid sensation (34)
TRPV1 inhibition synergizes with bortezomib in chemotherapy (45)
TRPV2 Upregulated in MM and is associated with poor prognosis (25-29)
Activates osteoclasts and promotes lytic bone disease 27
TRPV4 Triggers osteoclastic activity (46.47)
TRPM?7 Promotes MM metastasis and dissemination (38)
TRPMS Highly expressed in MM (42)
TRPALI TRPA1 inhibition attenuates bortezomib-induced neuropathy (66,67)
TRPC1 Mediates the anti-MM effects of MTI-101 (59.,61)

TRP, transient receptor potential; MM, multiple myeloma.

Figure 1. Role of TRP channels in the survival and metastasis of myeloma
cells. Activation of TRPVI by acidic tumor microenvironment promotes
myeloma cell survival through the PI3K/Akt pathway. TRPV2 regulates
myeloma cell survival and progression of multiple myeloma. TRPM7, a Ca*-
and Mg**-permeable cation channel, promotes myeloma cell metastasis and
dissemination. TRPC1 mediates calcium overload through interacting with
Orail and STIM1, leading to myeloma cell apoptosis. TRP, transient receptor
potential; Orail, calcium release-activated calcium modulator 1; STIMI,
stromal interaction molecule 1.

TRPM7 promotes MM metastasis. MM arises from the
bone marrow and then continuously spreads or disseminates
to multiple sites throughout the body (36). Although the
molecular mechanisms of the metastasis process are not fully
understood, intracellular Ca** signaling is believed to play an
important role in tumor cell motility and migration (37). It
has been shown that TRPM?7 is significantly upregulated in
myeloma cells compared with normal plasma cells and that
knockout or inhibition of TRPM7 inhibits MM cell migration
and dissemination (38). These findings suggest that TRPM?7 is
a critical regulator of MM cell motility and dissemination and
could become a therapeutic target for the prevention and/or
treatment of metastatic MM (Fig. 1).

TRPMS8 may become a marker of MM. TRPMS serves as a
receptor of cool temperature below 27°C and menthol and

is the primary molecular transducer of non-noxious cool
somatosensation in humans (39). TRPMS is upregulated in a
variety of malignant tumors such as prostate cancer (40,41).
Hirai et al (42) reported that TRPMBS is highly expressed in
myeloma cells compared with normal plasma cells. It has
also been reported that TRPMS8 contributes to proliferation,
survival, and invasion of cancer cells and that overexpression
of TRPMS is associated with tumor progression. However, the
role of TRPMS in the progression of MM warrants further
investigation (40).

3. TRP channels in the bone destruction of MM

Osteolytic bone disease is a hallmark and a frequent complica-
tion of MM. Up to 80% of patients with MM have osteolytic
bone lesions, leading to a significant cause of morbidity and
mortality (43). Under physiological conditions, there is a
balance between bone formation and resorption, which are
mediated by osteoblastic and osteoclastic activity, respectively.
Enhanced osteoclastic activity is considered as the culprit in
the development of osteolytic bone lesions in patients with
MM (44). Intracellular Ca** is an important second messenger
that regulates the activity of both osteoblasts and osteoclasts.

TRPVA4 triggers osteoclastic activity. Members of the TRP
vanilloid subfamily, especially TRPV1, TRPV2, TRPV4, and
TRPVS5, have been identified to contribute to intracellular
Ca®* signaling in bone cells and bone homeostasis (45). For
example, TRPV4-mediated Ca** influx is required for osteo-
clast differentiation by triggering nuclear factor of activated
T-cells cytoplasmic 1 (NFATCI1)-dependent gene expres-
sion (46). Moreover, knockout of TRPV4 or TRPV1 increased
bone mass in a mouse model (47). Therefore, antagonizing
TRPV4 may become a novel strategy to prevent or treat
MM -associated bone destruction.

TRPV?2 activates osteoclasts. Activation of the receptor acti-
vator of nuclear factor-«B ligand (RANKL)/RANK signaling
pathway plays a crucial role in osteoclast differentiation and
activation, leading to accelerated bone resorption and lytic
bone lesions (48). It has been reported that TRPV2-mediated
Ca?" influx promotes osteoclastic differentiation and activation
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by modulating calcineurin-NFAT activity and the release of
RANKL and that blocking Ca** entry attenuates MM-induced
osteoclast formation (27). These findings suggest that blocking
the TRPV2 channel may provide a promising therapeutic
strategy for osteolytic bone disease in patients with MM.

4. TRP channels in the chemotherapy of MM

Chemotherapy for MM is performed utilizing medications
with different mechanisms of action, including alkylating
agents, proteasome inhibitors, histone deacetylase inhibitors,
and monoclonal antibodies (49-51). Although the survival
outcomes of patients with MM have improved substantially
due to advances in chemotherapy, myelomas frequently
relapse or become refractory to chemotherapy mostly due
to drug resistance, which serves as a major hurdle towards
improving the long-term outcomes of patients with MM (52).
Chemotherapy-induced tumor cell apoptosis and necrosis
are closely regulated by cytoplasmic and mitochondrial
calcium signaling (53). Evidence shows that aberrant calcium
circularity and abnormal expression of calcium channels are
involved in the drug resistance of MM (54).

TRPVI inhibition synergizes with bortezomib. The proteasome
which degrades ubiquitylated abnormal or misfolded proteins
contributes to maintenance of the immortal phenotype of
myeloma cells (55). Bortezomib, a proteasome inhibitor, is used
to treat MM by inducing accumulation of misfolded proteins
and pro-apoptotic factors, which triggers apoptosis of myeloma
cells (56). However, bortezomib-induced unfolded protein
response can increase expression of chaperons such as HSP70,
which restores the folding capacity, promotes cellular survival,
and subsequently reduces the responsiveness and induces
resistance to bortezomib (57). TRPV1 is a calcium-permeable
channel expressed in the cytoplasmic and mitochondrial
membrane, and activation of TRPV1 with capsaicin upregulates
HSP70 (58). Beider et al (45) found that inhibition of TRPV1
with AMG9810 disturbed mitochondrial calcium signaling,
abolished bortezomib-induced mitochondrial HSP70 accumu-
lation and synergistically induced myeloma cell apoptosis with
bortezomib. They also found that bortezomib plus the TRPV1
antagonist AMG9810 effectively reduced MM tumor burden in
a mouse model (45). Thus, TRPV1 inhibition could be used to
increase the sensitivity of bortezomib in treating MM.

TRPV2 activation synergizes with bortezomib. Similar
to TRPV1, targeting TRPV2 also shows synergism with
bortezomib in treating MM. Morelli et al demonstrated that
activation of TRPV2 with cannabidiol synergistically inhib-
ited myeloma cell growth and induced myeloma cell death in
combination with bortezomib through suppressing extracel-
lular-regulated kinase, serine/threonine protein kinase B, and
nuclear factor kB (28). In addition, the therapeutic effects of
cannabidiol were only present in TRPV2** myeloma cells but
not in TRPV2" tumor cells (28). These findings suggest that
TRPV2 agonists could be used to enhance the responsiveness
of MM patients to bortezomib treatment.

TRPCI determines the responsiveness to MTI-101. MTI-101, a
cyclic beta-hairpin peptide, has been developed to treat patients

with MM through binding to a CD44/integrin a4f31-containing
complex and provoking myeloma cell necrosis. The mecha-
nisms underlying the therapeutic effects of MTI-101 include
inducing robust calcium influx, increasing levels of reactive
oxygen species, and depolarizing the mitochondrial membrane
potential, all of which are hallmarks of necrotic cell death. It
has been reported that MTI-101-induced cell death is largely
due to mitochondrial calcium overload through components
of store-operated calcium channels (SOCs) such as TRPC1, as
knockdown of TRPC1 was found to abolish MTI-101-induced
necrosis (59). TRPC1 is the first identified mammalian TRP
channel and is considered as a component of SOCs along with
Orail and STIM1 (60). Treatment with MTI-101 remodels
calcium homeostasis and circuitry, and resistance to MTI-101
is associated with downregulation of TRPC1 and TRPM7 and
upregulation of TRPM6 and TRPMS8 in MM cells (59). Further
studies have demonstrated that MTI-101 induced TRPC1
translocating to the cytoplasmic membrane and forming a
complex with STIMI1 and that TRPC1, TRPC4, and TRPC5
were required for MTI-101-induced calcium influx and cell
death (61). Importantly, the expression levels of SOC compo-
nents other than TRPC channels in myelomas were identified
as poor prognostic indicators in patients with MM (61). These
findings suggest that the expression profile of TRPC1 may be
a determinant of responsiveness to MTI-101 in MM (Fig. 1).

TRPAI serves as a therapeutic target for bortezomib-induced
peripheral neuropathy. As mentioned above, bortezomib is
broadly used to treat patients with MM. In addition to drug
resistance, bortezomib-induced painful peripheral neuropathy
significantly limits its clinical use (62). Although the underlying
mechanisms of bortezomib-induced peripheral neuropathy
are not fully understood, neurophysiological abnormalities
in dorsal root ganglia (DRG) and nociceptive Ad/C periph-
eral nerve fibers are believed to contribute to mechanical
allodynia caused by bortezomib treatment (63). TRPAI, the
only member in the TRPA subfamily, contains 14 N-terminal
ankyrin repeats and is expressed primarily in DRG and Ad
and C fibers (64). Activated by cold temperature and other
chemical and physical stimuli, TRPA1 functions as a mechan-
ical and chemical stress sensor that conveys pain sensation to
the brain (65). It was demonstrated that the expression level
of TRPA1 was significantly increased in DRG of rats treated
with bortezomib, suggesting that this upregulation might
contribute to bortezomib-induced peripheral neuropathy and
neuropathic pain (66). Moreover, blocking TRPA1 amelio-
rated bortezomib-elicited mechanical pain and cold sensitivity
in rats (66). Further study demonstrated that interleukin-6
(IL-6) was responsible for bortezomib-induced TRPAI
upregulation and that blocking the IL-6 signaling reduced
TRPAL1 expression and attenuated mechanical hyperalgesia
and cold hypersensitivity in rats treated with bortezomib (67).
These findings suggest that TRPA1 may become a therapeutic
target for bortezomib-induced painful peripheral neuropathy
in patients with MM.

5. Conclusion

TRP channels connect tumor microenvironment stimuli to
intracellular calcium signaling and play crucial roles in various
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behaviors of cancer cells. In this review, we summarize the
currently available evidence showing the roles of TRP chan-
nels in many aspects of MM, including tumor progression,
dissemination, bone destruction, and drug resistance. This is
an emerging field, and there are still a lot of unknown questions
regarding the role of TRP channels in the development and
progression of MM. It is challenging to treat MM by targeting
TRP channels. As discussed, activation of TRPV2 was found
to improve the sensitivity of myeloma cells to chemotherapy
but may exacerbate MM-related bone disease by stimulating
osteoclasts. Therefore, selectively targeting TRP channels
in myeloma cells or osteoclasts may be required to delivery
optimal treatment. Many previous studies in this topic were
performed in cultured cells and animal models; therefore, the
clinical significance of the role of TRP channels in MM is
not well documented. Especially, the role of TRPV1, TRPV2,
TRPV4, TRPCI, and TRPM7 in MM should be evaluated in
the clinical setting. Future studies may identify certain TRP
channels as markers or therapeutic targets for predicting
prognosis, preventing disease progression, and improving drug
responsiveness of MM. Further understanding of the role of
TRP channels in MM may benefit the survival and long-term
outcome of patients with MM.
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