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Abstract

Transient receptor potential cation channel subfamily V (TRPV) channels play important roles in a variety of cellular
processes. One example includes the sensory role of TRPVI1 that is sensitive to elevated temperatures and acidic
environments and is activated by the hot pepper component capsaicin. Another example is the importance of the highly Ca*"
selective channels TRPV5 and TRPV6 in Ca®>" absorption/reabsorption in the intestine and kidney. However, in some cases
such as TRPV4 and TRPV6, breast cancer cells appear to overexpress TRPV channels. Moreover, TRPV mediated Ca*"
influx may contribute to enhanced breast cancer cell proliferation and other processes important in tumor progression such as
angiogenesis. It appears that the overexpression of some TRPV channels in breast cancer and/or their involvement in breast
cancer cell processes, processes important in the tumor microenvironment or pain may make some TRPV channels potential
targets for breast cancer therapy. In this review, we provide an overview of TRPV expression in breast cancer subtypes, the
roles of TRPV channels in various aspects of breast cancer progression and consider implications for future therapeutic
approaches.

Introduction [1]. TRP channel protein subunits have six transmembrane
domains that form tetramers to create the ion channel [1, 2].

In recent years our appreciation that Ca®" permeable ion Human TRP ion channels can be divided into six sub-

channels have altered expression in some types of cancers,
contribute to processes that are critical for cancer progres-
sion and may represent targets for cancer therapy has
greatly expanded. This is exemplified particularly by the
case of transient receptor potential (TRP) cation channels.
TRP channels are cation channels, with some members
varying greatly in their selectivity for Ca’" over Na® ions

P< Gregory R. Monteith
gregm@ugq.edu.au

School of Pharmacy, The University of Queensland,
Brisbane, QLD, Australia

2 ACRF Cancer Biology and Stem Cells Division, The Walter and
Eliza Hall Institute of Medical Research, Melbourne, VIC,
Australia

Mater Research, Translational Research Institute, The University
of Queensland, Brisbane, QLD, Australia

Translational Research Institute, The University of Queensland,
Brisbane, QLD, Australia

families (TRPA, TRPC, TRPM, TRPML, TRPP, and
TRPV). Some have been particularly associated with sen-
sory processes, such as the activation of TRPV1 by heat and
the red hot chili component capsaicin, and the sensing of
colder temperatures by TRPMS that is activated by the mint
component menthol [3]. The ability of these two ion
channels to be activated by exogenous small molecules is
indicative of the potential to therapeutically target this
family of ion channels. Indeed, TRP channels have been the
focus of drug development programs for conditions as
diverse as pain, itch, dermatitis, cough, asthma, pulmonary
edema [4, 5], and more recently, cancer [6].

TRP channels were one of the first ion channels to be
consistently linked to cancer. This association is illustrated
by the identification of TRPMS8 not first as a cold tem-
perature activated ion channel, but as a protein over-
expressed in prostate cancer [7]. In this review we will
focus on the transient receptor potential cation channel
subfamily V (TRPV) family in breast cancer. We will
describe the expression of TRPV channels in breast cancer
and review the roles of TRPV channels in breast cancer
proliferation, invasiveness and metastasis, cell death, and in
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the tumor microenvironment (TME). Finally, we will dis-
cuss the therapeutic potential of targeting TRPV channels in
breast cancer. TRPV channels are an exemplar for ion
channels whose different members regulate key aspects of
cancer progression and in many instances, these have been
shown in models directly relevant to breast cancer [8—12].

The TRPV subfamily

There are six TRPV ion channels (TRPV1-6) with the V
standing for vanilloid, a chemical structure class that
includes modulators of TRPV channels [13]. Although
members of the TRPV family share some characteristics
and sequence homology, TRPVS and TRPV6 are dis-
tinguished by their much higher selectivity for Ca*" over
Na™ ions. Below we describe some of the basic properties
or distinguishing features of each TRPV channel before
describing how these important ion channels intersect with
breast cancer.

TRPV1 is a nonselective cation channel and is expressed in
a variety of tissues, but its roles in sensory neurons and sen-
sitivity to increases in temperature are particularly well char-
acterized [1]. TRPVI is activated by a variety of agents
including capsaicin (from chili peppers), acidic solutions (H™),
vanilloids, and some endocannabiniods [1, 7]. TRPV2 is
activated by higher temperatures than TRPV1 (52 vs. 43 °C)
[5], it may be located on the endoplasmic reticulum until
activation in some cell types, and may have roles in
mechanosensing [1, 14]. TRPV3 is a less well understood
ion channel, it can also be activated by temperature [15] and
a variety of chemical agents including carvacrol, eugenol,
and thymol [16] and there has been increasing interest to
target it for itch and some skin conditions [17]. An array of
TRPV4 activators has been reported including hypotonicity,
elevated temperature, and arachidonic acid metabolites [4].
TRPV4 can be sensitized by activation of protease activated
receptors and has been reported as having a mechan-
onsensing role in some cell types [18-20]. A variety of drug
discovery programs have focused on TRPV4 pharmacolo-
gical modulators including a clinical evaluation of a TRPV4
inhibitor for pulmonary edema in heart failure [4]. TRPV5
and TRPV6 are arguably a distinct group within the TRPV
subfamily because they are more similar to each other than
other members of the TRPV family in terms of their amino
acid sequence, and their very high selectivity for Ca*" over
Na™ ions, which is not a feature of other TRPV channels
[1]. Expression studies and knockout models have shown
that TRPV5 and TRPV6 play important roles in Ca>" fluxes
in epithelial cells, and have important roles in Ca>"
absorption from the intestine and Ca®" reabsorption in the
kidney [21].
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TRPV channel family expression and breast cancer

The expression levels of a specific calcium channel or pump
can be a feature of some cancers. Examples include reduced
levels of the Ca’>* pump PMCA4 in colon cancer [22, 23]
and elevated TRPMS in prostate cancer [7]. Moreover,
different TRPV channel isoforms have reported altered
expression in a variety of cancers including those of the
colon, lung, and skin [24-26].

The diversity of breast cancer is well established and
differences in Ca’" channel expression can be more evident
in specific breast cancer subtypes. The diversity of breast
cancer is defined not just by histological grade, but also
morphological subtype and the expression of the estrogen
(ER), progesterone, and epidermal growth factor (HER2)
receptors. Gene expression profiling can also be used to
define molecular subtypes of breast cancer such as Basal-
like, Claudin-low, HER2-enriched, Luminal A, Luminal B,
and Normal-like, which often overlap with the receptor
expression profiles and are associated with very different
prognosis [27, 28]. Gene expression levels of calcium
channels are associated with a breast cancer molecular
subtype, such as higher levels of ORAIl Ca*" channels in
Basal-like breast cancers [29]. Levels of a calcium perme-
able ion channel can also be associated with prognosis such
as the association between TRPM7 and breast cancer
metastasis [30]. Below we describe studies that have
assessed TRPV subfamily members in breast cancer and
breast cancer subtypes.

TRPV1: A study assessing a small number of samples
from breast cancers and healthy breast tissue inferred that
TRPV1 mRNA levels are elevated in some breast cancers
[9]. Our assessment (Fig. 1) suggests that there are no
pronounced differences between the breast cancer subtypes.
Recently, the localization of TRPV1, in particular the pre-
sence of intracellular aggregated TRPV1 protein has been
associated with poor patient survival [8]. More studies are
required to fully define the association between TRPV1
expression and breast cancer and are warranted given the
availability of TRPV1 pharmacological modulators.

TRPV2: Assessment of TRPV2 protein levels using
immunohistochemistry (IHC) has shown that there is a
much greater proportion of samples with high TRPV2
levels in triple negative breast cancers (ER, PR, and HER2
receptors negative) compared with normal breast tissue and
that high levels of TRPV2 are associated with poor prog-
nosis in triple negative breast cancers [10]. Our assessment
of TRPV2 in breast molecular subtypes (Fig. 1) also shows
higher levels of TRPV2 in the Claudin-low subtype. This is
consistent with the aforementioned study given that triple
negative breast cancers significantly overlap with this and
the Basal-like subtype.
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TRPV3: There are no specific reports of TRPV3 in breast
cancer, and our analysis (Fig. 1) suggests low levels and no
differences between breast cancer molecular subtypes.

TRPV4: Consistent with previous reports [11, 31, 32],
Fig. 1 shows that TRPV4 expression is highest in the Basal-
like molecular subtype. IHC studies have also shown that
TRPV4 expression is higher in breast metastatic lesions than
in normal breast tissue and invasive ductal carcinomas, and
that TRPV4 expression increases with tumor grade and size
[11]. Elevated TRV4 expression is also associated with poorer
prognosis and with the Basal-like breast cancer subtype [11].

TRPVS5: There are no specific reports of TRPVS in breast
cancer, and our analysis (Fig. 1) suggests low levels and no
differences between breast cancer molecular subtypes.

TRPV6: Given the very early report of TRPV6 over-
expression in a variety of malignancies [33], it is not sur-
prising that Fig. 1 shows that TRPV6 has the most
pronounced and varied overexpression in breast cancers and
is highest in the Basal-like and HER2-enriched subtypes.
This is consistent with a number of studies reporting ele-
vated TRPV6 in breast cancers including in ER receptor
negative breast cancers which have a significant overlap
with the Basal-like and HER2-enriched molecular subtypes
[12, 34, 35]. In the context of TRPV6, there have been more
assessments of the possible mechanisms of TRPV6 over-
expression in breast cancer. For example, although perhaps
not the main driver of TRPV6 overexpression in breast
cancer, TRPV6 copy number is significantly higher in some
breast cancer cell lines and in breast cancers identified as
ER receptor negative [34].

TRPV channel family and breast cancer cell
proliferation

The cancer relevant process that has arguably received the
most attention in the context of TRPV channels in breast
cancer is proliferation. Ca*" signaling is an important cell
cycle regulator [36] and a variety of calcium channels and
pumps have been identified as regulators of proliferation in
a variety of cancer cell types using in vitro and in vivo
models [37, 38]. The study of effects of TRPV channels on
proliferation and also other cancer processes in breast can-
cer cells using TRPV pharmacological modulators can be
unclear when not combined with gene silencing approaches,
because some TRPV pharmacological regulators can have
off-target effects. Indeed, although studies have reported
effects on proliferation of breast cancer cells by TRPV1
pharmacological modulators [39], Chapa et al. have recently
reported that some analogs of the TRPV1 antagonist cap-
sazepine could inhibit the proliferation of cancer cell lines
in vitro and in vivo despite having no effect on TRPV1 [40],
demonstrating that some pharmacological tools may affect
cancer cells independently of TRPV channels. Silencing of
TRPV6 reduces proliferation in T47D breast cancer cells, a
breast cancer cell line which endogenously has high levels
of TRPV6 [34, 35]. This antiproliferative effect of
TRPV6 silencing in T47D breast cancer cells is associated
with reduced accumulation of the S phase marker EAU and
apparent altered cell cycle kinetics with increased accu-
mulation in the G; phase after 24 h serum addition with
TRPV6 silencing [34]. The exact mechanism by which
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TRPV6 silencing reduces breast cancer proliferation is still
not fully understood, however, it is interesting to note that
TRPV6 silencing reduces levels of AKT phosphorylation in
breast cancer cells [41, 42].

TRPV channel family and breast cancer invasiveness
and metastasis

There have been far fewer studies on TRPV channels in
breast cancer cell migration, invasiveness, and metastasis
than proliferation. However, there are some published stu-
dies, the most comprehensive of which has focused on
TRPV4. TRPV4 silencing in 4T07 cells (a murine mam-
mary cancer cell line that has high level of TRPV4
expression endogenously) reduces wound closure migra-
tion, chemotaxis, transendothelial migration, as well as
Matrigel® invasion without effecting proliferation [31].
Moreover, exogenous overexpression of TRPV4 promotes
cell migration and invasion in a human breast cancer cell
line [31]. The relevance of TRPV4 in metastatic processes
is further demonstrated by the ability of TRPV4 knockdown
to significantly reduce metastatic potential in 4T1 murine
breast cancer cells as reflected in the reduced size and
number of lung metastasis in vivo [31]. The mechanism by
which TRPV4 may contribute to metastasis appears multi-
factorial with TRPV4 regulating a diverse array of
metastasis-relevant processes including breast cancer cell
rigidity, AKT signaling, and changes in the cellular adhe-
sion molecule E-cadherin [11, 31]. Given the clinical trials
of TRPV4 pharmacological inhibitors in pulmonary edema
and heart failure [4], it would now seem appropriate to
assess the ability of these agents in reducing metastasis in
preclinical breast cancer models. This may offer important
drug repurposing opportunities for these TRPV4 inhibitors.
There have been some studies focused on other TRPV
channels relevant to breast cancer cell migration. These
include reports that TRPV2 silencing reduces LL-37 pro-
motion of the migration of MDA-MB-231 and MCEF-7
breast cancer cells [43], and reports that TRPV6 silencing
does not inhibit the migration of T47D breast cancer
cells [34].

TRPV channel family and breast cancer cell death

A number of studies have demonstrated the ability of TRPV
silencing and/or pharmacological modulation to promote or
induce breast cancer cell death. Both inhibition and acti-
vation of TRPV channels could induce or promote cancer
cell death, since Ca*" influx can be a requirement for cel-
lular processes important for cell survival yet excessive
calcium levels can be a trigger for cell death [44]. Using
tetracycline-inducible overexpression of TRPV1 in MCF-7
breast cancers cells, it was shown that cells with higher
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levels of TRPV1 are more sensitive to cell death induced by
the TRPV1 activator capsaicin [45]. This cell death was
correlated with the degree of increase in cytosolic free Ca**
induced by the TRPV1 activator, was mostly via necrosis
and was associated with the upregulation of c-Fos and the
necrotic marker RIP3 [45]. Capsaicin has also been reported
to induce cell death in SUMI49PT breast cancer cells
without induced exogenous overexpression of TRPV1 [9]
and a positive allosteric modulator of TRPV1 (MRS1477)
modestly augments apoptosis markers induced by capsaicin
in MCF-7 breast cancer cells [46]. A more pronounced
induction of cell death occurs with the pharmacological
activation of TRPV4 in breast cancer cell lines that have
endogenously high levels of TRPV4 such as MDA-MB-468
breast cancer cells [32]. Treatment of MDA-MB-468 cells
with a potent TRPV4 activator GSK1016790A induces
oncosis at high concentrations and apoptosis at lower con-
centrations, which are mediated by TRPV4 as indicated by
the attenuation of GSK1016790A-mediated death by
TRPV4 silencing [32]. Indeed, breast cancer cell lines that
have lower levels (MDA-MB-231) or lack expression of
TRPV4 (BT-20) are insensitive to GSK1016790A-induced
cell death [32]. More recently, TRPV2 overexpression and
pharmacological activation with cannabidiol have been
shown to modestly promote doxorubicin-mediated cyto-
toxic effects in SUM159 and MDA-MB-231 breast cancer
cells [10]. The capacity for inhibition of TRPV channels to
promote breast cancer cell death has also been shown.
Specifically, TRPV6 silencing increases the apoptotic
population in T47D breast cancer cells [35] suggesting that
the viability of some breast cancer cells with high levels of
TRPV6 may be sensitive when constitutively active TRPV6
and hence basal Ca’" are disrupted.

TRPV channel family and the breast cancer tumor
microenvironment

One facet of breast cancer that requires increased attention
for all ion channels, not just TRPV channels is the TME
[38]. The TME consists of a mix of cells, where TRPV
channels may be expressed and play important roles, such
as cancer associated fibroblasts, immune cells, and cells of
the tumor vasculature and also contains a cocktail of growth
factors, reduced oxygen levels, and low pH. These com-
pounding factors could directly or indirectly alter the
activity of TRPV channels, as illustrated by the sensitivity
of TRPV1 in acidic environments [1]. Likewise, there is
potential crosstalk between cellular signals in the TME and
TRPV channels, as reported in the vasculature between
protease activate receptors, epidermal growth factor recep-
tor, and TRPV4 [47]. However, these and other potential
associations have received little attention. For instance, one
aspect of the TME which has not yet been explored in the
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Fig. 2 Roles of TRPV4 channel in key aspects of cancer progres-
sion. TRPV4 channel is activated by nociception, warmth, hypotoni-
city, and exogenous small molecules including GSK1016790A,
arachidonic acid (AA), and 4a-phorbol 12,13-didecanoate (4aPDD).
Angiogenesis: Breast tumor-derived endothelial cells (BTEC) have
higher TRPV4 expression compared with human microvascular
endothelial cells (HMVEC). Stimulating BTEC with AA or 4aPDD
induces TRPV4-actin colocalization, cytoskeletal remodeling, and a
migratory phenotype. Metastasis: Expression levels of TRPV4 loosely
correlate with the metastatic and migratory potential in murine iso-
genic mammary cancer cell lines. Stimulating 4T07 cells with 4aPDD

context of TRPV channels is the altered extracellular matrix
mechanical properties found in tumors [48].

In the context of breast cancer, there is clear evidence for
the importance of TRPV4 in the TME because of its critical

@ : 1 XIAP

PARP-1 cleavage
Caspase 7 cleavage

increases phospho-AKT and phospho-S6, decreasing E-cadherin and
B-catenin. It also increases phospho-FAK and changes the cytoskeletal
resulting in an overall decrease in cell softness (*in vivo study was
conducted with 4T1 cells). Cell death: A panel of breast cancer cell
lines display differential TRPV4 expression levels with the highest levels
in MDA-MB-468 cells. Stimulating MDA-MB-468 cells with
GSK1016790A induces oncosis and apoptosis. GSK1016790A treat-
ment also decreases intracellular ATP levels, X-linked inhibitor of
apoptosis protein (XIAP), and myeloid cell leukemia sequence 1 (Mcl-1)
protein. Based on references [11, 31, 32, 49].

role in angiogenesis. Endothelial cells derived from breast
cancers have a higher level of TRPV4 than normal controls
and are more responsive to TRPV4 activators as assessed by
Ca’" influx assays [49]. More significantly, TRPV4
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knockdown greatly reduces arachidonic acid-induced
migration in endothelial cells derived from breast cancers,
indicating that TRPV4 may be critical in the establishment
of the tumor vasculature [49].

Another area where there has been some attention is the
association between TRPV channels and cancer pain. For
example, there is some evidence that factors that may be
present in the bone microenvironment (low pH and for-
maldehyde) during the metastasis of breast cancer cells to
the bone may contribute to bone pain via activation of
TRPV1 [50]. Similarly, when rats are injected with a rat
mammary gland carcinoma cell line into the bone, there is
an upregulation in TRPV1 in the dorsal root ganglion cells
which is associated with increased thermal hyperalgesia
[51]. These data, combined with reduced movement evoked
nociceptive behaviors with TRPV1 pharmacological inhi-
bition and in TRPV1 null mice in an osteolytic sarcoma
bone cancer pain model, suggest that TRPV1 may be
important in pain associated with breast cancer and breast
cancer metastasis [52]. Indeed, MDA-MB-231 breast cancer
cells have been shown to promote neuritogenesis and
increase neuronal sensitivity to TRPV1 activation [53].

Therapeutic targeting the TRPV channel family in
breast cancer

As evident throughout this review, there are potential
opportunities in the targeting of TRPV channels to treat
different aspects of breast cancer. Pharmacological mod-
ulators of specific TRPV channels could potentially have
use in reducing breast cancer proliferation, migration,
angiogenesis, pain, or could be utilized to promote or
induce breast cancer cell death. This diversity is shown in
Fig. 2, where the potential to target TRPV4 is illustrated
including pharmacological activation of TRPV4 to induce
breast cancer cell death in breast cancers that overexpress
this TRPV isoform. The potential of agents that target
TRPV channels is also exemplified by the clinical trial of a
TRPV6 inhibitor for the treatment of a variety of solid
tumors including breast cancer [6] and the use of a TRPV6
binding peptide to visualize TRPV6 overexpressing tumors
in a preclinical model [54]. The studies on TRPV4 and
TRPV6 also highlighted that the overexpression of specific
TRPV channels in some breast cancers may allow drugs
acting on a TRPV channel isoform to have greater effects in
cancer cells compared with normal tissue.

Conclusion
TRPV channels differentially contribute to a diverse array
of processes in breast cancer cells that are important in

breast cancer progression. The clear ability to design
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pharmacological inhibitors or activators against specific
TRPV channels and the marked overexpression of TRPV4
and TRPV6 in some breast cancers illustrate the potential to
therapeutically exploit these roles of TRPV channels in
breast cancer. Indeed, a variety of studies using pharma-
cological modulators or gene silencing have now shown the
potential of targeting TRPV channels to treat various
aspects of this debilitating disease.
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