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Abstract Transient Receptor Potential (TRP) channels are a superfamily of polymodal, non-selective receptors,
expressed in the nervous system and several other tissues, where they play many physiological or pathological roles.
TRP channels are sensitive to a diverse range of stimuli, such as temperature, osmolarity, oxidative stress, external
compounds and intracellular signaling molecules. The activity of TRP channels can be modulated by protein
phosphorylation, including tyrosine phosphorylation. In this review, we present the studies carried out so far regarding
the modulation of TRP channels by tyrosine phosphorylation.

Keywords: TRP channels, tyrosine phosphorylation, channel activity

Introduction

Transient Receptor Potential (TRP) channels comprise a
superfamily of non-selective ion channel which account
for a variety of physiological roles, acting in most cases
as sensor of the extracellular environment. The 28
mammalian TRP channels are organized in 6 subfamilies:
canonical (TRPC, 7 isoforms), melastatin (TRPM, 8
isoforms), vanilloid (TRPV, 6 isoforms), ankyrin (TRPA,
one isoform), polycystin (TRPP, 3 isoforms) and
mucolipin  (TRPML, 3 isoforms) (Cohen and
Moiseenkova-Bell, 2014). These channels are
characterized by various gating mechanisms, responding
to intracellular signaling molecules (e.g., diacyl glycerol
(TRPC3) (Hofmann et al., 1999) or calcium ions
(TRPM5) (Liu and Liman, 2003), changes in ambient
temperature (e.g., noxious heating (TRPV1) (Caterina et
al., 1997), innocuous cold (TRPM8) (McKemy et al.,
2002) or oxidative stress (e.g., TRPM2 and TRPA1)
(Hara et al., 2002; Andersson et al., 2008). Moreover,
they have different cation permeabilities, ranging from
being permeable purely to monovalent cations (e.g.,
TRPM4 and TRPM5) (Guinamard et al., 2011) to being
substantially more permeable to divalent cations (e.g.,
TRPVS5 and TRPV6) (Peng et al., 1999; Vennekens et al.,
2000). Modulation by cellular signaling pathways is a
hallmark of all TRP channels, and the alteration of their
biophysical features following the activation of various
signaling cascades has a profound effect on the
physiology and pathophysiology of these channels.

In this review we shall focus on tyrosine phosphorylation,
an important mechanism of channel modulation and less
investigated compared to serine/threonine
phosphorylation, at least as far as TRP channels are
concerned.

The Canonical Transient
Potential ion channels

Receptor

The Canonical Transient Receptor Potential (TRPC)
proteins are non-selective cation permeable channels,
responsible for changes in the cytosolic free Ca?*
concentration (Birnbaumer et al., 1996). The TRPC
family comprises seven ion channels, although TRPC2 is
a pseudogene in humans (Liman and Innan, 2003). Based
on sequence homology and functional similarities, human
TRPC channels are grouped in two subfamilies, TRPCL1,
4, 5 and TRPC3, 6, 7 (Hofmann et al., 2002). All TRPC
channels have SiX transmembrane domains,
intracellularly located N- and C-terminal regions and a
channel pore which is located between transmembrane
domains 5 and 6 (Vannier et al., 1998). The N-terminal
region possesses ankyrin repeats, a coiled-coil domain,
and a putative caveolin-binding region, while the TRP
motif and the calmodulin/inositol 1,4,5-trisphosphate
receptor-binding region are located in the C-terminal
region (Vazquez et al., 2004a). A unique motif to TRPC4
and TRPCS is the PDZ-binding motif which can interact
with cytoskeletal scaffolding proteins (Mery et al., 2002).
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It has been clearly established that the main role of the
TRPC ion channels is to mediate receptor-operated and
store-operated Ca?* entry (Clapham et al., 2001). Growth
factors, hormones and neurotransmitters bind to G
protein-coupled receptors which activate phospholipase C
(PLC), leading to inositol 1,4,5-trisphosphate and
diacylglycerol (DAG) formation. It was shown that DAG
can activate TRPC3/6/7 channels (Okada et al., 1999),
while the TRPC1/4/5 subfamily is activated through more
complicated pathways, which may involve other
interacting proteins and post-translational modifications
(Liu et al., 2020). Several studies have explored the post-
translational modifications and mutations of TRPCs
which may modulate the activity of the channels.

1. TRPC3

The human isoform of TRPC3, first cloned by Zhu at al.
(Zhu et al., 1996), is activated by DAG and DAG
homologues, such as 1-oleoyl-2-acetyl-snglycerol (OAG)
(Hofmann et al., 1999). The possible mechanism
underlying this activation is the receptor-mediated
activation of PLC, independently of inositol 1,4,5-
trisphosphate or Ca?* store depletion. Tyrosine
phosphorylation is a common modification associated
with the heterotrimeric G protein Gg—PLC—-Ca?* signaling
pathway (Gutkind and Robbins, 1992; Igishi and
Gutkind, 1998). The non-receptor tyrosine kinase Src
plays a significant role in TRPC3 activation. Using
various modalities to inhibit the Src kinase — pretreatment
of TRPC3-expressing cells with Src kinase inhibitors,
TRPC3-HEK?293 cell transfection with a dominant-
negative form of Src and expression of TRPC3 into SYF
cells (Src™”, Yes” and Fyn') — Vazquez et al. showed the
key role of Src kinase in TRPC3 activation, as the
inhibition of Src kinase suppressed both receptor- and
OAG-dependent activation of TRPC3. A putative
mechanism underlying this effect is based on a concerted
role of DAG and Src kinase, which would involve
phosphorylation by Src kinase and/or recruitment of an
unknown regulatory protein (Vazquez et al., 2004b).
Based on these results, another team extended the
investigation on Src-mediated TRPC3 activation and,
using a coimmunoprecipitation assay of COS-7 cells,
demonstrated a direct interaction between Src kinase and
TRPC3. Moreover, using site-directed mutagenesis
experiments, they identified four phosphorylated tyrosine
residues, Y49, Y148, Y150, and Y226, although just
phospho-Y226 was crucial for the activation of TRPC3.
Another important result was that neither Yes nor Fyn
kinases, other members of the Src kinase family, could
induce TRPC3 activation. Interestingly, Y226 is a
conserved residue between TRPC3, TRPC6 and TRPC7,
but the cognate Y226 did not modify the activation of
TRPC6 or TRPC7 (Kawasaki et al., 2006).

2. TRPC4

TRPC4 was first cloned by Philipp et al. and was
reported to be activated by inositol 1,4,5-trisphosphate or
thapsigargin-induced store depletion when expressed in
mammalian cells (Philipp et al., 1996). Compared with
store-operated channels or other TRPCs, TRPC4, as well
as TRPCS5, can be potentiated by lanthanides (Schaefer et
al., 2000). TRPC4 and TRPC5 contain a unique motif
(PDZ — VTTRL) in the carboxy terminal region which
can interact with scaffolding proteins, for example the
Na*/H* exchanger regulatory factor (NHERF). This
interaction is important for the insertion and maintenance
of TRPC4 channels at the plasma membrane (Mery et al.,
2002). TRPC4 is an important component of store-
operated Ca?* channels. Experiments on TRPC4 null
mouse demonstrated the essential role of TRPC4 in the
calcium regulation of aortic endothelial cells (Freichel et
al., 2001). Stimulation of epidermal growth factor (EGF)
receptor in corneal epithelial cells leads to the activation
of a store-operated current mediated by TRPC4 (Yang et
al., 2005). Further studies showed that human TRPC4
expressed in COS-7 cells is phosphorylated at Y959 and
Y972 tyrosine residues in the C-terminus after EGF
receptor stimulation, and this effect is due to the Src
family non-receptor tyrosine kinases, especially Fyn
kinase. The phosphorylation of hTRPC4 increases the
association between TRPC4 and NHERF which
facilitates the insertion of TRPC4 into plasma membrane,
which leads to an increase of Ca?" influx. Mutation of
Y959 and Y972 to phenylalanine impaired the TRPC4-
NHERF association and subsequent translocation of
TRPC4 (Odell et al., 2005).

3. TRPC6

TRPC6 is a cation channel more permeable to Ca?* than
to Na*, which can form homo- and heterotetramers in
vivo (Hofmann et al., 1999). Mouse TRPC6 was isolated
from the brain (Boulay et al., 1997) and human TRPCS,
which shares 93% amino acid identity with the murine
channel, was first cloned in 1999 from the placenta
(Hofmann et al., 1999). Like TRPC3, TRPC6 can be
activated by DAG and DAG analogue OAG,
independently of protein kinase C (Hofmann et al., 1999).
A mechanism for TRPC6 channel modulation is direct
tyrosine phosphorylation induced by Src protein tyrosine
kinases. Hisatsune et al. found that Fyn and Src kinases
can phosphorylate TRPC6 in heterologous expression
systems. In COS-7 cells, Fyn physically interacts with the
N-terminal part of TRPC6 via the SH2 domain.
Moreover, the association of TRPC6 with Fyn kinase
could be observed in the rat brain. Similar to the results
of Odell et al. concerning TRPC4 (Odell et al., 2005),
TRPC6 tyrosine phosphorylation can be induced via EGF
receptor stimulation in  COS-7 cells and the
phosphorylation is abolished by treatment with PP2, a
specific inhibitor of Src family kinases, or by a dominant
negative form of Fyn. The functional consequence of
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TRPC6 tyrosine phosphorylation was observed using the
inside-out patch clamp recording technique. TRPC6
activity was increased following application of Fyn and
adenosine triphosphate to the cytoplasmic face of
membrane patches excised from TRPC6-expressing cells.
Thus, Fyn-mediated tyrosine phosphorylation enhances
TRPC6 channel activity, which leads to an increased
calcium influx (Hisatsune et al., 2004). An effect of
TRPC6 tyrosine phosphorylation was observed in mouse
glomerular epithelial cells (podocytes). Stimulation of
mouse podocytes with transforming growth factor betal
(TGF-B1) increases the expression of TRPC6 and Fyn
kinase, especially the active form of the enzyme (Fyn
pY418), leading to an increase in TRPC6 tyrosine
phosphorylation. Importantly, the cytosolic free Ca?*
level, reflecting TRPC6 activity, was significantly
elevated after TGF-fl1 treatment in TRPC6-
overexpressing cells. Moreover, TRPC6 overexpression
notably aggravated podocyte apoptosis induced by TGF-
B1, while TRPC6 knockdown inhibited TGF-B1-induced
podocyte apoptosis (Yu et al., 2010). Following this line
of investigation, another group studied TRPC6
phosphorylation in HEK293T cells and in cultured mouse
podocytes and found that phosphorylation of Y284 is
involved in Fyn-induced membrane expression of TRPC6
(Kanda et al., 2011). Moreover, PLC-y1 binds to Y31 and
Y284 and this interaction is crucial for TRPC6 membrane
trafficking. Interestingly, nephrin, an essential protein
component of the podocyte slit diaphragm, interacts with
the phosphorylated domain of TRPC6 and reduces
channel surface expression, an opposite effect to that of
PLC-yl. In this study it was proposed that in patients
with focal segmental glomerulosclerosis, mutations of
TRPC6 can reduce the contact with nephrin and promote
the interaction with PLC-yl, leading to an increase in
TRPC6 expression and activity in the podocytes (Kanda
et al., 2011). Other studies have shown the upregulation
of TRPCG6 channels in podocytes caused by an increased
generation of reactive oxygen species (Kim et al., 2012,
Anderson et al., 2014). In a recent study it was shown
that soluble urokinase and plasminogen activator receptor
induces reactive oxygen species generation in mouse
podocytes via Nox2 complex that activate Src family
kinases, leading to the upregulation of TRPC6 channels.
The effects of oxidative stress and altered Ca?* signaling
may contribute to podocyte apoptosis and disease
progression in focal segmental glomerulosclerosis (Kim
etal., 2018).

The Melastatin Transient
Potential ion channels

Receptor

The Melastatin Transient Receptor Potential subfamily
was named after the first described member, TRPM1, a
putative tumor suppressor protein (Duncan et al., 1998).
The TRPM subfamily includes eight members, classified
in four groups based on their structural homology:
TRPM1/3, TRPM6/7, TRPM4/5, and TRPM2/8 (Zholos

et al., 2011). TRPM members are non-selective cation
permeable channels, but only TRPM6 and TRPM7 are
Mg?*-permeable and thus involved in the regulation of
intracellular Mg?* (Li et al., 2006). Furthermore, TRPM6
and TRPM7 contain an active a-kinase domain in the C-
terminal region, allowing them to function as
“chanzymes” (Montell, 2003). The TRPM family
includes several channels involved in cell proliferation or
survival, such as TRPM2 (Fonfria et al., 2005; Zhang et
al., 2006), TRPM5 (Prawitt et al., 2000), TRPM7 (Aarts
et al., 2003) and TRPMS8 (Tsavaler et al., 2001). TRPM8
is the only temperature-sensitive channel of this
subfamily (McKemy et al., 2002). Like most TRP
channels, TRPM members are modulated by post-
translational modifications, although the number of

reports on the modulatory role of tyrosine
phosphorylation on TRPM channels is limited.

1. TRPM2

TRPM2, the second TRPM member described

(Harteneck et al., 2000), is a Ca?" -permeable channel
expressed in various tissues, for example the brain and
hematopoietic cells (Sano et al., 2001; Hara et al., 2002).
TRPMZ2 is activated by oxidative stress, tumor necrosis
factor o (TNFa), amyloid p-peptide and concanavalin A
(Hara et al., 2002; Wehage et al., 2002; Fonfria et al.,
2005; Gasser et al., 2006; Zhang et al., 2006). The
mechanism of activation involves the production of
intracellular ADP ribose which binds to the C-terminal
region of TRPM2 leading to channel activation and
elevation of free intracellular calcium concentration
(Wehage et al., 2002; Gasser et al., 2006). Thus, TRPM2
plays a crucial role in oxidative stress-induced or TNFa
activation-induced cell apoptosis (Hara et al., 2002;
Fonfria et al., 2005; Zhang et al., 2006). A more in-depth
study revealed that tyrosine phosphorylation is an
important post-translational modification of TRPM2, that
regulates its activation and function. It has been shown
that by inhibiting tyrosine phosphorylation of TRPM2,
Ca?" influx is reduced and this leads to an enhanced cell
viability (Zhang et al., 2007). H20, and TNFa stimulate
TRPM2 tyrosine phosphorylation and the treatment with
genistein, a non-selective tyrosine kinase inhibitor, and
PP2, the Src kinase family inhibitor, abolishes the
elevation of the intracellular calcium in TRPM2-
expressing cells, suggesting that a Src kinase family
member is involved in the tyrosine phosphorylation of
TRPM2. Moreover, using immunoprecipitation and
glutathione-S transferase pull-down assays, Zhang et al.
showed that PTPL1, a tyrosine phosphatase with
implications in resistance to apoptosis and tumorigenesis
(Yao et al., 2004; Abaan et al., 2005), interacts with
TRPM2. Co-expression of TRPM2 and PTPL1 reduces
TRPM2 tyrosine phosphorylation and inhibits the rise in
intracellular calcium concentration and the loss of cell
viability following H2O; or TNFa treatment. In contrast,
a reduction of endogenous PTPL1 expression induced by
small interfering RNA determined an increase in TRPM2
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tyrosine phosphorylation, the elevation of intracellular
calcium concentration and an increased susceptibility to
cellular apoptosis. Thus, a mechanism that may intervene
in cell death resistance is the modulation of TRPM2
channel tyrosine phosphorylation by PTPL1 (Zhang et
al., 2007).

2. TRPM7

TRPM7 was first cloned by Runnels et al. which reported
it as a protein that possesses kinase activity, but also ion
channel activity (Runnels et al., 2001). TRPM7 contains
in the C-terminal region an active a-kinase domain,
which can phosphorylate itself (Runnels et al., 2001).
TRPM7 functions as a homotetramer, is ubiquitously
expressed, and is involved in cellular Mg? homeostasis
(Nadler et al., 2001). In addition to Mg?* transport across
the membrane, TRPM7 also regulates Ca?" influx in
many cell types (Massullo et al., 2006). Transcripts of
TRPM7 have been identified in rat brain microglia, as
well as a current that has the hallmark features of
expressed TRPM7 channels (Jiang et al., 2003). The Src
kinase family appears to be involved in the modulation of
TRPMY7 in rat microglia. Activation of the current was
inhibited by the broad-spectrum tyrosine Kinase inhibitor
genistein and by herbimycin A, a more selective Src
kinase inhibitor. Moreover, Src40-58, a peptide that
inhibits Src kinase function, had the same effect on
TRPMTY current. TRPM?7 is a channel permeable for Ca?*,
therefore elevations in intracellular Ca?* due to activation
of TRPM7 might be important for microglia function
(Jiang et al., 2003).

3. TRPM8

TRPM8 was cloned from prostate epithelial cells, where
it was identified as a transcriptional marker (Tsavaler et
al., 2001). Shortly after, the mouse TRPM8 was cloned
from trigeminal ganglia and described as a cold-gated
channel, activated by low temperatures, with a thermal
threshold of approximately 25°C (McKemy et al., 2002).
TRPMB8 is a polymodal cation-permeable channel that is
also activated by menthol (McKemy et al., 2002), icilin
and WS-12 (Bodding et al., 2007) and voltage sensitive
(Fernandez et al., 2011). TRPMS is involved in several
processes of cellular pathophysiology, including
endothelial cell motility, proliferation, and protein
unfolding (Noyer et al., 2018). These processes consist of
signaling pathways that strictly control the proteins
involved, for example through post-translational
modifications, including tyrosine phosphorylation. The
first hint of a possible tyrosine phosphorylation-induced
modulation of TRPM8 was shown in a study where the
Src kinase inhibitor PP2 exerted differential effects on
TRPMS8 and TRPAL channels, expressed in SH-SY5Y
cells, a human neuroblastoma line utilized as a neuronal
cell model. WS-12-induced responses of TRPM8 were
inhibited by PP2 pre-treatment in a dose-dependent
manner, whereas PP3, an inactive analogue of PP2, did

not affect responses to TRPM8 agonist. Interestingly,
PP2 treatment had opposite effects on TRPAL, revealing
a major difference in the modulation of TRPAl and
TRPMB8 in SH-SY5Y cells (Morgan et al., 2014). We
further explored this effect and recently demonstrated
that TRPM8 can be modulated by Src-induced tyrosine
phosphorylation (Manolache et al.,, 2020). HEK293T
cells expressing human TRPM8 and treated with a
protein phosphatase inhibitor, pervanadate, showed an
increase in TRPM8 tyrosine phosphorylation. Src kinase
induces tyrosine phosphorylation of human TRPM8 that
can be inhibited by PP2 treatment. Furthermore, the
phosphorylation and the cold-induced activation of
TRPMB8 are reduced after the inhibition of endogenous
Src kinase. Experiments on cultured rat DRG neurons
showed that TRPMS8-mediated responses can be reduced
by PP2 and dasatinib (another Src kinase inhibitor)
treatment, and that effect can be successfully antagonized
by pervanadate (Manolache et al., 2020).

The Vanilloid Transient Receptor
Potential ion channels

The vanilloid subfamily of TRP channels was named
after the first identified member, TRPV1, due to its
activation induced by the vanilloid compound capsaicin
(Caterina et al., 1997). TRPV subfamily comprises six
members, TRPV1-TRPV6, which can be classified in two
groups, TRPV1-4 and TRPV5-TRPV6. TRPV1-4 share
about 45% structure identity (Vriens et al., 2004a), and
are non-selective, Ca?"-permeable cation channels
intrinsically sensitive to variations of temperature, from
warm to hot temperatures, and activated by protons,
osmotic strain, and certain exogenous chemicals
(Caterina et al., 1997, 1999; Guler et al., 2002; Xu et al.,
2002). TRPV1-4 are expressed in several cell types
where they have essential roles in physiological
processes, such as thermoregulation, osmoregulation, and
nociception (Caterina et al., 2000; Liedtke and Friedman,
2003; Alessandri-Haber et al., 2003, 2004). TRPV6 and
TRPV5 have greater sequence homology (81%), present
a high Ca?*-selectivity and are constitutively active under
physiological conditions, which makes them important
players in Ca?* homeostasis (den Dekker et al., 2003).
Currently, there are several studies which investigated the
tyrosine phosphorylation and the modulation induced by
this post-translational modification on TRPV1, TRPV2,
TRPV4 and TRPV6 channels.

1. TRPV1

VR1 was first cloned from sensory neurons by the group
of David Julius, and was reported to be activated by
capsaicin, heat and protons and involved in pain signaling
(Caterina et al., 1997). The channel name was later
changed to TRPV1 (Montell et al., 2002). TRPV1 is a
polymodal nonselective cation channel, with similar
permeabilities for monovalent cations and a higher Ca?*
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permeability (Caterina et al., 1997). In 2013, Liao et al.
determined the structure of TRPV1 channel, using
electron cryo-microscopy, which confirmed the previous
structural studies (Liao et al., 2013). TRPV1 is formed by
four identical monomers containing six transmembrane
segments, with the N- and C-terminal regions located
intracellularly. The terminal regions and the intracellular
loops between transmembrane segments contain
phosphorylation sites for several kinases, which can
modulate TRPV1 function. An investigation of the effect
of tyrosine phosphorylation on TRPV1 channel function
found that capsaicin-induced currents in DRG neurons
were specifically inhibited by PP2, and increased by
sodium orthovanadate, a tyrosine phosphatase inhibitor.
In addition, PP2 specifically eliminated the currents of rat
TRPV1-expressing HEK293 cells. Moreover, co-
transfection of TRPV1 and the active form of Src kinase,
v-Src, determined a fivefold increase in capsaicin-
induced currents, whereas co-transfection with dominant-
negative c-Src resulted in a fourfold decrease of the
currents. It was shown that Src kinase is associated with
TRPV1, both in HEK293 cells and in rat DRG neurons,
and that TRPV1 is tyrosine phosphorylated in cells
transfected with both TRPV1 and v-Src (Jin et al., 2004).
TRPV1-expressing nociceptors can be subjected to
sensitization following injury or inflammation, a process
mediated by the release of extracellular inflammatory
mediators, such as bradykinin, adenosine triphosphate
and nerve growth factor (NGF). A mechanism for NGF-
induced sensitization of TRPV1 have been proposed by
Zhang et al. They showed that NGF activates a signaling
pathway which induces tyrosine phosphorylation of
TRPV1 by Src kinase, leading to an upregulation of
TRPV1 expression at the plasma membrane. The basal
tyrosine phosphorylation and the NGF-induced increase
of TRPV1 tyrosine phosphorylation was reduced by the
specific Src kinase inhibitor PP2. Moreover, they
identified tyrosine residue 200 (Y200) as the critical site
for NGF-induced sensitization. An important remark is
that the Y200 is conserved site in human, mouse, rat,
guinea pig, rabbit, dog, and chicken TRPV1, which
suggest that this residue may play an important role in
TRPV1 regulation (Zhang et al., 2005). A protein
involved in TRPV1 tyrosine dephosphorylation is Src
homology 2 domain-containing tyrosine phosphatase 1
(Shp-1). Src-induced phosphorylation of TRPV1 was
inhibited by co-transfection of Shp-1 and increased by
co-transfection of Shp-1C455S, a dominant-negative
form of Shp-1 (Zhang et al., 2005). Another study,
focused on the modulation of TRPV1 by Shp-1, showed
the co-expression and the direct interaction of Shp-1 and
TRPV1 in nociceptive DRG neurons (Xiao et al., 2015).
Inhibition of Shp-1 increases TRPV1 tyrosine-
phosphorylation and induces thermal hyperalgesia in rats.
Moreover, complete  Freund’s  adjuvant-induced
inflammatory pain in rats leads to an increase in the
expression of Shp-1, which may be a mechanism of

protection against excessive thermal hyperalgesia (Xiao
etal., 2015).

2. TRPV2

TRPV2 was also identified by David Julius group as
VRL-1, a TRPV1 homologue that is activated by high
temperatures, with a threshold of 52°C, but not by
moderate heat, capsaicin, or protons (Caterina et al.,
1999). TRPV2 channels are expressed in a subset of
medium- to large-diameter neurons, but also in several
non-neuronal tissues (Caterina et al., 1999). Repeated
application of thermal stimuli can induce the sensitization
of C-fiber and Ad-fiber nociceptors, a phenomenon
known as heat-heat sensitization (HHS). The ability of
certain subclasses of nociceptors to exhibit HHS was
investigated in a study which revealed that only
nociceptors expressing TRPV2, or a combination of
TRPV1 and TRPV2 exhibited HHS following repeated
intense thermal stimulation. Moreover, it was shown that
the process is calcium-dependent and that in cells co-
expressing TRPV1 and TRPV2 the heat sensitivity was
modulated  through  Ser/Thr  phosphorylation or
phospholipase A2 (PLA2)-dependent pathways, whereas
in cells expressing only TRPV2, HHS may be linked to
activation of tyrosine kinases. Application of genistein, a
non-specific tyrosine kinase inhibitor, strongly reduced
heat sensitization in TRPV2-expressing nociceptors,
while inhibitors for PLA2 and Ser/Thr kinases had no
effect. In contrast, in cells co-expressing TRPV1 and
TRPV2, the sensitization was eliminated when PLA2 or
Ser/Thr kinases were inhibited, raising the possibility that
both pathways must be activated in order to produce HHS
in a calcium-dependent manner. It was, therefore,
concluded that TRPV2 plays a crucial role in the capacity
of nociceptors to develop HHS (Rau et al., 2007).

3. TRPV4

TRPV4 was identified by Delany et al. as a
mechanosensitive channel expressed in a large variety of
tissues, including lung, heart, skin, brain, vascular
endothelium and kidney, in the latter the expression being
largely concentrated in the distal convoluted tubule
(Delany et al., 2001; Xu et al., 2003). TRPV4 is a
polymodal nonselective cation channel activated by the
phorbol ester 4a-phorbol 12,13-didecanoate, acidic pH
and temperatures over 27°C (Xu et al., 2003; Nilius et al.,
2004; Vriens et al., 2004b).

Xu et al. described TRPV4 as being rapidly tyrosine
phosphorylated in response to hypotonic stress both when
heterologously expressed in HEK293 cells and in
cultured native murine distal convoluted tubule cells.
PP1, an inhibitor of the Src family of kinases, managed to
inhibit TRPV4 phosphorylation in a dose-dependent
manner and it was revealed that TRPV4 progressively
associates with Src family kinases, particularly with Lyn
and Yes, during hypotonic stress (Xu et al., 2003).
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Moreover, overexpression of wild type Lyn led to a
dramatic potentiation of hypotonicity-dependent tyrosine
phosphorylation of TRPV4, while transfection with
dominant-negative Lyn inhibited the process modestly,
but reproducibly. Tyrosine 253 (Y253) was identified as
the site of tonicity-dependent tyrosine phosphorylation,
which, when point mutated (Y253F), eliminated the
channel activity induced by hypotonicity. Taken together
these results show that TRPV4 is phosphorylated at
residue Y253 by the Src kinase, following hypotonic
stress, which is necessary for channel function (Xu et al.,
2003). However, it should be noted that other
investigators were not able to reproduce these findings.
They reported that application of a hypotonic solution to
HEK293 cells expressing the TPRV4 Y253F mutant
induces a strong rise in intracellular calcium, but not
different to the one found in wild type TRPV4 expressing
cells. They also demonstrated that pretreatment with PP1
and genistein did not alter hypotonicity-induced
modifications in calcium concentration, in TRPV4-
expressing cells. Therefore, they concluded that
phosphorylation of Y253 is not crucial for TRPV4
activation. Instead, they revealed that PLA2 activity is
necessary for the activation of TRPV4 induced by cell
swelling. Specifically, TRPV4 is activated via PLA2-
dependent production of arachidonic acid and its ulterior
metabolization to 5°,6’-epoxyeicosatrienoic acid by
cytochrome P450 epoxygenase (Vriens et al., 2004b).
Another team suggested that there may have been a
selection bias in the study conducted by Xu et al. for the
stable transfection of HEK293 cells with wild type
TRPV4 or the Y253F mutant. Therefore, in order to
corroborate those findings in the absence of selection
pressure, HEK293 cells were transiently transfected with
the same constructs and calcium entry was monitored in
response to hypotonicity. This experimental approach
revealed that the cells transfected with TRPV4 exhibited
a robust response to hypotonicity, while those transfected
with the Y253F mutant were almost completely
insensitive to the same stimulus. It was concluded that
differences between the findings of the two groups may
have arisen because Xu et al. used stable transfection of a
monocistronic expression vector and performed calcium
assays using cells in suspension, whereas Vriens et al.
transfected the cells transiently with a bicistronic vector
for co-expression with a green-fluorescent protein and
performed their assays on adherent cells (Xu et al., 2003;
Vriens et al., 2004b; Cohen, 2005).

To further explore this issue, Wegierski et al. also
examined the function of the Src family kinases-mediated
tyrosine phosphorylation of TRPV4. They generated
Madin-Darby Canine Kidney (MDCK) cell lines stably
expressing mouse TRPV4 and identified phosphorylated
tyrosine residues in purified proteins from these cells,
while in cells pretreated with PP2, the phosphotyrosine
signal was significantly diminished. A mass spectrometry
analysis of the purified TRPV4 protein identified two
phosphorylation sites, Y110 and Y805. In addition, an

analysis of TRPV4 phosphorylation in HEK293T cells
revealed a reduced Src-mediated phosphorylation of
Y110F and Y805F TRPV4 variants, in comparison to
wild type TRPV4. Moreover, cell treatment with H,O;
robustly increases TRPV4 tyrosine phosphorylation
mediated by Src kinase, including the Y110 residue,
suggesting that phosphorylation of this residue may be
involved in the sensitization mechanism of TRPV4
channel in hyperalgesia (Wegierski et al., 2009).
Tyrosine phosphorylation also may be involved in
TRPV4 modulation following activation of Protease-
Activated Receptor 2, known to play a role in the cellular
response to injury and inflammation. The effect that
human TRPV4 expression has on Protease-Activated
Receptor 2-evoked calcium signaling was investigated in
HEK293 cells and it was showed that the level of the
sustained phase of the calcium response was proportional
to TRPV4 expression. The effect of various kinase
inhibitors was assessed: BIM-1, a protein kinase C
inhibitor, had no effect on Protease-Activated Receptor
2-mediated signaling, whereas Src inhibitor 1 (Srcl)
substantially decreased the sustained phase of the
response. Mutation of tyrosine residues Y110F, Y805F
and Y110F/Y805F revealed similar transient increases in
[Ca%]i in both wild type and mutant TRPV4 channels,
while the sustained phase was significantly reduced in the
Y110F mutant and slightly diminished in TRPV4 Y805F.
Cells expressing the double mutant had a similar
phenotype to cells expressing the single mutant TRPV4
Y110F (Poole et al., 2013).

Lastly, it was shown that in Human Umbilical Vein
Endothelial Cells (HUVECs) and in HEK293 cells
transfected with TRPV4, shear stress induces a rise in
[Ca?]i, mostly determined by calcium entry via TRPV4,
followed by translocation of TRPV4 channels to the
plasma membrane via exocytosis within seconds.
Substitution of tyrosine 110 (Y110) did not alter the
activation of TRPV4 by its selective agonist GSK
1016790A, nor the shear stress-induced translocation of
TRPV4 to the plasma membrane. However, it was clearly
shown that shear stress did trigger phosphorylation of
Y110, which was required for the TRPV4-mediated
calcium response (Baratchi et al., 2016).

4. TRPV6

TRPV6 was initially described in rat small intestine
(Peng et al., 1999) and not long after that, the human and
mouse isoforms were also identified (Wissenbach et al.,
2001; Hirnet et al., 2003). TRPV6 has the highest Ca**
selectivity among TRP ion channels, and together with
TRPVS5, acts as a Ca?" sensor, both having important
roles in Ca?* (re)absorption (Hirnet et al., 2003). TRPV6
is expressed in several cell types from the gastrointestinal
tract, but also in lungs, placenta, prostate, and kidney,
although the expression pattern differs between species
(Hirnet et al., 2003). In addition, elevated levels of
TRPV6 were found in subsets of human prostate cancer
cells (Wissenbach et al., 2001).
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TRPV6 can be modulated via phosphorylation/dephos-
phorylation by Src kinase and phosphotyrosine
phosphatase 1B protein (PTP1B), respectively (Sternfeld
et al., 2005). It was initially shown that the regulation of
TRPV6 by PTP1B is a store-dependent process. The
inhibitor of PTP1B, bis-(N,N-dimethyl-hydroxamido)
hydroxo-vanadate (DMHYV), increased the plateau
[Ca*ee within 45 minutes in TRPV6-expressing
HEK?293 cells, an effect which was absent in
untransfected cells. Depletion of Ca?" stores was a
prerequisite for this effect, indicating that tyrosine
phosphorylation modulated a key component of TRPV6-
mediated Ca?" entry, or a regulatory protein involved in
this process. PP1 treatment inhibited the DMHV-induced
increase in Ca?* entry mediated by TRPCS, proving that
tyrosine phosphorylation is responsible for the DMHV
effect. Phosphorylation of the channel itself was
evaluated and the investigators found that co-expression
of TRPC6 and the tyrosine kinase Src did not determined
the phosphorylation of TRPV6 in control conditions, but
that pervanadate treatment led to a weak tyrosine
phosphorylation (Sternfeld et al., 2005). In another study,
the same group aimed to identify the specific tyrosine
residues which mediate these effects. They found that
both exogenous Fyn and endogenous Src kinases could
mediate the channel’s phosphorylation and identified
PTP1B as the phosphatase interacting with TRPV®6. It
was observed that the PTP1B phosphatase binds to
TRPV6 channel in the N-terminus region which includes
the first 191 amino acids. They also showed that tyrosine
phosphorylation of this region is critical for the DMHV-
induced calcium entry. Furthermore, it was determined
that mutations of either Y161 or Y162 did not modify
TRPV6 phosphorylation or the effect that DMHV has on
calcium influx. However, when both residues were
substituted, tyrosine phosphorylation was absent, even
though the interaction with PTP1B was not modified. In
conclusion, both Y161 and Y162 play a critical role in
the regulation of TRPV6 by tyrosine phosphorylation and
its functional consequences (Sternfeld et al., 2007).
Single mutations of either Y161 or Y162 did not alter
phosphorylation of the channel or the effect that DMHV
has on calcium influx.

Conclusions

(TRPM7Y), hypersensitivity to cold (TRPM8) and
inflammatory heat hyperalgesia (TRPV1). In addition to
their physiological role in sensing the extracellular or
internal milieu of various cell types, certain TRP
channels have also been recently implicated in the
pathophysiology of tumorigenesis, cell proliferation and
migration, and therefore it can be safely assumed that
tyrosine phosphorylation of these channels may be
involved in cancer pathophysiology. Taken together, the
results reviewed in this paper indicate that tyrosine
phosphorylation is a key modulatory feature of TRP
channels, is involved in major physiological and
pathophysiological signaling pathways and could be a
valid target for clinical intervention and molecular
therapies.
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