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Il) Abstract

TRPV channels are cation channels involved in the ion homeostasis with polymodal activation
properties. They regulate intracellular calcium levels promoting a fine tune cellular response to several
physicochemical stimuli, allowing the cell to adapt to the environmental changes. TRPV subfamily
contains 6 members classified in two groups attending to their sequence identity: TRPV1-4 and TRPV5-6.
TRPV1-4 are non selective calcium channels mainly involved in thermoception, mechanoception and
pain transduction. TRPV1-4 members are of special biomedical interest as they have been associated
with a wide spectrum of pathological conditions, from muscular or neuronal dystrophies to cancer.

This thesis aims to expand the knowledge on the regulation of TRPV1-4 subgroup. First, we have
compiled the available information in the field by means of a review based on TRPV2, one of the least
described and more intriguing members of the TRPV subfamily. Primary sequence data mining and
conservation study of TRPV domains revealed that TRPV1-4 channels share common basic working
mechanisms as folding and trafficking. Using TRPV2 as benchmark, we have determined the folding
properties and topology of this channel and the importance of the distal N-terminal domain for TRPV2
trafficking. Protein protein interactions were given a special attention as TRPV channels act within the
cell forming protein complexes. We have mapped the interaction with SNARE proteins within the MPD
domain of TRPV1 and TRPV2 and the TRPV1-4 interactome was further expanded by means of a yeast
two hybrid specific for membrane proteins (MYTH) based on TRPV1, TRPV2 and TRPV4.

Il) Resumen

Los canales TRPV son canales de cationes que participan en la homeostasis de iones con
propiedades de activacidén polimodales. Los TRPVs regulan los niveles de calcio intracelular y promueven
una respuesta celular precisa a varios estimulos fisico-quimicos, lo que permite a la célula adaptarse al
entorno cambiante. La subfamilia TRPV contiene 6 miembros, clasificados en dos grupos atendiendo a
su identidad de secuencia: TRPV1-4 y TRPV5-6. TRPV1-4 son canales no selectivos de calcio que
participan principalmente en termocepcidon, mecanocepcion y la transduccién del dolor. Los TRPV1-4
son de un especial interés biomédico, ya que se han asociado con un amplio espectro de estados
patoldgicos, desde distrofias musculares o neuronales a cancer.

Esta tesis tiene como objetivo ampliar el conocimiento sobre la regulacion del subgrupo TRPV1-
4. En primer lugar, hemos recopilado la informacién disponible por medio de una revisidn basada en
TRPV2, uno de los miembros menos descritos y mas interesante de la subfamilia TRPV. El analisis de la
secuencia primaria y estudio de conservaciéon de los dominios TRPV revelaron que los canales TRPV1-4
comparten mecanismos basicos de funcionamiento, como el plegado y el transporte a membrana.
Usando TRPV2 como punto de referencia, hemos determinado las propiedades de plegado y la topologia
de este canal y la importancia del dominio N-terminal distal para el trafico de TRPV2. Se les dio una
atencion especial a las interacciones proteina proteina, dado que los TRPV acttan dentro de las células
formando complejos. Hemos mapeado la interaccidn con las proteinas SNARE al dominio MPD de TRPV1
y TRPV2 y el interactoma de los TRPV1-4 se amplié por medio de un doble hibrido especifico de
proteinas de membrana (MYTH) basado en TRPV1, TRPV2 y TRPV4,
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Ill) Abbreviations

2-APB

4 a-PDD
6TBC
80K-H

A

AA

aa

ABR
ACBD3
AKAP

AKT
AMPK
ANO1
AQP

ARD
ARL15
AT1aR
ATP

BAA

Bkca
BRAC3
C-terminal
C-terminus
C. elegans

C. intestinalis

2-Aminoethoxydiphenyl borate
4a-Phorbol 12,13-didecanoate
6-tert-butyl-m-cresol

Protein Kinase C Substrate 80K-H
Amstrongs

Arachidonic acid

amino acid

Active BCR-related protein

Acyl-CoA binding domain containing 3
A-Kinase anchoring protein

Protein Kinase B

AMP-activated protein kinase
Anoctamin-1

Aquaporin

Ankyrin Repeat Domain
ADP-Ribosylation Factor -Like 15
Angiotensin receptor subtype 1a
Adenosine TriPhosphate
Bisandrographolide A

Big potassium calcium channel
Brachylomia type 3

Protein carboxi-terminal, COOH-terminal
Protein carboxi-terminal, COOH-terminal
Caenorhabditis elegans

Ciona intestinalis
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CA neuron C and A fibers

ca” Calcium

CACNG3 Calcium Channel, Voltage-Dependent, Gamma Subunit 3
CAM Calmodulin

CAMBS Calmodulin Binding Site

CamKil Calmodulin Kinase Il

cAMP Cyclic adenosine monophosphate

Cav Calcium voltage-gated channels

cB1 Cannabinoid receptor 1

CBD1 Cannabinoid receptor 1

CBD2 Cannabinoid receptor 2

CCL Choride channel

cdc2 Cyclin-dependent kinase 1

CDH Cadherin family

CDK Cyclin Dependent Kinase

cDNA complementary Deoxyribonucleic acid
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CGRP Calcitonin gene-related peptide
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CNS Central Nervous System
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COPD Chronic Obstructive Pulmonary Disease
COX-2 Cyclooxygenase 2

Cryo-EM Cryogenic Electron Microscopy
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Cub C-terminus of ubiquitin

CXCR C-X-C chemokine receptor

D. melanogaster Drosophila melanogaster

DAG Diacylglycerol
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DAZAP2 DAZ-associated protein 2

DDX Dead box helicase
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Ded1 DEAD-box protein 1
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DPBA 2,4-dioxo-4-phenylbutanoic acid
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EM Electron microscopy
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Introduction n

L iving organisms, from the simpler unicellular form to the most complex multicellular being,
face the challenge of adapting themselves to the highly variable environment. The membrane

is the first and basic barrier to separate the cell and the environment, and from there, complexity
begins towards optimal communication between two compartments at both sides the membrane.
Along evolution biological organisms have developed several systems to evaluate crucial
environmental parameters and generate the appropriate responses to adapt in such a changeful
world, where membrane proteins are key players. The first atomic-level resolution membrane
protein structure was reported in 1985 and since then only 308 unique membrane protein
structures have been obtained, whereas there are over 80,000 PDB entries determined by
diffraction methods for soluble proteins. Membrane proteins comprise 20-30% of all proteins in
both prokaryotic and eukaryotic organisms but they represent less than 0.5% of all the known
structures, with only 20 structures of human membrane proteins and less than 50 mammalian
membrane proteins solved. They also represent around 50% of current drug targets. This fact should

illustrate how important are membrane proteins and how scarce is our knowledge on them.

1. Membrane transport

Biological membranes are hydrophobic, thus impermeable to ions and molecules such as sugars
and peptides. Transport of these molecules across the membrane, which is physiologically essential, is
made possible by the existence of membrane transporters (uphill transport) and channels (downhill
transport). In a general sense, both transporters and channels are membrane transporters but whereas
channels are diffusion facilitators, the so called membrane transporters are active-transport proteins.
Both types consist in general of bundles of hydrophobic transmembrane (TM) helices connected by
inter-helical loops of very diverse length, structural characteristics shared with other membrane
proteins such as GPCRs. The way in which membrane transporters make use of the available energy
makes possible to classify them into ATP-powered pumps and secondary transporters. This thesis is

going to focus in a specific set of ion channels.
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2. lon Channels

One of the early developed mechanisms by the cell to sense extracellular changes is based on
ion channels and the generation of transmembranal ionic currents that will act as messengers [1, 2]. lon
channels are integral membrane proteins present in the membrane of several cellular and subcellular
structures [3], assembled in such a way that they are embedded in the lipid bilayer forming pores and
allowing the passive flux of ions upon changes in the environment [3]. lon channels allow the
permeation of a set of ion types, what is called ion selectivity, generally categorized into cationic and
anionic channels. lon flux through the cellular membranes mediates a tremendous variety of molecular
processes essential for viability of living organisms, such as oocyte fertilization in humans [4], cell
volume regulation or swimming behavior in unicellular organisms, movements of stomata pores in
plants, muscle contraction, exocrine cell secretion, and the generation of neuronal excitability in higher
animals [5]. Although ion channels are less divergent than other protein families, such as enzymes, there
are still many types of channels opening and closing in concert to shape signals and responses to
extracellular changes [3]. There are about 300 different ion channels depending on the cell type with
specific amino acid fingerprint sequences, especially in the transmembrane domains [6]. This fact
highlights their strong structural similarities and allows to talk about families of homologous channels
that have evolved by successive gene duplication, mutation and selection (Fig. 1) [3]. The main ion

channels subfamilies attending to their sequence identity and ion selectivity are listed here:

Potassium channels (K) are the largest family of ion channels [7]. They exist in nearly all life
kingdoms [8] and they are mainly clustered attending to their structure and function into 4 main
subfamilies: Voltage-gated (Kv), 6 transmembrane segments (TMs); Inward-rectifying (Kir), 2 TMs;

calcium-activated (Kca), 6 TMs and Tandem-pore domain (K2p), 4 TMs (Fig. 1), (Table 1) [9].

Sodium channels voltage activated (Nav) comprise 10 proteins that are essential channels for
action potential propagation. Mammalian genomes contain at least 8 voltage-gated Sodium channels
(single polypeptide encoding for a 4-fold 6TMs subunit arrangement), (Fig. 1) that are mainly expressed

in neurons, muscles, and glia [10]. Other sodium channels are eNAC or the nicotinic receptors.

Mammalian voltage-gated Calcium channels (Cav) are a diverse group of multimeric proteins (4-
fold 6TMs subunit arrangement), (Fig. 1) classified attending to their biophysical and pharmacological
profiles into L, P/Q/N, T and R subtypes (Table 1) [10]. The Cav subtypes are defined attending to the

calcium currents they generate, according to physiological and pharmacological criteria. The L-type
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current is defined as high voltage of activation, large single channel conductance and slow voltage-
dependent inactivation. N-type currents were initially distinguished by their intermediate voltage
dependence and intermediate rate of inactivation, much slower than T-type currents. The difference

between P/Q/R types depends on the pharmacological sensitivity to several toxins.

Cyclic nucleotide-gated channel family (CNG) is composed of 6 members that are voltage-gated
non selective ion channels (6 TMs), (Fig. 1) [11]. CNG channels are divided into two subfamilies
attending to their sequence similarity: CNGA and CNGB (Table 1) [11]. In vertebrates, HCN channel
family comprises 4 members of non selective calcium channels (HCN1-4), (Fig. 1) that are mainly

expressed in heart and nervous system [12].

Finally other ion channel families, more distantly related but not less crucial for survival are the
ligand gated ion channel receptors such as Glutamate or GABA receptors, the mechano-activated
channels Piezol and Piezo2 [13] or the Chloride channel family that mediates in cell volume regulation

(Table 1) [14].

Transient Receptor Potential channels (TRPs) (6 TMs) are the second more abundant family of
ion channels [7], divided into 7 main subfamilies attending to their sequence identity: Melastatin
(TRPM), Canonical (TRPC), Vanilloid (TRPV), Mucolipin (TRPML), Polycystic (TRPP), Ankyrin type (TRPA)
and No-mechanoreceptor (TRPN) (Fig. 1), (Table 1) [15].

Family Type Number
Voltage-gated (Kv) 40 Table 1. lon channel family diversity. lon
Potassium  |Tandem-pore domain (K2p) 15 channel classification showing the channel
channels (K) | Calcium activated (Kca) 8 families and number of genes clustered within
Inward rectifying (Kir) 15 .
TRPA (Ankyrin] i each subfamily.
TRPV (Vanilloid) 6
TRPC {Cannonical) 7
TRP channels [TRPP (Polycistic) 3
TRPM {Melastin) 8
TRPML {Mucolipin) 3
TRPN {no-mechancreceptor) 1
voltage- Nav1.1-1.9 9
dependent Nax 1
L type 4
Voltage-
dependent e 2
calcium (Cav) TS E
N type 1
HCN 4
CNG CNGA 4
CNGB 2
Mechano-
activated Piezol, Piezo2 2
channels
Chloride CCLA 4
channels CCEN 2
CLIC 6
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Figure 1. Cationic ion channel classification attending to sequence homology and ion permeability.
Transmembrane topology is shown for each of the ion channel families. In red, Potassium channel family (K) with 4
main subfamilies: Voltage-gated (Kv), Calcium-activated (Kca), Inward-rectifying (Kir), and tandem-pore-domain
(K2p). In green, Transient Receptor Potential (TRP) channel family, with 7 main subfamilies: Melastatin (TRPM),
Canonical (TRPC), Vanilloid (TRPV), Mucolipin (TRPML), Polycystic (TRPP), Ankyrin type (TRPA) and No-
mechanoreceptor (TRPN). In blue, Voltage-dependent calcium (Cav) and Voltage-dependent sodium (Nav)
channels families. In yellow, Cyclic-nucleotide-gated (CNG) and Hyperpolarization-cyclic-nucleotide-gated (HCN)
ion channels. Figure adapted from Frank H. yu et al [16].

Altogether, ion channels coordinate their gating to the extracellular conditions, generating
intracellular ionic currents in response to changes in the environment and balancing cellular ion
homeostasis as a first signaling of extracellular alterations. lon channels rise important biomedical
interest because their misregulation often leads to several pathological conditions, known as
channelopathies, turning ion channels into potential molecular targets for diseases, such as dysplasias,

cardiomyopathies, cancer, etc. [17, 18, 19].
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3. Transient Receptor Potential Channels (TRP channels)

3.1. The TRP channel superfamily

TRP ion channels are a group of non-selective cation channels that act as polymodal cellular
sensors for a wide spectrum of physical and chemical stimuli [15]. These channels were firstly discovered
and described in 1960s in a mutant strain of Drosophila melanogaster [20, 21]. Since their discovery, TRP
family has kept growing and nowadays they are the second widest ion channel family, where 28
members in mammals have been identified so far (Fig. 2a) [22]. TRP channels are present in a wide
range of organisms from the yeast YVC1 (yeast vacuolar conductance 1) TRP channel to the 28 human
TRPs [23]. Among life kingdoms, TRP channels have been mostly described in Fungi and Animalia.
Despite this general distribution, extensive genomic studies have identified several distant homolog
channels in the chlorophyte green algae, with at least some of them involved in calcium signaling such
as TRP1 in Chlamydomonas reinhardtii or Ostreococcus tauri [24, 25]. The TRP family in Fungi, such as
yeast, comprises only one member, YVC1, which encodes for a vacuolar membrane protein that function
as a sensor of osmotic pressure [26] and generates intracellular calcium currents upon hypertonic shock
stimulation [27]. Although homologous in structure and function, YVC1 is distantly related to

mammalian TRPs and might be considered as a closer form to the ancestral TRPs [28].

M. brevicollis D. Melanogaster C. Elegans C. Intestinalis T. Rubripes H.sapiens

TRPV 1 3 5 2 4 6
TRPM 1 1 4 2 6 8
TRPC 1 3 3 8 8 7
TRPA 1 4 2 4 1 1
TRPML - 4 1 9 2 3
TRPP - 1 1 1 4 3
TRPN 1 1 1 1 - -
[Total 5 17 17 27 27 28 |

Table 2. TRP channel family distribution along evolution. Number of TRP channels corresponding to each of the
subfamilies in several organisms: Monosiga brevicollis (M. brevicollis), the common ancestor of animal kingdom;
Drosophila melanogaster (D. melanogaster), as member of Insecta; Caenorhabditis elegans (C. elegans), as
member of Nematodes; Ciona intestinalis (C. intestinalis), as member of Ascidea; Takifugu rubripes (T. rubripes), as
member of Chordata and Teleost fishes; and Homo sapiens (H. sapiens) as member of Mammals.
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The origin of the actual diversity of TRP ion channels dates back to Choanoflagellates, unicellular
and flagellated organisms considered to be the common ancestors of animals [29]. The
Choanoflagellates present five homolog TRP channels, that would have expanded through gene

duplication and generated the different TRP subfamilies present nowadays in animals (Table 2) [29].

Mammalian TRPs are clustered according to their sequence identity into 6 subfamilies: TRPA,
TRPC, TRPM, TRPV, TRPML, and TRPP (Table 1, Table2 and Fig. 2a), as TRPN subfamily is lost in
vertebrates (Table 2) [30]. The number of channels within each subfamily varies across species,
depending on the number of gene duplications (Table 2) [30]. Most TRP subfamilies suffered a
diversification, in parallel with the whole set of ion channels, maybe due to the need of higher organism

to integrate more complex signals in order to maintain organism homeostasis.

3.2. TRP structural features

First approach to structure of TRPs was based on computational studies taking advantage of
sequence homology to the close-related potassium channels [31, 32]. The first structural data available
for TRPs came from the crystal structure of the soluble N-terminal ARD (Ankyrin Repeat Domain) of
TRPV2, TRPV1 and TRPV6 [33, 34, 35], the C-terminal coiled-coil domains of TRPM7 [36], the C-terminal
kinase domain of TRPM7 [37] and the coiled-coil C-terminal domain of TRPP2 [38]. Structure of full
length TRP channels was revealed at low resolution using electron microscopy for TRPC3, TRPV1, and
TRPV4 [39, 40, 41]. Structures have been challenging, due to the obvious difficulties with integral
membrane proteins. Although available structures allowed for an interpretation on TRPs topology and
conformational four-fold channel symmetry, the resolution did not allow the reliable location of

transmembrane helices and specific folding of cytosolic domains.

A breakthrough in structural biology of large IMPs (Integral Membrane Proteins) has come
altogether with TRPV1 and Cryo-EM [42]. Recently, the structural knowledge of IMP has suffered a
revolution due to the improvement in Cryo-EM technology and the high resolution Cryo-EM structures

for TRPV1, TRPA1 and TRPV2 (Fig. 2d) [42, 43, 44, 45].

With the current structural information we know that TRP family consists of a transmembrane
domain formed by 6 transmembrane segments (S1-S6) and a pore loop between the segments 5 and 6
(55-S6); with the N- and C-terminal domains facing the cytosol (Fig. 2b and d) [32]. TRPs are arranged in

the membrane as tetramers, with the S5-56 segments of the four subunits assembling the central pore
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that coordinates the ion flux, and the S1-S4 transmembrane segments located surrounding the central
S5-S6 core (Fig. 2b and d) [42]. Most TRP channels function as homotetramers, although the formation
of heterotetrameric channels has been reported [46]. Channel heteromerization has been reported
between members of the same subfamily or even between different subfamilies, such as TRPC and TRPV
subfamilies, whose members are capable to heteromerize between them [46]. The formation of
heterotetramers could potentially create a wider variety of TRP channels with differential gating
properties and functional regulation, but functional implications are still under study and yet to be

determined [46].

The N- and C-terminal domains, which together account for more than two thirds of the TRP
channel sequence are located in the cytosolic intracellular environment (Fig. 2b). Although they are
variable in length and domain distribution depending on the subfamily (Fig. 2c), these domains are
supposed to carry out most part of the channel regulation [47]. The N-terminus of TRPC, TRPV and TRPA
channels contain a different number of ankyrin repeats in the ARD, 4, 6 and 17 respectively (Fig. 2c).
Similarly, TRPN subfamily contains a large ARD domain in the N-terminus (Fig. 2c). The ARD is a protein-
protein recognition domain formed by two antiparallel alpha helices followed by a loop region linked to
a B-hairpin structure [33]. ARD of TRPs is involved in several protein-protein interactions, mediates the
binding of activating ligands and the gating by voltage and temperature in some TRP channels. In TRPV
subfamily, ARD mediates the binding of compounds such as ATP, and the interaction with calmodulin
and PI3K kinase [34, 48]. In TRPC subfamily ARD mediates the binding to phospholipase C (PLC) [49].
Alternatively, TRPM channels present 4 high homolog regions (MHRs) comprised along N-terminus [50]
and some TRPM members present a calmodulin binding site similar to those found in TRPVs [51] (Fig.
2c). Distal N-terminus region, prior to ARD or MHR, is variable in length not just according to subfamilies,
but even within each subfamily. Generally, distal N-terminus seems to be involved in channel trafficking

regulation, although any consensus signal peptide or regulatory motif has been identified so far [52].

The C-terminal domain of TRP channels is mainly characterized by the presence of a highly
conserved motif in the proximal region to the TMDs, called the TRP box or the TRP domain. TRP box can
be found in TRPM, TRPV, TRPC and TRPA subfamilies (Fig. 2c). Being in close proximity to the pore
region, the TRP box establishes several intra-subunits interactions, rendering to a correct channel

assembly and playing an important role coupling the stimulus reception to the channel gating [53].
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Figure 2. TRP channel subfamily evolution and structural features. A) Mammalian TRP channels associated by
homology, showing the main 6 subfamilies TRPC, TRPV, TRPM, TRPA, TRPML, TRPP and the members within each
subfamily. B) TRP general transmembrane structural features, showing the 6 transmembrane segments. In blue,
S5-S6 transmembrane segments, clustered in the center of the channel and forming the ion gate. In red, S1-S4
transmembrane segments surrounding the channel gate. N-terminal (NTD) and C-terminal (CTD) are in the
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intracellular side of the membrane. C) N- and C-terminal domain composition and structural features according to
the TRP channel subfamily. D) TRPV1 Cryo-EM structure from different angles showing the transmembrane
topology and the spatial arrangement of N- and C-terminal tails of TRPVs. The ARD domains (green), TM1-4
segments (red), TM5-6 segments (blue) and TRP box (magenta) have been highlighted in one of the four subunits
to show general domain spatial distribution.

Phosphatidylinositol 4,5-bisphosphate (PIP2) binding has been mapped to close proximity of TRP box in
TRPV and TRPA members [54, 55]. In general, the C-terminus is quite variable among subfamilies, either
in length and domain composition. Calmodulin binding domains have been also characterized within the
C-terminus of TRPM, TRPC and TRPV members (Fig. 2c), being crucial, as in the N-terminal calmodulin
binding domains, for calcium dependent regulation of channel activity [56, 57, 58]. Other domains such
as coiled-coil domains are present in the C-terminal of TRPM and TRPP subfamilies, being necessary for
proper channel assembly [36, 38] (Fig. 2c). One peculiar trait among TRPM subfamily is the presence of
an a-type serine/threonine kinase domain attached to the distal C-terminal tail of the channel [37],

codifying on the same protein for an ion channel and a kinase (Fig. 2c).

Although general structure is maintained among TRPs and transmembrane region topology is
qguite homogeneous, TRPs are regulated in a very diverse manner and each of them present its
particular traits. These differences are represented mainly by the diversity of functionally disparate

domains present in the cytoplasmic N- and C-terminus (Fig. 2c).
3.3. TRP functional features

Generally, TRP channels are non-selective ion channels with a permeability ratio between
calcium and sodium P¢,/Py, about < 10, that trigger intracellular cation currents, mainly formed by ca”,
Mg?*, and Na*. Exceptionally, TRPM4 and TRPMS5 are highly permeable to monovalent cations, TRPV5
and TRPV6 are highly permeable to calcium and TRPM6 and TRPM7 have a higher affinity for
magnesium. Conversely, trivalent cations such as Lanthanum (La**) and Gadolinium (Gd*"), act as pore
blockers, inhibiting cation flux through the pore. TRP channels pore is formed by S5-S6 and the pore
loop between these two segments, that contains a consensus sequence called selectivity filter which is
variable among TRP subfamilies (Fig. 3) [42]. The pore is divided in upper and lower gates, the two

regions that present a higher narrowing of the pore (Fig. 3).

TRPs trigger intracellular cationic currents upon ligand binding, either endogenous or exogenous

agonists; or physical changes in temperature, osmolality or cell volume, mechanical stretch forces, or
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voltage [59]. These heterogeneous ways to trigger channel gating can be integrated in an allosteric
model, where several closed states are predicted and each stimuli: agonist, voltage or temperature; is
able to trigger transition from one closed state to one open state, distinct from other open states
mediated by other stimuli. The model implies that mechanisms responsible for integrating each stimuli
to the pore opening are independent and differentially located within the channel [59]. Some TRPs are
constitutively opened, generating a leak entry of cations though the plasma membrane and resulting in
rising basal intracellular calcium and/or sodium levels. When open, TRPs generate a transient
depolarization of the cells from their resting membrane potentials and provoke a further increase of
intracellular Ca®* and/or Na*. This raise of calcium levels is further potentiated by phospholipase C (PLC)
activity coupled to TRPs that triggers opening of IP3 receptor and release of the Endoplasmatic

Reticulum (ER) calcium stores [60].

Inactive Active Extracellular

selectivity

filter
Upper gate
T™M5
™6
Lower gate
Lipid bilayer
Cytoplasm

Figure 3. Pore model based on TRPV1 Cryo-EM structure. 2D representation of the pore region of TRPV1, with
TMS5 and TM6 highlighted in red [61]. Inactive state, closed pore, on the left; and active state upon Resiniferatoxin
(RTX) and capsaicin addition, open pore, on the right. Blue area represents the water accessible area. It is visible
the presence of two constriction areas named as gates, upper and lower gate. The upper gate is formed by the
selectivity filter and the loop between TM5-TM6. Lower gate is determined by the bottom side of TM5 and TM6.
The channel opening implies a movement to widen the water accessible area of the gates, either one or both of
them, depending on the stimuli.

The TRP channels in general require participation of endogenous signaling proteins for their
activation and regulation, such as binding to G-coupled protein receptors (GPCRs), PLC, calmodulin,

protein kinases or phosphatases [62][63]. Of special interest is the regulation that the lipid metabolism
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in general, and the cellular phosphoinositide lipid levels in particular play over channel gating. PIP2 has
been shown to play a pivotal role in channel regulation, as its presence is needed in order to conform

the channel in a sensitized state and PIP2 depletion generally leads to channel desensitization [64].
3.4. TRP and disease

TRP channels misregulation or malfunction has been linked to several diseases and pathological
conditions. TRPs play an important role in keeping the cellular ion homeostasis. Calcium signaling has a
high impact on many cellular processes and regulates transcription factors such as NFAT, that upon TRP
channel gain of function, as increased gating and calcium entry, promotes cardiac hypertrophy [65] or
other calcium dependent pathologies such as muscular dystrophies [66]. Nevertheless, TRPs integrate
environmental changes and mediate in somatosensation processes such as thermoception,
mechanoception, and even nociception [67]. TRP malfunction uncouples signaling cascades and leads to
inadequate organism responses upon external insults. Ultimately, several TRP channels have been
shown as capable to control cell growth, proliferation and cell cycle, leading to growth abnormalities or

even cancer when not properly regulated [68].

4. Transient Receptor Potential Vanilloid (TRPV) subfamily

4.1. TRPV subfamily origin and evolution

The TRPV subfamily, vanilloid, was named after the first member characterization, the
vanilloid/capsaicin receptor TRPV1 [69]. TRPV subfamily in mammals comprises 6 members that can be
further divided into 2 subgroups attending to their sequence identity: TRPV1-4 and TRPV5-6. TRPV1-4
group is formed mainly by non-selective low calcium permeable channels that can be potentially
activated by thermal stimuli, whereas TRPV5-6 group is characterized by a higher permeability to

calcium (Table 3) [70], i.e. calcium specific.

TRPV subfamily in non-vertebrates comprises 2 member in C. elegans, named OSM-9 and OCR-2
and 2 members in D. melanogaster, named as Nanchung and Inactive [71], that are considered the
closest to the ancestral TRPV channels. The TRPV subfamily diversity in mammals emerged from the
common ancestor of teleost fishes and terrestrial vertebrates through repeated gene duplications;

followed by sequence divergence that constitute the current TRPV repertoire, composed by 6 channels
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of very diverse physiological properties [72]. In humans, TRPV5 and TRPV6 channels are clustered
together and located in close genomic regions, within the 7™ chromosome (Table 3), being the first to
diverge from TRPV1-4 subgroup (Fig. 4). Although hierarchical clustering locates TRPV4 as closest to
TRPV1-2 (Fig. 4), TRPV4 seem to have diverged earlier from TRPV1-3, according to genomic location
(Table 3). TRPV4 is located within the 12™ chromosome whereas TRPV1-3 are located in the 17"
chromosome (Table 3), in such a close proximity that recent tandem gene duplication in common
ancestors of fish and Tetrapods has been proposed to be the origin of these 3 genes. TRPV3 is present in
all vertebrates but fish although the homology hierarchical clustering strongly indicates that TRPV1-2
genes in fishes appear after the divergence between TRPV3 and TRPV1-2 (Fig. 4). Thus, TRPV3 emerged
before divergence of fish and Tetrapods and was lost in fish lineages [73]. Similarly, genomic location
and hierarchical clustering of TRPV1 and TRPV2 genes revealed that both genes were already present in

the common ancestor of tetrapod and fish and TRPV2 was lost through fish lineage (Fig. 4) [73].

Chromosome Uniprot  Permeability
: Gene code

location code Ca/Na
TRPV1 17p13.3 ENSG00000196689 Q8NER1 9.6
TRPV2 17p11.2 ENSG00000187688 Q9Y5S1 3
TRPV3 17p13.3 ENSG00000167723 Q8NET8 2.6
TRPV4 12qg24.1 ENSG00000111199 Q9HBAO 6
TRPV5 7935 ENSG00000127412 Q9NQA5 >100
TRPV6 7933—q34 ENSG00000165125 Q9H1DO >100

Table 3. TRPV subfamily features, based on Montell et al [70]. Genomic location, Ensembl and Uniprot codes are
annotated for the 6 TRPV human channels. Permeability, indicating calcium selectivity was assessed for each
channel, showing a clear difference in the ion selectivity between TRPV1-4 and TRPV5-6 groups.

TRPV subfamily folding and gating follow the same pattern described in general for TRPs, so we
do not go into deeper detail as subfamily here and rather state the peculiarities when talking of each
channel location and protein partners. Furthermore, as this thesis was focused on TRPV1, TRPV2 and

TRPV4 we will further focus on the TRPV1-4 subgroup.
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Figure 4. Maximum likelihood hierarchical clustering of TRPV subfamily. Main TRPV duplication points through
vertebrate evolution, Inactive and Nanchung homolog TRPV genes from D. melanogaster were used as external
point to root the tree for the clustering. Colored as follows: in blue TRPV5 and TRPV6 representatives, in green
TRPV3, in yellow TRPV4, in red TRPV1 and in orange TRPV2.
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4.2. TRPV1-4 channels physiology

TRPV channels are widely distributed within the body and mainly found in nervous system and
epithelial tissues, where they exert their respective roles sensing environmental changes and generating

intracellular responses mediated by cation flow.

TRPV1 is expressed in neuronal and non neuronal cell types. Outside the nervous system, TRPV1
mainly expresses in epithelial tissues of reproductive organs, spleen, stomach, intestine, kidney,
pancreas, liver, lung, bladder, skin, skeletal muscle, and immune system mast cells, macrophages, and

leukocytes (Fig. 5 and 6).

TRPV1 expression profiling was initially determined by capsaicin sensitivity, restricting its
expression to primary sensory neurons and mainly located on the neurofilament negative small and
medium sized dorsal root ganglion (DGR) cells [69, 74]. In central nervous system (CNS) TRPV1 was also
found in the heat-sensing neurons from preoptic-anterior hypothalamus, suggesting a role in body
temperature regulation [69]. TRPV1 mRNA expression and immunoreactivity confirm the presence of
the channel in the hypothalamus [75]. Other brain structures such as neocortex or the C and Ad fibers
from spinal cord show also a high TRPV1 immunoreactivity [76]. Some reports indicate that TRPV1 is
also expressed in glia cells such as astrocytes from the spinal cord and the circumventricular organs of
mice brain [77, 78]. The heart, tooth pulp, extrinsic sensory nerves of the gastrointestinal tract, lung or
the muscle and mucosa layers of urinary tract are innervated by TRPV1 fibers. TRPV1 seems to play a
role in regulating correct functioning of all these organs. TRPV1 positive nerves are involved in the
cardiogenic sympathoexcitatory reflex during myocardial ischemia, and activation of TRPV1 seems to

play a role in cough and intestinal motility disorders [79, 75, 80, 81].

Outside the nervous system TRPV1 is also expressed in many non neuronal cell types. In skin,
keratinocytes express TRPV1, and activation by capsaicin or RTX produced an upregulation of
cyclooxygenase 2 (COX-2) followed by an increased release of interleukin-8 and prostaglandin E2,
suggesting a role in inflammation [82]. TRPV1 was also found in arteriolar smooth muscle cells, and
some channel agonists have been reported to cause vasodilatation when ectopically applied [83]. TRPV1
activation by dietary capsaicin increases nitric oxide (NO) production in endothelial cells, improving
endothelium dependent vascular relaxation and preventing hypertension [84]. In the lungs, TRPV1 is
present in epithelial cells and TRPV1 activation by pollutants, such as nanoparticles, induce apoptosis

and mediates in the airways damage [85]. In the gastrointestinal tract, TRPV1 is also involved in
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inflammatory processes while in the bladder mediates contraction of the epithelium and in pancreatic

cells of rats regulates insulin secretion [86, 87, 88].

TRPV2 channel presents a ubiquitous body distribution. TRPV2 expression within the nervous
system has been reported. Outside the nervous system TRPV2 is mainly found in skeletal muscle, heart,

lung, skin, kidney, thyroid, testis and immune system cells (Fig. 5 and 6).

TRPV2 expression has been detected in rat, mouse and macaque brains [89, 90, 91], being the
highest expressing TRPV channel in the neurons of mouse forebrain region [92]. TRPV2 presence in the
brain is especially high in hypothalamic regions of the forebrain and correlates with several brain
structures related to somatosensation and osmoregulation, suggesting a role of this channel in the
maintenance of osmotic balance [93]. TRPV2 expression in neurons is concentrated in developing
growth cones, where it has been described to promote the axon outgrowth during neuron
morphogenesis [94]. Apart from neurons, glial cells such as astrocytes present functional TRPV2 in their
plasma membranes [95]. TRPV2 from astrocytes is activated by lipidic compounds such as
lysophosphatidylcholine (LPC), indicating a potential TRPV2 regulation of glial and neuronal activities in
response to changes in lipidic composition [96]. In the peripheral nervous system, TRPV2 is mainly
localized in developing mouse DRG and spinal motor neurons [94], although TRPV2 expression in adult
rat DRG and trigeminal ganglia (TG) has been reported [97, 98]. Within this structures, TRPV2 is
concentrated in primary afferents neurons, mainly in A and C fibers containing myelinated sensory
neurons [99]. Intestine relaxation in mice seems to be inhibited by TRPV2 antagonist whereas agonist
inhibited muscle contraction, suggesting that TRPV2 may play a role controlling the activity of

sympathetic muscles like those of the intestinal track [100].

Outside of nervous system TRPV2 is also highly expressed in skeletal muscle, where it localizes
mainly in intracellular pools and translocates to the plasma membrane upon Insulin Growth Factor (IGF-
1) signaling (Fig. 5 and 6) [101]. In cardiomyocytes, TRPV2 participates in contractility under
physiological conditions, regulating through its activity the IGF-1/PI3K/AKT pathway. Mechanical stretch
sensed by TRPV2 promotes IGF-1 secretion and stimulation of cardiomyocytes, promoting their
surveillance and functionality. The disruption of this positive feedback by TRPV2 loss results in
impairments of cardiomyocyte function. Thus, TRPV2 plays an important role in the maintenance of

cardiac structure and function [102, 103].
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Figure 5. Gene expression profiles for TRPV1-4 channels. RNA expression levels from TRPV1 (top left), TRPV2 (top
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right), TRPV3 (bottom left) and TRPV4 (bottom right) extracted from Gene Cards, human gene database
(www.genecards.org). First row in each panel represents the expression profiling data from BioGPS, a dataset of 76

normal human tissues and compartments hybridized against HG-U133A. Second row contains the expression levels
of 51 normal human tissues, cells and fluids, based on 2712 samples. Third row contain the estimated gene
expression based on the data mining Serial Analysis of Gene Expression (SAGE) tool that cluster information from
Hs.best_gene, Hs.best_tag and Hs_GeneData databases.

Furthermore, TRPV2 is over expressed and its activity produces an increase of stretch-induced cell
damage in mice models of Duchenne muscular dystrophy (DMD) [66]. TRPV2 is also found in smooth
muscle and endothelial cells of rabbit and human arteries [104, 105] and in smooth muscle cells of veins
in rats [106], suggesting an additional role of TRPV2 in the circulatory system. TRPV2 is also expressed in
intracellular compartments of pancreatic beta cells (Fig. 5 and 6). Similarly to the regulation in muscle
cells, TRPV2 is translocated to the plasma membrane upon insulin stimulation and the activity of the
channel promotes insulin secretion, indicating a crosstalk that might locate TRPV2 as a key player in
metabolic processes and diabetic pathological conditions [107]. Immune organs, such as spleen contain
TRPV2 expressing cells (Fig. 5 and 6). Many resident macrophage populations such as the lung alveolar
express TRPV2 and the channel activity regulates phagocytic processes [108]. Finally, other immune cells
as mast cells and lymphocytes in peripheral blood contain functional TRPV2 [109, 110]. In the mast cells,

TRPV2 activation by mechanical stimuli produced calcium mediated degranulation [109].

TRPV3 is mainly located within the skin and the intestine, although its expression has been also
reported in the brain (Fig. 5 and 6). TRPV3 is located and constitutively active at physiological
temperature in dopaminergic neurons of substantia nigra of the rat brain and CA neurons from rat
hippocampus and hypothalamus [111, 112]. TRPV3 presence in the brain, together with TRPV4, seems
to contribute to ischemia induced membrane depolarization and intracellular calcium accumulation,
pointing to these TRP channels as potential responsible for the neuroprotective effect of hypothermia in
the brain [112, 113]. Furthermore, TRPV3 is found in neurons from hypoglossal nucleus and medial
nucleus tractus solitarius, where it has been associated to development of hyperphagia and obesity in
rats [114]. In the peripheral nervous system, TRPV3 colocalizes with TRPV1 in sensory neurons from
DRG, potentially forming heterotetrameric channels [115]. TRPV3 expression was also detected at mRNA

levels in spiral and vestibular ganglia [116], where it may play a role in hearing sensation.

TRPV3 is mainly found in skin keratinocytes where it exerts a role in direct peripheral

somatosensation (Fig 5 and 6). Indeed, TRPV3 in the mostly expressed TRPV in human skin and there is a
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growing evidence of the channel participation in multiple cutaneous processes [117]. Human and mouse
keratinocytes arrest their proliferation and enter in apoptosis upon TRPV3 activation [118]. TRPV3
participates in migration and wound healing by promoting nitric oxide (NO) synthesis via nitrite
dependent pathway [119], which controls keratinocyte differentiation and inflammation. Furthermore,
TRPV3 is highly involved in the formation and maintenance of the skin barrier and TRPV3 deletion leads
to impaired epidermal barrier structure [120]. This effect is mediated by interaction of TRPV3 with
epidermal growth factor receptor (EGFR) that enhances channel activity and stimulates transforming
growth factor alpha (TGFa), which promotes cell proliferation, differentiation and development. [120].
Altogether, TRPV3 activation ultimately regulates hair morphogenesis and follicle cycling in human and
mice, driving to hair loss and a hairless phenotype in rodents [121, 122]. Finally, TRPV3 channel is also
expressed and functional in the epithelial cells throughout the gastrointestinal tract, in the distal colon,

jejunum and ileum, where it is involved in pro-inflammatory responses (Fig. 5 and 6) [123, 124].

TRPV4 is ubiquitously expressed and found in brain, heart, arteries, intestine, pancreas bladder,
kidney, liver and female reproductive tract (Fig. 5 and 6) [125]. TRPV4 is expressed in the DRG neurons
and the osmosensory neurons from organum vasculosum lamina terminalis (OVLT) and supraoptic
nucleus (SON), two regions responsible of keeping osmotic balance within the body [126]. TRPV4 in the
hippocampal neurons is active at physiological brain temperatures and thereby controls their excitability
in a temperature dependent manner [127], suggesting potential implications of TRPV4 in memory
development. A part from neuronal expression, TRPV4 is found in glia cells and its expression controls
glia cell volume, maturation and activation. About 30% of astrocytes express TRPV4 and this
subpopulation is responsible for initiating excitatory gliotransmitter release of glutamate and enhance
synaptic transmission [128]. In the peripheral nervous system sensory organs, TRPV4 is also found in the

epithelial cells of the human cornea [129].

Outside the nervous system TRPV4 is mainly expressed in epithelial tissues (Fig. 5 and 6). In the
skin, TRPV4 is found in keratinocytes, where it interacts with B-catenin, playing an important role in the
formation and functioning of the intercellular junction-dependent barrier [130]. TRPV4 is found in the
epithelial cells of the bronchiae, the trachea and the larynx [131, 132], where it is activated upon insult
of the airways by pollutant particles and contributes to inflammation and airflow obstruction [133, 134].
Indeed, TRPV4 is involved in promotion of chronic obstructive pulmonary disease (COPD) and several
single nucleotide polymorphisms of TRPV4 have been associated to COPD [135]. In the intestine TRPV4

participates by its activation in the serotonin and histamine induced visceral hypersensitivity (Fig. 5 and
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6) [136]. Nevertheless, high levels of TRPV4 were detected in epithelial cells of human and mice colon,
and TRPV4 expression was upregulated in inflamed colons from mice. Activity of TRPV4 produced an
intracellular calcium increase and chemokine release, contributing to pro-inflammatory responses and
arguing for a role of TRPV4 in colitis and other inflammatory bowel diseases [137]. In the urothelium
TRPV4 is present in the urothelial cell layer and senses the filling state of the urinary bladder. Inhibition
of the channel by knockdown or antagonist targeting proved the potential of this channel as molecular
target for the treatment of bladder dysfunction [138]. In the pancreas, TRPV4 is highly expressed in beta
cells and activation of the channel enhances glucose stimulated insulin secretion [139]. Finally, TRPV4 is
found in many other epithelial tissues such as mammary gland [140], oviduct [141], bile duct [142], in

smooth and skeletal muscle [143, 144], immune cells [145, 146] and chondrocytes [147] (Fig. 4 and 5).

TRPV5 and TRPV6 have both a similar pattern in terms of distribution, being mainly found in
intestine and kidney, where they regulate calcium passive reabsorption in the luminar or apical nephrite
membrane and act as key players in organism calcium homeostasis [148, 149]. TRPV5 seems to be the

major isoform in kidney, whereas TRPV6 is also found in the prostate, stomach, brain or lung.

As a summary, although TRPV1-4 channels have a distinct pattern of expression, they are widely
spread within the body and found within most part of tissues and organs (Table 3 and Fig. 5), where they
exert very diverse roles to assure correct organism functioning. In general, TRPV1-4 expression profile,
together with the rest of channels and receptors, determine the sensitivity and responsiveness of each
cellular type and organ to the challenge by different stimuli. Thus, TRPV1-4 expression profile partially
determines the distinct responses generated by each cellular type. TRPV1-4 misregulation leads in most
part of cases to pathophysiological conditions due to the decoupling of the environmental changes and
the right cellular responses, leading to imbalance of intracellular signaling cascades downstream of

these channels.
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Figure 6. TRPV1-4 tissue expression based on The Human Protein Atlas. The channel expression levels were
represented in a gradient of red color, showing the distribution and relative abundance of each channel among the
human body. The expression level values for each channel within each tissue were extracted from The Human
Protein Atlas webpage (http://www.proteinatlas.org), normalized from 100 (maximum expression level, intense
red) to 0 (minimum expression level, white) and the tissues were colored according to the red scale. The levels
were normalized independently for each channel, just allowing the comparison between the protein levels of each
channel among the different tissues. Although levels are not comparable between channels the overall pattern of
channel expression can be compared.
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4.3. TRPV1-4 channels pharmacology

The pharmacology of TRPV channels has been extensively reviewed [150, 151]. Here we just
focused in some of the main agonist and antagonist for each channel, as the TRPV channel

pharmacology is wide and diverse.

TRPV1 was the first described member of the TRPV subfamily and up to date is the better
pharmacologically characterized TRPV. TRPV1 channel and, subsequently the family were named due to
the activation by vanilloid and endovanilloid compounds. TRPV1 is an integrator of multiple signals,
capable to be activated by capsaicin, the pungent compound of chili peppers and other noxious stimuli
such as heat (243°C) [69], or toxins from Jelly fish or tarantula (Annex table 1) [69]. TRPV1 evoked
currents are potentiated by low pH, similar to those acidic conditions described during tissue acidosis or
injuries [152]. Exposure to ethanol, nicotine or pro-inflammatory cytokines promotes a further
sensitization of the channel (Annex table 1) [153, 154, 155]. Lipidic compounds such as anandamide or
hydroxioctadecadienoic acid (HODE) also stimulate TRPV1 and generate intracellular calcium currents
(Annex table 1) [156, 157]. Lipidic compounds play a pivotal role regulating TRPVs, while some have
shown to activate TRPV1 others, specially PIP2, directly bind the channel and maintain a sensitized state
that upon PIP2 depletion produces a de-sensitization of the channel [158]. Finally, capsaicin-like
compounds such as hydroperoxyeicosatetraenoic acids (HPETE) promote TRPV1 activation (Annex table
1) [159]. Apart from already known wide spectrum antagonists, such as ruthenium red or trivalent
cations, some specific TRPV1 inhibitory compounds have been developed. Capsazepine, a competitive
capsaicin antagonist, has been known for decades, even before TRPV1 was firstly cloned (Annex table 1)
[160]. More recently other TRPV1 antagonists such as JNJ17203212 and JNJ39729209 have been
described (Annex table 1) [161, 162]. Further antagonists such as SB 705498 and XEN-DO501 have been
generated and tested in clinical trials of cough models, showing a reduction in TRPV1 activity (Annex

table 1) [163, 164].

TRPV2 was firstly described as a thermosensor of noxious heat temperatures, with an activation
threshold higher than 529C [165], but its role in sensing temperatures has been controversial. TRPV2
pharmacology is limited, as most known activators show species dependency and few of them are
specific. TRPV2 is activated by A9-tetrahydrocannabinol, cannabidiol, and A9-tetrahydrocannabivarin
(Annex table 1) [166]. Although they modulate TRPV2 activity, cannabinoid derivatives are not specific

and they trigger also activation of cannabinoid receptors (CBD1 and CBD2) as well as other TRP channels
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as TRPV1 and TRPA1 [166]. 2-APB, one of the first identified agonist of TRPV2, also shows unspecificity
and is able to activate to some extent TRPV1 and TRPV3 (Annex table 1) [167]. Furthermore, It has been
described that 2-APB is species-specific and does not activate human TRPV2 [167]. Similar to TRPV1,
ruthenium red and trivalent cations are able to work as unspecific TRPV2 channel blockers. Probenecid,
another TRPV2 non-specific activator, shows higher affinity for this channel compared to other TRPs,
being a promising candidate to use as TRPV2 agonist (Annex table 1) [168]. Although not highly specific,

SKF96365, Amiloride and Tranilast can work as TRPV2 antagonists (Annex table 1) [169, 100].

TRPV3 was firstly cloned attending to its sequence identity to other heat-activated TRPV
channels, sharing 40% identity with TRPV1. First TRPV3 characterization determined channel activation
by temperature in the physiological range of 32 to 39°C and by agonist binding such as Camphor and 2-
APB (Annex table 1) [115, 170, 171]. A broad spectrum of natural compounds has been reported to
induce TRPV3 gating, including extracts from spices such as Camphor, Carvacrol, Thymol and Eugenol
(Annex table 1). All these chemicals act as non specific channel agonists with potencies that range from
high uM to low mM [172]. Farnesyl pyrophosphate (FPP), an intermediate metabolite in the mevalonate
pathway, has been identified as endogenous ligand for TRPV3 [173], while synthetic chemicals such as 2-
APB, DPBA, 6TBC and Incensole acetate, an incense component, have been developed to improve
channel agonist specificity (Annex table 1) [174, 172, 175]. Finally lipids such as Arachidonic acid (AA)
have been shown to sensitize TRPV3 [176]. Concerning antagonists, TRPV3 can be blocked by non
selective ruthenium red and synthetic compounds HC-001403, GRC 15133, GRC 17173 and 17(R)-
resolvin D1 that display a higher affinity for the channel but low specificity (Annex table 1) [177, 178].
Although TRPV3 abundance of agonist and antagonist, specificity still remains an issue and further drug

screens will have to be carried out to accomplish a fine targeting of this channel.

TRPV4 was firstly identified as a sensor of hypotonic cell swelling [179], although later on the
channel has shown a surprising gating promiscuity, being activated by physical and chemical stimuli.
TRPV4 is a thermosensitive channel, active at physiological temperatures, generating a cation leakage
within the cell. Furthermore, its activity is potentiated with temperatures higher than 382C [180]. TRPV4
evoked currents upon osmotic cell swelling seem to be mediated by Phospholipase A2 (PLA-2) release of
Arachidonic acid and further metabolization of AA by cytochrome P450 epoxygenase, leading to the
formation of epoxyeicosatrienoic acids (EETs) (Annex table 1) [181]. Phorbol esters such as 4 a-PDD bind
TRPV4 with a high specificity (Annex table 1) [182]. Based on a mutagenesis screen of TRPV4, interaction

with 4 a-PDD was mapped to the TM3-TM4 region. The length of the phorbol ester fatty acid chain is
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determinant for the ligand binding affinity, being 6 and 10 carbons the optimal length [182]. TRPV4 is
also activated by the dimeric diterpenoid bisandrographolide A (BAA) (Annex table 1), from the plant
Andrographys paniculata, and mutants in the same binding pocket between TM3 and TM4 seem to
impair response to this compound [182]. GSK1016790A, a synthetic compound, has demonstrated to be
a potent and specific TRPV4 activator, working on the low nM range (Annex table 1) [183]. Besides
agonist, TRPV4 channel can be sensitized by several physiological conditions, such as inflammation and
the generation of proteases like Protease-activated receptor 2 (PAR2) [184], interaction with IP3
receptor and PIP2 binding [185]. Concerning channel antagonists, general unspecific channel blockers as
ruthenium red, gadolinium or lanthanum have been used [186]. Citral, a chemical from lemongrass oil, is
able to inhibit TRPV4 in a voltage independent manner (Annex table 1) [187]. More specific channel
blockers, RN-1734 and RN-9893 have been generated and show an efficient TRPV4 inhibition at the uM
and nM range respectively (Annex table 1) [188]. Recently other specific channel blockers such as
GSK2193874 and HC 067047 have been developed and tested in animal models, showing higher

efficiency in blocking TRPV4 (Annex table 1) [189, 190].

4.4. TRPV1-4 channels interactors

TRPV1-4 channels have been described in the formation of several complexes with proteins of
very different nature within the cell through interactions of strong and/or transient nature. Thus, TRP
channels may not solely act as ion channels allowing the pass of ions but may also directly interact and
contribute to the activation of intracellular signalling pathways, establishing complexes surrounding the
channels that couple channel activity to the intracellular enzymatic activity (Fig. 7). The regulatory
processes could work in both directions, forming a crosstalk between channels and signalling cascades.
Then, TRP channels would be influenced by and influence over the intracellular enzymatic and metabolic
state. The main already described signalling cascades acting over TRPV channel function are related to
Protein kinase A (PKA), Protein kinase C (PKC), Phosphoinositide 3 kinase (PI3K) and calmodulin
(CAM)/calmodulin kinase (CamKlI) (Fig. 7).

Scaffolding proteins such as AKAP target pro-inflammatory kinases PKC and PKA to TRPVs [191].
AKAP targeting of PKC promotes TRPV1 trafficking to the plasma membrane, sensitization of the channel
and TRPV1-mediated hyperalgesia [192, 193]. TRPV1 is directly phosphorylated by PKC at the S502, T704
and S800 residues. TRPV1 PKC mediated phosphorylation at these residues does not activate the

channel but sensitizes it to activation by capsaicin (Fig. 7) [194]. Similarly, PKA reduces TRPV1
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desensitization by directly phosphorylating S116 of TRPV1 N-terminus, resulting in an increase in
channel activity (Fig. 7) [195]. In the case of TRPV2, PKA mediates in vitro phosphorylation of the
channel in a process that is mediated by ACBD3 protein, which recruits PKA to the TRPV2-AKAP complex
(Fig. 7) [196].

Calmodulin has been related to all TRPV1-4 channels, as well as to other TRPs. Mostly, TRPVs
bind calmodulin on their N-terminal ARD domain in a calcium dependent manner and in their C-terminal
domain (Fig. 7) [197, 198]. TRPV1 N-terminal binding pocket mediates in channel desensitization (Fig. 7)
[199]. Conversely, TRPV2 is not able to bind calmodulin in the N-terminus but the binding pocket on the
C-terminus is kept, dependent on basic amino acids within this region, mainly R679 and K681 [58].
TRPV4 calmodulin binding pocket in the C-terminus potentiates channel activity and its depletion results

in functional inhibition of the channel (Fig. 7) [198, 200].

GPCRs and ionotropic receptors such as NMDA trigger TRPV1 serine phosphorylation via PKC
and CamKIl [201]. Activation of these receptors promotes activation of phospholicase C (PLC) and
release of DAG and IP3. Lately, DAG potentiates PKC activity directly and IP3 promotes the gating of IR3R
and the calcium release from ER, which will act over calmodulin/CamKIl complex and thus, over channel
activity (Fig.7). NGF, acting on the TrkA receptor, activates PI3K signalling pathway and promotes the
phosphorylation of TRPV1, potentiating channel activity in a process mediated by PLC (Fig. 7) [202]. Lipid
metabolism is also crucial for TRPV regulation. PIP2 binds directly to TRPV channels and sensitizes them

to their respective specific agonist (Fig. 7).

TRPV channels further modulate their activity by regulating the number of channels present in
the membrane. The cells keep a balance between channel export and import. Channel delivery to the
plasma membrane is mediated by different exocytosis mechanisms that are carried out by a set of
proteins (Fig. 8). The constitutive exocytosis pathway keeps membrane protein and TRPVs turnover,
whereas the regulated exocytosis promotes the mobilization of intracellular vesicles located near the
plasma membrane upon cell stimulation, recruiting TRPVs to the membrane (Fig. 8). Trafficking of TRPVs
to the plasma membrane is mediated by phosphorylation processes and interaction with SNAP (Soluble

NSF Attachment Protein) Receptor (SNARE) complex proteins (Fig. 7 and 8). Cyclin dependent kinase 5
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Figure 7. Signalling cascades coupled to the members of TRP family. TRPV1-4 main described cellular regulatory
signalling cascades are related to IP3R, calmodulin (CAM) and Calmodulin kinase 2 (CamKIll), Phosphoinositide 3
kinase (P13K), Protein kinase C (PKC) and Protein kinase A (PKA). Figure from Fernandez-Carvajal et al. 2011 [203].

(CDK5), PKC and PKA mediated phosphorylation of TRPV1 promotes the recruitment of the channel to
the plasma membrane [204, 205, 206]. Similarly SNARE complex, a large family of proteins that
regulates vesicle fusion, mediates TRPV1 recruitment to the plasma membrane upon PKC activation,
leading to a potenciation of TRPV1 activity [205]. TRPV1 interacts with SNAPIN25 and Synaptotagmin IX
on its N-terminus [205], and this interaction links TRPs to regulated exocytosis processes that might

have impact in channel functioning.

TRPV1-4 interactors extracted from www.TRPchannel.org were listed as follows: TRPV1 related

proteins are listed in annex table 2. TRPV2 related proteins are listed in annex table 3. TRPV3 related

proteins are listed in annex table 4. TRPV4 related proteins are listed in annex table 5.
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Figure 8. Trafficking pathways of TRPV channels to the plasma membrane. TRPVs are targeted to the membrane
by two main exocytosis pathways. Secretory vesicles, the system used by neurons to release neurotransmitters,
could contain TRP channels that are delivered to the plasma membrane upon neuron stimulation in a process
mediated by calcium and SNARE protein complex. Constitutive exocytosis constantly delivers TRPVs to the plasma
membrane from the Golgi or through the endosomes. TRPV membrane levels are modulated by clathrin-
dependent endocytosis pathway, which targets TRPVs to the endosomes and degradation. Figure from Ferrandiz-
Huertas et al 2014 [207].

Interactors and regulatory mechanisms determined to date are mainly related to TRPV1 and
TRPV4 whereas TRPV2 and TRPV3 remain almost orphans in terms of protein partners (Fig. 9). The
intersection between TRPV1-4 channel partners reveals potential processes that might regulate TRPV
subfamily, which are mainly related to association with scaffolding proteins such as AKAP5 or calcium
mediators such as calmodulin (Fig. 9). This central protein cluster also includes the binding to the
cytoskeleton by proteins such as Tubulin and the potential regulation of all these channels by

phosphorylation events that might be mediated by protein kinases such as PRKA (PKA) (Fig. 9).
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Figure 9. Interactomic representation of TRPV1-4 partners. TRPV1 exclusive interactors are coloured in green,
TRPV2 in dark blue, TRPV3 in red and TRPV4 in yellow. Common interactors between TRPV1 and TRPV2 are
coloured in cyan blue and common interactors between TRPV1 and TRPV4 are coloured in purple. Common

interactors between more than two channels are clustered in the overlapping area of the 4 proteins and coloured
in brown. The lines binding the TRPV1-4 partners represent physical interactions according to Cytoscape
Genemania plugin (Human genome). For further detail on specific interactors check annex tables 2, 3, 4 and 5.
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4.5. TRPV1-4 channels mutations and Disease

TRPV1, as previously described, is highly expressed in the sensory neurons of the nervous
system, where it has been linked to the pain transduction circuitry [69]. Sensory neurons are
depolarized upon activation of TRPV1 by several painful stimuli that can potentially evoke pain
responses in the brain [208]. In fact, TRPV1 knock out (ko) mice present impairment in pain sensation
and nociception [209]. Additionally, TRPV1 ko mice DRG neurons loose their ability to develop thermal
hyperalgesia, pointing to TRPV1 as potential mediator of inflammatory sensitization to noxious thermal
stimuli [210]. TRPV1 evoked thermal hyperalgesia in mice is mediated by the sensitization of the channel
upon protease-activated receptor 2 (PAR2) cleavage. PAR2 is cleaved by pro-inflammatory proteases
and activates PKC and PKA, which in turn will sensitize TRPV1 [184]. This mechanism may link

inflammatory processes with pain and hyperalgesia.

Furthermore, TRPV1 participates in several inflammatory pathological conditions. In the mouse
knee joint, TRPV1 promotes the CFA mediated acute and chronic inflammation [211], while in the
gastrointestinal tract upregulation of TRPV1 expression and function correlates with several
inflammatory pathologies such as inflammatory bowel disease [212]. In the epithelial airways, TRPV1
activation by capsaicin promotes chronic cough and the upregulation of TRPV1 expression has been
reported in cough and asthma [213, 214]. In concordance with this findings, two single nucleotide
polymorphism (SNP) contained in the non coding 3’"UTR of TRPV1, rs4790521 and rs4790522, have been
associated with childhood asthma in Asian population [215]. Moreover, TRPV1 mutant at 1585V residue
codifies for a dysfunctional channel that lowers the risk of childhood asthma (Fig. 10) [216]. Disease
related bioinformatics analysis through Disgenet revealed highest association of TRPV1 with the

described pathological conditions: Hyperalgesia, inflammation, pain or obesity (Annex table 6).

Conversely, TRPV1 activation may prevent some pathological conditions. TRPV1 activation by
dietary capsaicin prevents adipogenesis, obesity and hypertension in mice and human [84, 217]. Two
SNP in TRPV1 sequence, P322A and D734E, were found to be associated with a mice model of diabetes
(Fig. 10). These mutations provoked a channel loss of function in the sensory neurons that innervates

beta cells [218].

TRPV2 play important roles in physiological conditions and its activity is important for the
correct functioning of many tissues and organs. TRPV2 misregulation has been linked with dystrophic

cardiomyopathy, rheumatoid arthritis or cancer (Annex table 7). By instance, TRPV2 in dystrophic
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cardiomyocites presents an increase in plasma membrane levels and channel activity [66], whereas
TRPV2 activation decreases fibroblast invasiveness and inflammation, leading to a protective effect in
arthritis [219]. Despite the evidence of TRPV2 role in several pathological conditions, any missense

mutation of this channel has been linked as potential etiological cause of disease (Fig. 10).

Mainly pathological associations with TRPV2 according to Disgenet are related to cancer,
although with a very poor score (Annex table 7). Indeed, some neoplasms such as prostate cancer cell
migration and invasion require increased TRPV2 translocation to plasma membrane and the subsequent
rise in resting calcium level (Annex table 7). Among the top 10 diseases we found muscular dystrophies
and cardiomyopathies (Annex table 7). TRPV2 in muscular tissue represents one of the main entry
routes for calcium, and its misregulation leads to calcium sustained increase, a toxicity effect in

myocytes and muscle degeneration [220].

TRPV3 is mainly expressed in the skin, where it plays important roles controlling skin barrier
formation [120]. Besides from regulatory mechanisms of TRPV3 expression levels, several natural
variants of TRPV3 have been associated to skin disorders. By instance, mutation at G573C/S and W692G
in TRPV3 are associated with Olmsted syndrome (Fig. 10) [221], a rare congenital disorder characterized
by bilateral mutilating palmoplantar keratoderma and periorificial keratotic plaques with severe itching
at all lesions. Functional characterization of TRPV3 mutants determine a clear gain of function, produced
by the channel constitutively open; which leads to an increase in apoptosis rate that may be considered
as the etiological cause of the disease [221]. Recently, several studies determined other TRPV3 missense
mutations in Olmster syndrome patients such as L673P, T521S or M672I residues (Fig. 10) [222, 223,
224]. Besides hereditary Olmsted syndrome, TRPV3 is also involved in the development of itching,
inflammatory and acquired skin diseases. Indeed, TRPV3 expression is upregulated in rosacea, a chronic
inflammatory skin disease [225]. According to Disgenet, TRPV3 is associated with skin diseases and

migraine disorders although association scores are very low (Annex table 8).

TRPV4 is widely spread and plays important roles in all the tissues where it is expressed. Some
naturally occurring mutants have been identified for TRPV4, mainly missense and nonsense point

mutations, that are linked with the development of genetic disorders in humans [125].

As osmosensor, TRPV4 plays an important role controlling systemic water balance. A SNP
located at the distal N-terminus (P19S) is associated with serum sodium concentration and

hyponatremia (Fig. 10) [226]. Functional studies of this mutant showed a diminished response to
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hypotonic stress and to the EETs compared to that in wild type TRPV4 [226]. In the bronchiae, TRPV4
activation controls airway epithelial cell volume and epithelial-endothelial permeability under
physiological conditions. It also participates in bronquial smooth muscle contraction and mucosal ciliary
transport. Impairment of TRPV4 function in this tissue may lead to chronic obstructive pulmonary
disease (COPD), which is characterized by airway epithelial damage, bronchoconstriction and mucus

hyper secretion. In fact, P19S SNP is also associated with COPD patients (Fig. 10) [135].

Other TRPV4 missense mutation, specifically at positions R616Q or V620! are associated with
patients affected with brachylomia type 3 (BRAC3), a heterogeneous type of skeletal dysplasia mainly
characterized by a short trunk, scoliosis, and mild short stature (Fig. 10) [227]. These two mutants
generate a gain of function in TRPV4, increasing basal channel activity, which is a key determinant in the
severity of TRPV4 mediated skeletal dysplasias [227, 228]. Indeed, TRPV4 misregulation has been
associated with several types of dysplasia. For instance, dominant mutations in TRPV4 gene seem to
lead to metatropic dysplasia (MTD), ranging in severity from mild to lethality [229]. Metatropic
dysplasias are characterized by short extremities and trunk accompanied by progressive scoliosis, and
craniofacial abnormalities. TRPV4 mutations at I331F and P799L induce MTD by increasing intracellular
calcium in chondrocytes, that in turn alters chondrocyte differentiation in the growth plate and leads to
the MTD phenotype (Fig. 10) [229]. Genetic mapping of patients affected by Spondyloepiphyseal
dysplasia Maroteaux (SEDM) showed missense mutations in TRPV4, either E183K, Y602C, or E797K (Fig.
10). Functional studies of E797K mutant determined that it is constitutively active, pointing to a gain of
function in TRPV4 as the etiological cause of SEDM (Fig. 8) [230]. Parastremmatic dwarfism (PSTD) and
Spondylometaphyseal dysplasia Kozlowski (SMDK), another types of dysplasia, are associated with
TRPV4 missense mutation at the TM4 R594H residue (Fig. 10). This mutation produces a gain of function
and a rise in intracellular calcium levels, similar to those on MTD and SEDM [230, 231]. Finally, Charcot-
Marie Tooth type 2C (CMT2C), an axonal form of this peripheral nervous system pathology, and
scapuloperoneal spinal muscular atrophy (SPSMA) have been linked to TRPV4. Genetic studies identified
missense mutations in TRPV4 associated to these nervous system pathologies [232]. Mutations at the
R269H, R315W, and R316C residues of TRPV4 produce a channel gain of function and cytotoxicity, thus,

promoting these neurodegenerative pathologies (Fig. 10) [233].
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Figure 10. TRPV1-4 natural variants associated with disease. Natural occurring mutations have been position over
a 2D representation of each of the TRPV1-4 channels to allow the visualization of the regions containing
pathological associated mutations.

As we have reported here, TRPV channels are key players in organism homeostasis and their
misregulation leads to pathological conditions, being proteins of great interest from a biomedical
perspective. Although we have knowledge about TRPVs structure and folding properties, body
distribution, pharmacology, regulatory mechanisms and associated diseases (reviewed during this
introduction); many questions still remain to be addressed when trying to understand in detail TRPV
functioning. Broadening the basic knowledge about TRPV molecular mechanisms and modulation should
constitute the first step in order to fully understand and effectively treat TRPV mediated pathologies.
Within this context, the thesis presented here will try to compile previous knowledge of TRPVs that will
establish our departure point (Chapter 1) and analyse TRPV primary sequence to understand common
molecular processes and key structural and functional features for this subgroup of channels (Chapter
I1). From this point, we will address several key aspects of TRPV functioning, from folding and trafficking
(Chapter Ill) to protein protein interactions and their physiological and pathological implications

(Chapter IV and V).
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NOTE: It is worthy to mention that the chronological development of this thesis coincides with
the Cryo-EM structural biology breakthrough started with TRPV1 [42], diminishing the impact of part of
the results presented here, such as: the identification of structural motifs and the structural modelling of
the TRPV1-4 subgroup (Chapter Il) [234]; the identification of the transmembrane topology of TRPV2 as
representative for the TRPV1-4 subgroup (Chapter Ill) [235]. This constitutes an example that might

serve as an indicator of the importance and competitiveness of the TRP field.

The main aim of this Thesis is to widen the knowledge of TRPV1-4 channel subfamily. We intend
to characterize new potential mechanisms that mediate in folding, structure, trafficking, regulation and

functionality, as well as the physiological implications that these issues might entail.
Specific Objectives
Chapter |

¢ Review the available bibliography concerning TRPV2, the least understood TRPV channel and the

focus of a large part of our work.
Chapter Il

¢ Deepen into TRPV1-4 subgroup evolution and domain conservation to gain structural insight into
the multidomain organization and conservation of these channels.

¢ Determine TRPV1-4 conserved regions that may be crucial domains for structure and function.
Chapter lil

* Characterize the implications of N-terminus of TRPV2 in protein trafficking and folding.

¢ Study the transmembrane folding modules and determinant properties of TRPV2 membrane
insertion.

* Map the transmembrane alpha helices distribution of TRPV2 and analyse the potential

conservation in TRPVs.
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Chapter IV

¢ Identify potential interactors for TRPV2 to widen the knowledge on the regulation of this channel.
¢ Determine potential TRPV2 roles from the identified partners and characterize the potential
implications of these roles over TRPV2 function.

¢ Determine domains of TRPV channels involved in lipid binding.
Chapter V

¢ Identify potential interactors for TRPV4 to broaden the knowledge on the regulation of this

channel.
* Determine the main roles carried out by TRPV4 interactome.

¢ Identify functional implications of newly described TRPV4 interactions.
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What do we know about the transient receptor
potential vanilloid 2 (TRPV2) ion channel?

Specific Objectives

¢ Review the available bibliography concerning TRPV2, the least understood TRPV channel and the

focus of a large part of our work.
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Transient receptor potential (TRP) ion channels are emerging as a new set
of membrane proteins involved in a vast array of cellular processes and
regulated by a large number of physical and chemical stimuli, which
involves them with sensory cell physiology. The vanilloid TRP subfamily
(TRPV) named after the vanilloid receptor 1 (TRPV1) consists of six mem-
bers, and at least four of them (TRPVI-TRPV4) have been related to ther-
mal sensation. One of the least characterized members of the TRP
subfamily is TRPV2. Although initially characterized as a noxious heat
sensor, TRPV2 now seems to have little to do with temperature sensing
but a much more complex physiological profile. Here we review the avail-
able information and research progress on the structure, physiology and
pharmacology of TRPV2 in an attempt to shed some light on the physio-
logical and pharmacological deorphanization of TRPV2.

Introduction

The transient receptor potential (TRP) superfamily is a
multifunctional set of membrane proteins that function
as ion channels and extend communication lines
between the cell and its environment, what may be
called sensory physiology or somatosensation. TRP
channels in cellular membranes are modulated by a
vast array of physical or chemical stimuli, including
radiation (in the form of temperature, infrared radia-
tion or light), pressure (osmotic or mechanical) and

Abbreviations

natural compounds. Excellent reviews about TRP
channels are available [1-7], and thus an overview of
the TRP superfamily is beyond the scope of the pres-
ent review. The subject of discussion here is the tran-
sient receptor potential vanilloid 2 (TRPV2) channel,
one of the most mysterious and intriguing members of
this superfamily, with a paucity of data concerning the
endogenous function of the channel. The intention of
the review is to shed some light on the controversies

2-APB, 2-aminoethoxydiphenyl borate; ARD, ankyrin repeat domain; DRG, dorsal root ganglion; IGF-1, insulin growth factor 1; LPS,
lipopolysaccharide; OCR, osm-9/capsaicin receptor related; OSM-9, osmotic avoidance abnormal family member 9; PI3K, phosphatidylinositol
3-kinase; PIP,, phosphatidylinositol 4,5-bisphosphate; RGA, recombinase gene activator; TMD, transmembrane domain; TNF, tumor necrosis
factor; TRPA, TRP subfamily ANKTM1; TRPC, TRP subfamily canonical; TRPML, TRP subfamily mucolipin; TRPM, TRP subfamily melastatin;
TRPN, TRP subfamily NompC; TRPP, TRP subfamily polycystin; TRP, transient receptor potential; TRPV2, transient receptor potential

vanilloid 2; TRPV, TRP subfamily vanilloid.
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concerning TRPV2 by integrating the latest reports on
TRPV2 with historical data on this ion channel
towards understanding the TRPV molecular mecha-
nism from a more structural perspective.

The TRP channel superfamily

TRP channels were originally identified within the
rhabdomeres of the photoreceptor in Drosophila [8]
and the first member was cloned in the late 1980s [9].
TRP channels constitute an extensive ion channel
superfamily represented across the phylogenetic tree
from yeast to human. They are indeed the second larg-
est family of voltage-gated-like ion channels after the
potassium channel family [10]. Many TRP channels
are polymodal signal integrators that trigger cellular
signalling pathways via non-selective cation flux (e.g.
Ca’>", Mg>" and Na™). Different TRP channels show
different permeability and selectivity to cations, both
monovalent and divalent, whereas most trivalent
cations act as channel blockers. The specifics of cation
permeability are physiologically important since
cations play roles in cell function regulation, such as
fertilization, muscle contraction or exocytosis.

As a relevant example of TRP channel function in
mammals, several TRP channels located in the dorsal
root ganglion (DRG) nociceptive sensory neurons
respond to nociceptive stimuli to cause pain. From a
pharmaceutical and biomedical point of view, there
are vast and diverse implications including some still
to be determined. For instance, TRPs are lead targets
in the treatment of acute and chronic pain [11,12].
Nevertheless the role of TRP channels is not limited to
the pain field. TRP channels have been implicated in
several physiological and pathological processes such
as cancer, genetic disorders and other rare diseases,
and not only restricted to somatosensation.

A set of common sequence features among TRPs
translates to shared structural features. Mainly, these
channels share a membrane topology of six transmem-
brane segments (S1-S6), with a pore-forming loop
between S5 and S6. Similarly to the tridimensional
structure of potassium channels, TRPs are arranged in
the membrane as tetramers as the basic functional
unit. The S1-S4 segments and the N- and C-terminal
cytoplasmic domains are modulating domains impor-
tant to the gating of the channel, with the S5 andS6
segments defining the pore and selectivity filter
(Fig. 1A).

TRPs are not classified by their functional role but
based on amino acid sequence identity and similarity.
The mammalian TRP channel superfamily is classified
into six subfamilies with significant sequence similarity
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within the transmembrane domains (TMDs) but very
low similarity in their N- and C-terminal cytoplasmic
regions (Fig. 1B). The six subfamilies are named based
on founding members: TRPA (ANKTMI1); TRPC
(canonical); TRPM (melastatin); TRPML (mucolipin);
TRPP (polycystin); and TRPV (vanilloid). A seventh
subfamily, TRPN (NompC), is present in invertebrates
and some vertebrates, although it is absent in mam-
mals. Here we focus on the TRPV subfamily and how
TRPV2 distinguishes itself from its closest TRPV
homologs.

TRPV2 within the TRPV subfamily

The first identified TRP channel of the TRPV family
was OSM-9 (osmotic avoidance abnormal family mem-
ber 9) from Caenorhabditis elegans [13]. OSM-9 is
required for olfaction, mechanosensation and olfactory
adaptation. OCR-1 to OCR-4 (osm-9/capsaicin receptor
related) are the other TRPV channels in C. elegans, for
a total of five [14]. In Drosophila melanogaster the
TRPV members are Nanchung and Inactive, which are
involved in sensory perception [15]. The TRPV mammal
subfamily is divided into two groups based on sequence
homology, TRPV1-4 and TRPV5-6 (Fig. 1B). The
group formed by TRPVS5 and TRPV6 shares high
sequence identity (~ 75%) but low identity with the
TRPV1-4 group (~ 20%) [6,16]. TRPV5 and TRPV6
are calcium-selective channels important for general
Ca’" homeostasis and heterotetramers between them
have been described [17]. All four channels within the
TRPV1-4 group show temperature-invoked currents
when expressed in heterologous cell systems, ranging
from activation at ~ 25 °C for TRPV4 to activation at
~ 52 °C for TRPV2. However, a physiological role in
temperature sensing has not been demonstrated for
TRPV2, and the thermal responses of TRPV2 knockout
mice have been shown to be similar to those of
wild-type mice [18]. In contrast, TRPVI has been
convincingly shown to play an important role in ther-
mosensation using knockout mice [19]. The original
characterization of the TRPV3 knockout mice [20] and
TRPV4 knockout mice [21] showed some impairment in
thermosensation. However, more recent work showed
that any thermosensory defects in the TRPV3 and
TRPV4 knockout mice are minor and strain-dependent
[22]. Therefore, a physiological thermosensory role is
the exception (TRPV1) rather than the rule for TRPV
channels.

As detailed below, there is increasing support for a
role of TRPV2 in various osmosensory or mechano-
sensory mechanisms. The mechanosensory function of
select TRPV channel family members seems to have

FEBS Journal 280 (2013) 5471-5487 © 2013 FEBS
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Fig. 1. The TRP channel molecular mechanism and classification. (A) The six-transmembrane segment topology of the monomer and
tetrameric functional unit of TRP channels. The cytoplasmic N- and C-terminal domains and the transmembrane domain constituting the
pore are indicated. The long loop present between S1 and S2 in TRPP and TRPML is indicated by a dashed line. The transmembrane
domain comprises segments 1-4 (red), distal to the pore of the channel, and segments 5 and 6 (blue) proximal to the pore of the channel.
(B) Human classification of the TRP family representative of the mammal TRP subfamilies classification. Notice that in humans TRPC2 is a

non-coding pseudogene and it is not represented.

been maintained through evolution. For instance, the
C. elegans TRPV channels OSM-9 and OCR-2 are
essential for osmosensation and mechanosensation
[23]. Similarly, Nanchung and Inactive, the TRPV-
related proteins in D. melanogaster, located in the me-
chanosensitive Johnston’s organ in the fly antennae,
are responsible for the sense of hearing [15,24].

Two laboratories nearly simultaneously cloned
TRPV2 orthologs. Human and rat TRPV2 were
cloned based on their homology to TRPVI, and
accordingly named vanilloid-receptor-like protein 1
(VRL-1) [25]. Mouse TRPV2 was cloned and named
growth-factor -regulated channel (GRC) based on the
fact that it induces calcium currents upon stimulation
of cells by insulin growth factor 1 (IGF-1) [26]. Of
note, TRPV2 has also infrequently been referred to as
Osm-9-like TRP channel 2 (OTRPC2) [27]. TRPV2
mediates cationic currents with higher divalent perme-
ability (P) (Ca®>" > Mg®" >Na* ~Cs* ~K™; Pc,>"
[Pna ™ = 2.94; Pyg” " [Pna = 2.40) [25]. The sequence
identity among the best characterized orthologs
(human, rat and mouse) ranges from 75% to 90%
(Fig. 2). TRPV2 shares 50% sequence identity with
TRPVI, the best characterized member of this subfam-
ily. TRPV1 is a polymodal channel activated by
anandamide, capsaicin, resiniferatoxin, heat, low pH
and eicosanoids [28]. TRPV3 is a thermosensor for
non-noxious heat and responds to natural compounds

FEBS Journal 280 (2013) 5471-5487 © 2013 FEBS

found in plants such as oregano, camphor and thyme
[29]. TRPV4 is a constitutively active Ca®" -permeable
channel modulated by non-noxious heat [21] and also
by pressure and hypotonicity [30,31]. TRPV4 has also
been associated with hearing loss [32].

Heteromerization of TRPVI-4 channels has been
documented, although mostly in heterologous expres-
sion systems. Heterotetramerization of TRPV2 with
TRPV1 has been described in vitro in HEK cells
[17,33,34]. TRPV1 and TRPV2 have also been shown
to tightly colocalize in vivo in rat DRG [17,33,35].
However, physiological roles of any TRPV2 heterotet-
ramerization have yet to be identified.

TRPV2 structure and evolution

TRPV2 presents a high conservation level of identity
within mammalian orthologs (see Fig. 2 for human,
rat and mouse sequence alignment). Specific TRPV2
orthologs are only found in tetrapod vertebrates, but
not in fish where there is a TRPV1/2 isoform. One
evolutionary hypothesis is that a common ancestor
between TRPV1 and TRPV2, referred to as TRPV1/2,
duplicated generating two genes [36]. This gene dupli-
cation is ambiguous in time. One hypothesis is that it
could have occurred in the common ancestor between
fishes and tetrapods and then the copy for TRPV2 was
lost in fishes. The second possibility argues for the
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Fig. 2. TRPV2 sequence conservation and structural features. Alignment of rat (rTRPV2), mouse (mTRPV2) and human (hTRPV2) orthologs.
The most relevant sequence features are indicated using the following color code: ARD (light blue); S1-S4 (red); S5-S6 (dark blue); pore
(violet); selectivity filter (magenta); PIP, binding domain (yellow); calmodulin binding domain (orange); TRP box (black). The N-glycosylation
sites between S5 and S6 are indicated by black arrows. For details see the text. The alignment consensus indicates the conservation
degree obtained by aligning the following UNIPROT codes: Q9WUD2, Q9WTR1, Q9Y5S, E2RLX8, F6WJB2, F7BDA4, F7A622, G1RXC4,
G1SNM3, F1SDE4, G3T6Z2, G3GVL1, Q5EA32, G3WJUO, F6RMV4, F7A8J8, G1N455, FINPJ9, F6UY90. The alignment has been built in

MAFFT [136] and plotted using Jawview [137] and the functional zappo profile. Inset, the human TRPV1-4 pore region aligned highlighting the
differences in respect to the pore and selectivity filter consensus sequence.

gene duplication occurring after the divergence
between tetrapods and vertebrates. Saito and Shingai
argue that based on genomic organization of TRPVs
the first possibility is more likely [36].

TRPV2 sequence features are best understood
through comparisons with the other TRPV subfamily
members. Excellent reviews on the structural organiza-
tion of TRPV channels are available [7,37,38]. Briefly,
TRPV2 consists of a large N-terminal cytoplasmic
domain (~ 390 residues), followed by six transmem-
brane segments (~ 250 residues) containing a pore-
forming loop, and a C-terminal cytoplasmic domain
(~ 100 residues). Specific TRPV2 sequence features are
summarized in Fig. 2.

The N-terminal cytoplasmic region of TRPV2 can
be further subdivided into a distal N-terminal region,
an ankyrin repeat domain (ARD) and a membrane-
proximal linker region. The distal N-terminal cytoplas-
mic region comprises the first ~ 60-70 residues, which
were not ordered and therefore not visible in the first
crystal structure obtained for a human TRPV2 N-ter-
minal region [39]. This distal N-terminal region is
rather divergent in length, sequence and function for
different TRPV channels. For instance, the TRPV4
N-terminus is longer, ~ 130 residues, and contains a
proline-rich segment that interacts with the SH3
domain of PACSIN [40]. In rat TRPV2, deletion of up
to 65 N-terminal residues did not significantly alter
channel function as assessed in vitro, whereas deletion
of 83 or more residues greatly reduced plasma mem-
brane expression in HEK293 cells [41], supporting the
assignment of a domain boundary around 60-70 resi-
dues from the N-terminus.

Residues ~ 70-320 of TRPV2 form the ARD, which
contains six ankyrin repeats. This soluble domain has
yielded the only piece of atomistic tridimensional
information currently available for TRPV2: the crystal
structures of the human and rat TRPV2-ARD were
published nearly simultaneously [39,42]. ARDs are
common protein—protein recognition domains, and
although by no means unique to TRP channels they
are clearly important for the modulation of TRP
channels from the TRPA, TRPC, TRPN and TRPV

FEBS Journal 280 (2013) 5471-5487 © 2013 FEBS

Fig. 3. The TRPV2-ARD concave surface has a small conserved
region. The sequence conservation of TRPV1 and TRPV2 orthologs
is mapped onto the crystal structures of the TRPV1-ARD (left) [70]
and TRPV2-ARD (right) [42], respectively, using consurr [138]. The
degree of conservation follows a gradient from magenta, most
conserved, to cyan, least conserved. The ATP binding region in
TRPV1-ARD is indicated by a dashed outline.

subfamilies [43]. Each TRPV2 ankyrin repeat (ANKI1-
6) is defined by two antiparallel helices (inner and
outer) followed by a loop region linking to a B-hairpin
structure (named Fingers 1-5). These motifs are
arranged linearly, with repeats packing side-by-side
and the B-hairpin structures projecting out ~ 90° rela-
tive to the helical axes. Each ankyrin repeat is typi-
cally rotated a few degrees counterclockwise relative
to the previous repeat, leading to an overall helical
arrangement of the repeats [44]. The concave surface
thus generated is often used in protein-ligand interac-
tions to modulate the function of ARD-containing
proteins. This is an important observation when com-
paring the sequence conservation profiles of the ARDs
of TRPV1 and TRPV2 (Fig. 3). When the sequence
conservation within a set of orthologous sequences is
mapped onto the molecular surface of the ARD,
TRPV2 shows a lower degree of conservation than
TRPVI1. The most conserved region on the TRPV2-
ARD surface does map to the concave surface, par-
tially overlapping with the larger conserved region on
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the TRPVI-ARD. As detailed below, the TRPVI-
ARD binds to ATP, but the ATP binding region,
highly conserved in TRPVI, is not present in TRPV2
(Fig. 3). Overall, the different conserved surface pro-
files of TRPVI and TRPV2 suggest that their ARDs
bind to a different set of regulatory ligands.

Connecting the TRPV2-ARD to the first transmem-
brane segment (S1) is a highly conserved ~ 65-residue
segment, which has been referred to as the membrane
proximal domain. Functional analyses of modular chi-
meras between TRPV1 and TRPV2, and their func-
tional analyses expressed in HEK cells, suggest that
the membrane proximal domain is an important struc-
tural module for the temperature sensitivity of TRPV
channels [45].

As mentioned above, the TMD (residues ~ 390 and
~ 640) of TRPV2 is predicted to contain six transmem-
brane segments (S1-S6) and a pore-forming loop
between S5 and S6 (predictions by TMHMM [46] and
AGPRED [47]). Accordingly, we have experimentally
refined the position of the TMD for rat TRPV2 to be
between residues 389 and 638 (unpublished results) as
shown in Fig. 2. Heat, pH, voltage sensitivity and ago-
nist binding sites for TRPV1 have been related to resi-
dues in the TMD (both at transmembrane segments
and loops) but none of the results obtained for TRPV1
could be translated for TRPV2 [48]. For example, resi-
dues in the S4-S5 linker region may be important for
voltage sensitivity of TRPVI1; however, no effect has
been observed when mutating analogous residues in
the TRPV2 S4-S5 linker [49].

An interesting feature in the TRPV2 TMD is the
presence of an N-glycosylation consensus motif (NXT/S)
in the S5-S6 loop (Fig. 2). While the first asparagine is
only found in rat and hamster TRPV2, the second one
is conserved in nearly all TRPV2 orthologs. This gly-
cosylation site is analogous to the N604 glycosylation
site for TRPV1 [50]. An interesting study showed that,
in rat F11 DRG cells, heterologously expressed rat
and mouse TRPV2 are mostly expressed in the plasma
membrane in a glycosylated form, whereas the endoge-
nous TRPV2 isoform (rat) remains in the cytoplasm in
a non-glycosylated form [51]. These results suggest that
glycosylation plays a role in TRPV2 trafficking
towards the plasma membrane, as has been shown for
other TRPs [52,53]. Recent reports indicate that the
glycosylation of TRPV2 may play an anchoring role
under the modulation of the Klotho factor [54] (fur-
ther discussed below).

The TRPV2 pore-forming domain and selectivity fil-
ter, located in the S5-S6 region, is highly conserved
(Fig. 2). Although the selectivity filter does not show a
clear consensus sequence across the TRP channel
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superfamily [55,56], the TRPV14 group shows high
overall conservation (Fig. 2, inset). TRPV2 does differ
in divalent/monovalent cation permeability from the
rest of the non-selective TRPV subfamily members
(TRPV1, TRPV3 and TRPV4), with the lowest P>/
Pno ' at 2.94 (TRPVI ~ 10, TRPV3 ~ 10, TRPV4 ~ 6)
[3]. This difference in selectivity could be due to the
conserved  aspartate-to-glutamate  substitution in
TRPV2 (highlighted in Fig. 2, inset). TRPV4 shows a
similar aspartate-to-glutamate substitution at a differ-
ent location in the selectivity filter, which may simi-
larly account for somewhat lower Pc,”>’ /Prna’ ~6
selectivity compared with Pc,>"/Pna” ~ 10  for
TRPV1 and TRPV3. Mutagenesis studies in the pore-
forming region have indicated that mouse TRPV2
heterologously expressed in HEK cells may be constitu-
tively active, inducing high cytotoxicity, since a change
of charge mutant (E594K) reduced cytotoxicity [57].
The C-terminal cytoplasmic domain spanning resi-
dues 639-761 in rat TRPV2 contains relevant features
for the assembly of the channel, such as oligomeriza-
tion (TRP domain), phosphatidylinositol 4,5-bisphos-
phate (PIP,) binding and calmodulin binding domains
[58-60]. Although the sequence determinants driving
TRPV?2 oligomerization have not been proven directly,
studies on TRPV4 [61] and TRPV1 [60] provide strong
arguments for the role of a C-terminal coil-coiled
domain in the homotetramerization of the channels.
The predicted coil-coiled domain in TRPVI overlaps
with the TRP domain, just after the S6 segment. The
TRP domain consists of ~ 20 amino acids, and for
TRPVI1 it has been shown that it participates in chan-
nel oligomerization and gating transduction [60,62,63].

TRPV2 regulatory interactions

Several regulatory interactions between TRPV2 cyto-
plasmic domains and various signalling molecules have
been investigated. A two-hybrid screening using the
first ~ 390 residues of human TRPV2, corresponding
to the whole N-terminal cytoplasmic region, identified
an interaction of TRPV2 with recombinase gene acti-
vator (RGA) [64] in the RBL2H3 mast cell line.
Although it was later demonstrated that a physiologi-
cal complex containing both TRPV2 and RGA is cru-
cial for the cAMP-driven trafficking of TRPV2 to the
plasma membrane, it remains unclear whether RGA
and TRPV2 interact directly [65].

The TRPV2 N-terminal region has also been impli-
cated in another protein—protein interaction. Mouse
TRPV2 residues 1-167 were used as bait to identify
the human GSRP-56 (Golgi-localized spectrin-repeat
containing protein 56), which is an alternative splicing
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isoform of Syne-1 (synaptic nuclear envelope protein 1)
[66]. A physiological role for this interaction has yet to
be elucidated.

The N-terminal ARD plays important roles in the
regulation of the TRPV channels. For instance, muta-
tions to its concave surface affect the activity of
TRPVI1, TRPV3 and TRPV4 [67-70]. In the case of
TRPVI1, the channel activity can be modulated by
ATP or calmodulin, and these two ligands were found
to bind competitively to the TRPVI-ARD concave
surface [70]. This finding was extended to TRPV3 and
TRPV4, although the details of the modulatory effects
differ [68]. Intriguingly, TRPV2 is the only member of
the TRPV1-4 group that shows no binding of ATP or
calmodulin to its ARD and is insensitive to changes in
intracellular ATP concentration [67-70].

The TRPV2 Ca®"-dependent desensitization is
dependent on PIP, depletion from the membrane [58].
The C-terminal TRP domain contains the TRP box
(IgosWKLQR7g; in rat TRPV1, I5s50WKLQKg44 in rat
TRPV2), which has been implicated in PIP, and cal-
modulin binding. Alanine mutagenesis of TRPVI resi-
dues 1696, W697 and R701 (K in TRPV2) severely
affected channel gating, raising the free energy of
channel activation [62]. Mercado et al. defined a PIP,
binding domain in TRPV2 within the C-terminal prox-
imal residues 647-715 [58] (Fig. 2). It has been pro-
posed that the phospholipase C hydrolysis of PIP, is
the main regulatory process for TRPV2 and other
TRP channels [71]. Recently, Julius and his team have
shown compelling evidence that TRPV1 is intrinsically
temperature sensitive by using an extremely elegant
TRPV1 reconstitution model [72]. Besides being the
first published report for TRPVI1 activity in a bio-
chemically defined reconstituted membrane system,
they describe the inhibition of TRPV1 by C-terminal
binding of phosphoinositides. A number of studies had
previously provided evidence favoring a sensitizing role
of phosphoinositides [58,71]. In contrast, the Julius
laboratory had already previously described PIP,-med-
iated inhibition of TRPV1 in cells [73], and they now
provided strong evidence of a similar inhibitory role in
a reconstituted system. Julius and colleagues present a
comprehensive and testable model of how the physiol-
ogy of phosphoinositide levels can regulate TRPVI1
activity, which may be a conserved mechanism for
TRPV2.

A C-terminal TRPV2 calmodulin binding domain
was initially predicted and later characterized in vitro
by the Gordon laboratory [58,74]. This calmodulin
binding domain was further characterized and
restricted to the 654-683 region of human TRPV2,
almost fully overlapping with the TRP domain [59].
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Despite showing binding of calmodulin to a C-termi-
nal fragment of TRPV2 (residues 684—753, Fig. 2) in a
Ca”-dependem manner, the Gordon laboratory could
not show that calmodulin is a major player in TRPV2
desensitization [58].

A few additional predicted and/or characterized
TRPV?2 interacting proteins have been cataloged in the
TRP channel interacting protein (TRIP) database
[75,76], some of which are further detailed in later sec-
tions.

TRPV2 physiology and signalling
pathways

TRPV2 is a homotetrameric N-glycosylated protein
that translocates from intracellular membrane com-
partments to the plasma membrane after stimulation
of the phosphatidylinositol 3-kinase (PI3K) and other
kinase signalling pathways. TRPV2 proteins expressed
heterologously in HEK?293 cells show a species-depen-
dent variability in thermal sensing and ligand activa-
tion (further described below in TRPV2 modulation
and pharmacology). From a physiological perspective,
TRPV2 has been associated with several functions
depending on the considered tissue. Although origi-
nally described as a noxious heat thermosensor, several
reports point towards TRPV2 functioning instead as a
mechanoreceptor and/or osmosensor.  Strikingly,
TRPV2 knockout mice display normal thermal and
mechanical nociception responses [18]. Analysis of sen-
sory ganglia development (DRG and trigeminal gan-
glia) resulted in no significant differences comparing
wild-type and knockout tissues. The acute nociception
and hyperalgesia responses to thermal and mechanical
stimuli in the knockout mice were normal. To discard
compensation effects of other heat-gated channels on
the TRPV2 knockout mice, the authors studied
TRPV1/TRPV2 double knockout mice and the ther-
mal phenotype was statistically indistinguishable from
the single TRPV1 knockout. From a chemical ligand
perspective, in contrast to most studies where TRPV2
was expressed heterologously, studies of TRPV2-null
cultured neurons showed no differential calcium
responses dependent on cannabinoid, probenecid or
2-aminoethoxydiphenyl borate (2-APB) compared with
wild-type, although the wild-type responses were
highly inconsistent [18]. Therefore, the TRPV2 knock-
out mouse analyses indicate that TRPV2 is not sensi-
tive to these compounds wunder physiological
conditions.

The most distinctive features of the knockout mice
are reduced perinatal viability and embryo and adult
body weight. Although the study of the knockout mice
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has thus far shed little light on the physiological roles
of TRPV2, studies derived from culturing knockout
mice cells indicate that macrophage function is clearly
affected [77], which may correlate with perinatal lethal-
ity relating TRPV2 to immune activity (discussed
below and excellently reviewed recently in [78]). In
summary, the physiological role of TRPV2 is probably
one of the most unsettled and controversial among
TRP channels. Below we discuss the available data on
TRPV2 physiology and signalling pathways, but first
we introduce the pharmacological agents that have
been shown to modulate TRPV2. The sparse pharma-
cology toolkit available to study TRPV2 is important
for evaluating our knowledge of TRPV2 physiology.

TRPV2 modulation and pharmacology

The pharmacology of TRP and TRPV channels has
been extensively and excellently reviewed [2,28,79].
Several compounds have been shown to modulate
TRPV2. However, few of them are specific, and most
show species dependence in their effectiveness on
TRPV2 (Table 1). The fact that TRPV2 was initially
proposed as a noxious heat thermosensor involved in
nociception may have misled the TRPV2 deorphaniz-
ing attempts to find endogenous and/or specific modu-
lators. Other more physiological modulators will be
described in subsequent sections. Here, we focus on
the main chemical modulators for TRPV2 (listed in
Table 1).

Cannabis sativa derivatives have proved to be the
most potent TRPV2 activators thus far with ECsq in
the micromolar range, although they are not specific

Table 1. TRPV2 pharmacology. NA, not available.
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for TRPV2 [80,81]. In a comparison of a panel of
cannabinoids, TRPV2 is most strongly activated by
(—)-trans-A9-tetrahydrocannabinol, cannabidiol and
A9-tetrahydrocannabivarin, whereas cannabinoic acids
are least potent [81]. However, cannabinoids can also
activate other TRP channels, e.g. cannabidiol is a
potent activator of TRPV1 and TRPAI1 [81]. There-
fore, one has to be cautious in assigning the effect of
these compounds to TRPV2 in a physiological context
— in studies using live animal or native tissues, for
example. Indeed, proof of direct interaction between
TRPV2 and cannabidiol from biochemical and struc-
tural perspectives would promote better understanding
of TRPV2’s activity.

2-APB was one of the first activators identified for
TRPV2, with an ECsy of 129 um in transfected
HEK?293 cells [82]. Later reports showed that human
TRPV2 was insensitive to 2-APB, indicating species-
dependent variability in 2-APB sensitivity [41,83].
Dyphenylboronic anhydride (DPBA) also activates
mouse but not human TRPV2 [83,84]. After testing
the activation by 2-APB and DPBA on chimeric
TRPV2 constructs, Juvin et al. speculated that the 2-
APB sensitivity region could be located in the cyto-
plasmic domains [83].

Blockers have been identified that can affect TRPV2
function, although most are promiscuous compounds
that therefore have to be used with caution. The acti-
vation of mouse TRPV2 by 2-APB helped identify
SKF96365 and amiloride as TRPV2 blockers [83].
Ruthenium Red, trivalent cations and citral have also
been identified as non-specific TRPV2 channel block-
ers [82,85,86].

Effect Compound Class Concentration System/species Reference
Agonist 2-APB?® Diphenyl compound 129 pum HEK-293/rat [82]
Agonist Diphenylboronic anhydride Diphenyl compound 100 pm HEK-293/rat [84]
Agonist Cannabidiol® Cannabinoid 1.25 pm HEK-293/rat [81]
Agonist Cannabigerol Cannabinoid 1.72 um HEK-293/rat [81]
Agonist Cannabinol Cannabinoid 39.9 um HEK-293/rat [81]
Agonist Cannabidivarin Cannabinoid 7.3 um HEK-293/rat [81]
Agonist Cannabigivarin Cannabinoid 1.47 pum HEK-293/rat [81]
Agonist AS-tetrahydrocannabinol® Cannabinoid 0.65 pm HEK-293/rat [81]
Agonist Tetrahydrocannabinol acid Cannabinoid 18.4 pm HEK-293/rat [81]
Agonist Tetrahydrocannabivarin Cannabinoid 411 pm HEK-293/rat [81]
Agonist Lysophosphatidyl choline Lysophospholipid 3.37 um HEK-293/rat [81,132]
Agonist Lysophosphatidyl inositol Lysophospholipid NA HEK-293/rat [132]
Agonist Probenecid Uricosuric compound 31.9 pum HEK-293/rat [87]
Antagonist Ruthenium Red Inorganic dye 0.6 pm HEK-293/rat [25]
Antagonist SKF96365 Alkylated imidazole 100 pm CHO-K1/mouse [83]
Antagonist Tranilast Diphenyl compound 10-100 pm MCF-7/human [89]

@ Species dependence [41].
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From a specificity perspective, two compounds have
shown promising results as more specific modulators
of TRPV2: probenecid and tranilast, as activator and
inhibitor respectively. Probenecid (p-(di-n-propylsulfa-
myl)-benzoic acid), although not exclusive for TRPV2,
showed high specificity for this TRP channel, com-
pared with TRPVI1, TRPV3, TRPV4, TRPAl and
TRPMS, with an ECsy = 32 um in transiently trans-
fected TRPV2-expressing HEK293 cells [87]. A recent
report has shown the effect of probenecid on TRPV2
in vivo and ex vivo [88]. As an inhibitor, tranilast is an
antiallergic drug described as an ion channel blocker
by the Kojima laboratory [89]. Tranilast has been used
recently in several reports as a TRPV2-specific antago-
nist [90-92], although it has not to our knowledge
been fully validated as a direct TRPV2 blocker.

TRPV2 in the nervous system

During neural development, TRPV2 is expressed in
developing mouse DRG and spinal motor neurons
from embryonic day 10.5 and sustained until embry-
onic day 13.5 [93]. This expression pattern and the
localization of TRPV2 in developing growth cones
pointed to the possible involvement of TRPV2 in axon
outgrowth. Tominaga and his colleagues indeed
observed membrane-stretch-induced TRPV2 activation
and subsequent intracellular Ca®>* elevation exerted by
axon outgrowth in developing neurons [93]. Of note, a
role for TRPV2 in the developing nervous system
could help explain the reduced perinatal viability
observed in TRPV2 knockout mice.

There is also evidence for TRPV2 expression in the
adult peripheral and central nervous systems. In DRG
[25,94] and trigeminal ganglia [95], TRPV2 expression
is concentrated in a population of medium- and large-
diameter primary afferents that do not express
TRPVI, primarily in myelinated A- and C-fiber sen-
sory neurons [96-102]. Many of the neurons expressing
TRPV?2 are peptidergic neurons. For instance, in mice
TRPV2 colocalized with substance P [96]. Another
study found that one-third of TRPV2-expressing cul-
tured rat DRG neurons were calcitonin-gene-related
peptide positive, and activation of TRPV2 cannabinoid
derivatives led to calcitonin-gene-related peptide
release [80]. In primary cultures of myenteric neurons,
TRPV2-like currents were invoked by 2-APB, probene-
cid or lysophospholipids and stretch [92]. The same
study also found that intestine relaxation is inhibited
by nitric oxide synthase inhibitors and TRPV2 antago-
nists like tranilast. Furthermore, TRPV2 agonists
inhibited muscle contraction, but not in the presence
of a nitric oxide synthase inhibitor, indicating that
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TRPV2 is activated downstream of nitric oxide. This
last study therefore suggests that TRPV2 may be
important in controlling the activity of sympathetic
muscles like those of the intestinal track, and that the
nitric oxide signalling pathway may be an important
pathway that modulates TRPV2 function in vivo. One
overarching conclusion, previously highlighted by the
Basbaum and Julius groups, is that in contrast to
TRPVI1 the widespread distribution of TRPV2 in the
spinal cord suggests that TRPV2 is a player in several
physiological roles besides nociception [98].

A number of studies have also observed broad
TRPV?2 expression in important regions in rat, mouse
and macaque brains [35,103-105]. A systematic
approach analyzing the transcriptome of developing
and mature mouse forebrain has identified TRPV2 as
the highest expressing TRPV channel in the neurons of
this brain region [106]. This is in contrast to TRPV1
for which a thorough study with green fluorescent pro-
tein reporter transgenic lines found that TRPVI1
expression is essentially restricted to the hypothalamus
within the mouse brain [107]. Recently, a thorough
characterization of the expression and distribution of
TRPV2 in rat forebrain and hindbrain has been pub-
lished [108]. In this study, they observe TRPV2 expres-
sion in a number of brain structures relevant to
osmoregulation and other autonomic functions. This
detailed work provides important clues on TRPV2
function suggesting, along with the previous studies,
that TRPV2 is important in various osmosensory
mechanisms, including osmotic balance, autonomous
regulation, somatosensation, food and fluid intake,
and cardiovascular functions [104,105,108].

TRPV2 in the endocrine system

TRPV2 has also been implicated in the endocrine sys-
tem, more specifically in pancreas and insulin secre-
tion. In early studies, the Kojima laboratory cloned
TRPV2 as a calcium-permeable channel that translo-
cates from intracellular pools towards the plasma
membrane in response to IGF-1 [26]. More recently
[91], the same laboratory determined that TRPV2 is
highly expressed in the B-type insulinoma cell line
MIN-6 and in the core of mouse pancreatic islets but
not in a-cells. Using various inhibitors, knockouts and
knockdowns, they determined that TRPV2 transloca-
tion is downstream of insulin signalling and upstream
of insulin secretion and cell growth, suggesting that
TRPV2 is part of an autocrine positive feedback loop
for insulin secretion. Furthermore, glucose-induced
insulin exocytosis is mediated by the TRPV2-depen-
dent intracellular increase of Ca®>" concentration [90].
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Of note, these studies have relied on the blocking
effects of tranilast on TRPV2.

In B-cells, TRPV2 levels in the plasma membrane
are also affected by Klotho, an antiaging protein, with
TRPV2 downstream of Klotho and upstream of insu-
lin secretion [54]. Interestingly, Klotho has a similar
effect on the plasma membrane localization of TRPV5
in the kidney [109]. Klotho cleaves the terminal sialic
acid in the glycan moiety of TRPVS, promoting the
binding of galectin-1 to the processed glycan and
thereby anchoring TRPVS in the plasma membrane
[110]. It is interesting to speculate whether TRPV2
translocation to the plasma membrane could be simi-
larly mediated through modification of TRPV2 glyco-
sylation (Fig. 2).

TRPV2 in immunity

TRPV2 is expressed in immune-related tissues such as
the spleen [25], but additionally TRPV2 transcripts
have been detected in many resident macrophage pop-
ulations such as liver Kupffer cells, skin epidermal
Langerhans cells and lung alveolar macrophages [77].
TRPV2 expression has also been identified in mast cell
populations [65,111,112] and in lymphocytes [113].

There are several lines of evidence suggesting that
TRPV2 function is important in various immune cell
types. Studies from the Turner laboratory [65,112]
show that physical stimuli leading to mast cell degran-
ulation involve TRPV2 activation and calcium entry.
They demonstrated a direct interaction of TRPV2 with
an A-kinase-adapter-protein (AKAP)-like protein,
ACBD3 (acyl CoA binding domain protein), and that
TRPV2 can be phosphorylated by protein kinase A
in vitro, suggesting that TRPV2 activation in mast cells
could be mediated by a protein kinase A signalling
pathway. Zhang et al. [111] show TRPV2-mediated
mast cell degranulation in a human cell line (HMC-1)
in response to several stimuli such as temperature
(> 50 °C), red light and mechanical stress. Of note,
this TRPV2-mediated thermal response in a human
cell line contradicts previous observations that human
TRPV2 does not respond to noxious heat temperatures
[41].

A study of TRPV2-deficient macrophages led to the
conclusions that TRPV2 is involved in phagocytosis
and that TRPV2 recruitment towards the phagosome
is driven by PI3K signalling, Src kinases, akt kinase
and protein kinase C, but not by phospholipase C nor
the Syk kinases [77]. A previous study had similarly
shown the translocation of TRPV2 from the endoplas-
mic reticulum to the plasma membrane in macrophag-
es after activation of the PI3K signalling pathway
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activated by the fMetLeu chemotactic peptide [114],
similarly to the effect of the neuropeptide head activa-
tor in neuronal and neuroendocrine cell cultures [115].
Further studies on TRPV2 in macrophages showed
that TRPV2 translocated to the podosome [116], where
the plasma membrane calcium concentration seems to
play a crucial role on the podosome assembly, an
indispensable cytoskeleton tool for migration of cells
such as macrophages, neutrophils, endothelial cells
and malignant tumor cells [117].

Like most of TRPV2’s physiology, the role in immu-
nity is not exempt from controversy. Comparing wild-
type and TRPV2-deficient macrophages led to the
conclusion that lipopolysaccharide (LPS)-induced
tumor necrosis factor (TNF) release in macrophages is
not mediated by TRPV2 [77]. However, Yamashiro
et al. [118] showed evidence that TRPV2 was involved
in TNF and interleukin-6 production induced by LPS
in the RAW macrophage cell line. These authors argue
that the differences between the Link et al. [77] and
Yamashiro et al. [118] studies may derive from experi-
mental conditions.

TRPV2 in circulatory organs and muscle function

TRPV2 is expressed in smooth muscle and endothelial
cells of arteries in both rabbit [119] and human [120],
and in smooth muscle cells of veins in rats [121], sug-
gesting a role of TRPV2 in circulatory organs. Muraki
et al. [105] found that Ruthenium Red and antisense
oligos against TRPV2 decreased both the nonselective
cation channel current and Ca’>" influx induced by
hypotonic swelling of aortic myocytes. In contrast,
inhibitors of L-type voltage-dependent calcium chan-
nels or treatment with caffeine had no effect, indicat-
ing that TRPV2 is activated by hypotonic induced cell
swelling in arteries.

Studies in striated muscle are also providing new
insights into the pathophysiological role of TRPV2.
The Shigekawa laboratory identified TRPV2 as the
predominant TRP channel in heart [122]. Comparing
the skeletal to cardiac muscle expression of TRPV2, it
has been shown that the expression in cardiac muscle
is 10-fold higher [122]. In skeletal muscle, the expres-
sion of TRPV2 in normal tissue is mostly located in
the cell interior, and it is translocated towards the sar-
colemma by addition of IGF-1. In dystrophic striated
muscle, TRPV2 increases its expression level in the sar-
colemma. This deregulated overexpression of TRPV2
in the sarcolemma may account for abnormal or leaky
Ca’" influx in dystrophic phenotypes [123]. Duch-
enne’s muscular dystrophy’s hallmark is the lack of
expression of dystrophin disrupting the link between
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the extracellular matrix and the cytoskeleton, which is
mediated by the interaction between dystrophin and
dystroglycans and sarcoglycans (forming the dystro-
phin—glycoprotein complex, DGC) [124]. This DGC
disruption affects stretch-modulated channels such as
TRPV2. This hypothesis has been studied in eccentric
contractions (lengthening) in dystrophic muscle where
the endogenous expression of TRPV2 has been
reduced by the use of dominant-negative TRPV2
transgenic mice [122,123,125].

TRPV2 in cancer

Overexpression of TRPV2 at the mRNA and protein
levels has been observed in several cancer types and
cell lines [126]. Nevertheless the role, if any, of TRPV2
in cancer remains poorly understood. With regard to
liver cancers, TRPV2 shows high expression levels in
human hepatocarcinoma cells (HepG2) [127]. Another
study found high TRPV2 levels in cirrhotic liver and
well-differentiated hepatic tumors compared with
poorly differentiated tumors, suggesting a potential
role for TRPV2 as a prognostic marker [128].

TRPV2 has also been linked to bladder cancers.
TRPV2 mRNA and protein levels were detected in
both normal tissue and urothelial carcinoma patients
and cell lines [129]. Intriguingly, mRNA was also
detected for a short splice variant (s-TRPV2) in which
removal of exons 10-11 produced a protein without
residues 529-663 — corresponding to the S5-S6 seg-
ments — although the presence of the corresponding
protein was not confirmed. In non-tumor patients,
mRNAs for both the full-length and short splice vari-
ants were found, but the s-TRPV2 variant was less
abundant and the full-length mRNA more abundant
in late-stage tumors [129]. A second study similarly
observed higher TRPV2 mRNA levels in a poorly dif-
ferentiated bladder cancer cell line compared with a
well-differentiated line [130]. Furthermore, the carci-
noma cells that expressed high levels of TRPV2
underwent apoptosis when exposed to the TRPV2
agonist cannabidiol, arguing for TRPV2 as a poten-
tial therapeutic target for the treatment of bladder
cancer.

In prostate cancer, TRPV2 expression levels are
higher in metastatic cancers compared with solid
tumors, defining TRPV2 as a potential marker for
advanced prostate cancer [131]. Lysophospholipids
mediated the translocation of TRPV2 to the plasma
membrane, stimulating prostate cancer cell migration
but not cell growth [132]. This suggests that TRPV2
plays a role in cancer cell migration that is analogous
to its role in macrophages.

FEBS Journal 280 (2013) 5471-5487 © 2013 FEBS

TRPV2: who's that guy?

The Santoni group has investigated the expression
of TRPV2 in gliomas. In primary glioma cells, mRNA
TRPV2 expression is reduced compared with benign
astrocyte control tissues, with a progressive reduction
in high grade gliomas [133]. Furthermore, TRPV2
silencing favors cell proliferation and survival of the
U87MG cell line [133], whereas overexpressing TRPV2
in the MCZ glioma cell line resulted in reduced tumor
diameter and glioma viability [134]. Altogether, the
results suggest that TRPV2 functions as a negative
regulator of glioma cell survival and proliferation. A
very recent study similarly points to TRPV2 as an
important therapeutic target for the treatment of glio-
blastoma, showing that cannabidiol enhances TRPV2
expression and activity, inducing apoptosis of human
glioma cell lines [135]. The authors also suggest a role
for TRPV2 in the uptake of chemotherapeutic agents,
showing that a TRPV2 pore-less variant (deleting resi-
dues 572-609) reduces doxorubicin uptake in a domi-
nant-negative manner [135]. Strikingly, a short TRPV2
splice variant (A551-663, corresponding to the pore
region and the sixth transmembrane segment) has been
identified in human leukemic cell lines [114], similar to
the s-TRPV2 variant observed in bladder cells [129].
Nagasawa et al. speculate that short variants can act
as dominant-negative mutant, forming heteromers with
full-length TRPV2 that do not traffic to the plasma
membrane [114]. This hypothesis also fits the glioma
results [135], as an explanation for chemotherapy resis-
tance in tumor cell lines, and points to TRPV2 as a
promising therapeutic target in several cancer types.

Conclusions and future perspectives

We have reviewed the current information about the
sequence determinants and physiology of the TRPV2 ion
channel. The TRPV2 tissue distribution is quite broad
and the cellular signalling pathways that regulate its
function seem to show some tissue-specific variations.
In vivo, the knockout TRPV2 mouse model argues
against the role of TRPV2 as a mechanosensor and ther-
mosensor. The fact that TRPV1/TRPV2 double knock-
out mice show a thermal phenotype that is
indistinguishable from the single TRPV1 knockout
should discourage future classification of TRPV2 as a
thermosensor, at least in mice. Most in vitro cellular
studies have shown TRPV2 to be activated downstream
of physical stimuli such as mechanical stretch, heat,
osmotic swelling, and endogenous and exogenous chemi-
cal modulators such as hormones, growth factors, che-
motactic peptides (fMetLeu, neuropeptide head activator
etc.), lysophospholipids and cannabinoids. Depending
on the cell type, TRPV2 is regulated by general or
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specific signalling pathways involving phospholipase C,
the PI3K pathway or other kinases. However, an impor-
tant theme is emerging that TRPV2 is regulated through
translocation and trafficking from internal cytosolic
pools towards the plasma membrane, where the levels of
PIP, in the surroundings of TRPV2 seem to play a cru-
cial role in TRPV2-mediated Ca®>" signalling. Concern-
ing the translocation mechanism, heterologous
expression studies of recombinant TRPV2 in HEK cells
have shown that PI3K activation of TRPV2 does not
drive TRPV2 trafficking towards the cell surface [57] in
contrast to other studies [26,77,114,116,122]. The set of
controversies related to TRPV2, such as thermosensa-
tion, translocation, LPS dependence etc., should call for
extra attention on drawing definitive conclusions, since
experimental conditions (e.g. expression systems, anti-
bodies, detection tags/epitopes) seem to be a major
source of conflicting observations for TRPV2 activation.
Another major limitation in TRPV2 biochemistry and
physiology studies is the scarcity of specific endogenous
ligands and/or pharmacological drugs, making TRPV2
essentially an orphan TRP channel. The most reliable
pharmacological modulators for TRPV2 are probenecid
[87] and cannabidiol [135], as agonists, which are also
known to activate/inhibit other TRP channels (e.g.
TRPV1, TRPA1l, TRPMS8 [81,87]), which can lead to
complications in interpreting experiments in physiologi-
cal systems coexpressing several TRP channels. Regard-
ing inhibition, tranilast has been identified, so far, as a
TRPV2-specific antagonist [89].

To deorphanize TRPV2 and to understand TRPV2’s
molecular mechanisms, a combination of several
approaches can be taken. First, integrating the current
physiological knowledge of TRPV2 with structural biol-
ogy approaches will open new perspectives on how this
polymodal tetrameric channel is modulated. New struc-
tural knowledge on TRPV2 will also provide more gen-
eral knowledge on the TRPV subfamily, including its
closest homolog TRPV1, and the TRP superfamily. For
example, the structural characterization of the N-termi-
nal ARD has already yielded information about differ-
ential TRPV2 regulation compared with the rest of the
TRPV subfamily. In line with the structural biology
aspect, biochemical and/or structural evidence for
TRPV2 modulator binding would be ideal for a better
understanding of TRPV2 molecular mechanisms. Sec-
ond, obtaining information on the TRPV2 interactome
has already provided insightful information such as pro-
tein—protein interactions implicated in regulation, trans-
location and trafficking. Further studies on the TRPV2
interactome may open new physiological perspectives
on TRPV2’s elusive role(s). Finally, the development of
methods to identify modulators of TRPV2 in a high-
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throughput screening fashion should open new thera-
peutic perspectives for a channel with potential implica-
tions in several types of cancer and other disorders such
as muscular dystrophies, diabetes and central nervous
system disorders. Interestingly, several pharmaceutical
companies have started to patent compounds and meth-
ods to screen properties of TRPV2 (reviewed in [28]).
We can therefore anticipate some synergy in which
pharmacological advances will enable experiments to
deepen our understanding of TRPV2 physiology.
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Chapter 11

Dissecting domain-specific evolutionary pressure
profiles of transient receptor potential vanilloid

subfamily members 1 to 4.

Specific Objectives

¢ Deepen into TRPV1-4 subgroup evolution and domain conservation to gain structural insight into
the multidomain organization and conservation of these channels.

¢ Determine TRPV1-4 conserved regions that may be crucial domains for structure and function.
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Abstract

The transient receptor potential vanilloid family includes four ion channels-TRPV1, TRPV2, TRPV3 and TRPV4-that are
represented within the vertebrate subphylum and involved in several sensory and physiological processes. These channels
are related to adaptation to the environment, and probably under strong evolutionary pressure. Using multiple sequence
alignments as source for evolutionary, bioinformatics and statistical analysis, we have analyzed the evolutionary profiles for
TRPV1, TRPV2, TRPV3 and TRPV4. The evolutionary pressure exerted over vertebrate TRPV2 sequences compared to the
other channels argues for a positive selection profile for TRPV2 compared to TRPV1, TRPV3 and TRPV4. We have analyzed
the selective pressure on specific protein domains, observing a common selective pressure trend for the common TRPV
scaffold, consisting of the ankyrin repeat domain, the membrane proximal domain, the transmembrane domain, and the
TRP domain. Through a more detailed analysis we have identified evolutionary constraints involved in the subunit contact
at the transmembrane domain level. Performing evolutionary comparison, we have translated specific channel structural
information such as the transmembrane topology, and the interaction between the membrane proximal domain and the
TRP box. We have also identified potential common regulatory domains among all TRPV1-4 members, such as protein-
protein, lipid-protein and vesicle trafficking domains.
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Introduction

TRP channel superfamily consists of a set polymodal non-
selective oligomeric membrane cationic channels, with large
cytoplasmic regulatory domains [1,2]. These channels are
predicted to share a common tetrameric membrane topology
around the formation of a pore in the membrane to allow the flux
of cations, but there are several differential regulatory domains
that allow/block the cation flux through the membrane [2]. These
domains are very specialized, and follow an evolutionary pattern
that has been reflected in the subfamily classification of the large
TRP superfamily. The vanilloid subfamily (TRPV) in vertebrates
consists of at least six members (TRPVI1-6) [3]. From an
evolutionary perspective, there are two subgroups within this
subfamily, first, TRPV1-4 which are non-selective cation channels,
and second, TRPV5 and TRPV6, which are calcium selective ion
channels. Another classification identifies the TRPV1-4 subgroup
as thermosensors in mammals: TRPV1] and TRPV2 act as
noxious heat sensors (I>43°C), and TRPV3 and TRPV4 as
physiological temperature sensors.

Evolutionary studies on TRPV channels, have attempted to
gain information on the evolution profile of the family [4,5], or on
the identification of specific domains in TRPV1 [6]. Understand-
ing how evolution drives specialization of functional and structural

domains has been and is a bioinformatics challenge [7,8],
especially when the study focus is multi-domain oligomeric
membrane proteins, such as TRP channels. When considering
membrane proteins, one should take into account protein-protein
and lipid-protein contacts, internal transmembrane polar clusters,
etc. Evolution information derived from the primary sequence
may provide important hints about how a membrane protein is
integrated in its environment. Biologically significant positions in a
protein can be inferred by identifying directional selection in
comparison to neutral selection. Neutral selection indicates low
evolutionary pressure and directional selection indicates high
evolutionary pressure that can follow two ways: positive selection
versus negative (purifying) selection events. Purifying selection acts
towards function conservation, whereas positive selection argues
for environment adaptation or species/tissue dependent function
variability, thus selective pressure defines the evolutionary history
of a protein. Some studies have used evolutionary constrains to
provide general information, such as domain organization and
spatial interaction, and even mapping the evolutionary constrains
for automated modeling of membrane proteins [9-12]. However,
to understand specific issues, such as topology, selective pressure
on biologically significant residues, or domain conservation, a
detailed study and characterization of the system of interest is
required.



Dissecting domain-specific evolutionary pressure profiles of TRPV1-4 channels

In this study, we provide a comprehensive depiction of the
evolutionary profile of the non-selective cation channels from the
TRPV subfamily, ie. TRPV1, TRPV2, TRPV3, and TRPV4
channels. We analyze the global evolutionary selective pressure for
TRPV1-4 channels and the selective pressure exerted on specific
domains as a candidate force driving function differentiation.

Results

Identifying evolutionary traits among TRPV1-4 channels

To dissect the common evolutionary features among TRPV1-4
sequences, we carried out a computational phylogenetic analysis.
First, we retrieved the different sequences for TRPVs available in
public databases. We also inspected specific genomes to get the
complete protein sequence from some fragment TRPV sequences
available in the UNIPROT database [13]. All the protein
sequences used in this study are available as Dataset SI.
Specifically, from the UNIPROT and NCBI databases (2011)
we could curate the TRPV1 full sequence for: Equus caballus,
Salmo  salar, Monodelphis domestica, Sarcophilus harrisii and
Putorius furo; and the TRPV2 full sequence for: Tursiops
truncatus, Dipodormys ordii and Gasterosteus aculeatus.

With all sequences available, we performed the multiple
sequence alignment (MSA) that depicted a phylogenetic tree
(Fig. 1A). This tree revealed a clear distribution of the channels
within the corresponding evolutionary distribution in four defined
groups. To provide a more illustrative depiction (Fig. 1B), we
clustered the sequences using principal component analysis in
JalView [14]. Some TRPV2 fragment sequences (Melopsittacus
undulatus and Anolis carolinensis) were clustered in the TRPV1
subgroup (Fig. IA). TRPV3 and TRPV4 clusters were clearly
identified (Fig. 1B) and originated from the divergent node that
defines the fish TRPV1/2 cluster (Fig. 1A).

TRPVs evolutionary pressure

Using a subset of TRPV channels sequences we compared the
conservation distribution for TRPV1 (25 sequences), TRPV2 (28
sequences), TRPV3 (21 sequences), and TRPV4 (22 sequences).
We used the directional selection algorithm (FADE) of the HyPhy
package [15,16] to analyze the MSAs for each channel and detect
differences in the substitution rate as a rough indicator of positive
selection among TRPVs (Table 1). The substitution rate in
sequences for vertebrates was TRPV2>TRPVI>TRPV4>
TRPV3, however, TRPV4 has a higher number of sites under
positive selection (177, Table 1), i.e. positive selected residues
compared to the other TRPVs. In the case of mammalian
sequences, the substitution rate was TRPV2>TRPV1>TRPV3>
TRPV4, and TRPV?2 is the channel with higher number of
residues under positive selection, whereas TRPV4 shows a strong
purifying selective pressure in mammals. To measure the
variability within each channel set of sequences we computed
the pairwise distances among all sequences for a specific channel
and represented them in box plots for divergence frequency
distribution (Fig. 1C). We compared all available sequences for
each channel depicting the sequence variability in the vertebrate
subset (Fig. 1C). The level of sequence divergence among species
was highest for TRPV2 (median at 0.34), followed by TRPV4
(0.20), TRPV1 (0.14), and the least divergent is TRPV3 (0.13).
There was a bias on the number of sequences available for TRPV
channels in the databases depending on the phylogenetic group,
where mammals are the most represented. In Fig. 1D, we show
the sequence variability for each channel only considering
mammals information. Although at lesser extent, the level of
sequence divergence was still highest for TRPV2 (median at 0.19),

followed by TRPV1 (0.12), TRPV3 (0.11) and TRPV4 (0.04).
Results for sequence divergence in Fig. 1C and Fig. 1D agree
reasonably well with the directional selection analysis of the MSAs
carried out in HyPhy (Table 1).

To determine whether divergence variance among TRPVs
could fit into any of these directional evolutionary pressure
hypothesis, we performed a pairwise statistical analysis. Diver-
gence among mammals and vertebrates TRPVs was not the same
(p-value <2.2:107'%). In mammals, divergence was extremely
different between TRPV1-TRPV2, TRPVI1-TRPV4, TRPV2-
TRPV3, TRPV2-TRPV4 and TRPV3-TRPV4 (p-value <
2.2:107'%), while divergence between TRPVI-TRPV3 was less
dissimilar (p-value =0.003). In vertebrates, divergence was ex-
tremely different between TRPV1-TRPV2, TRPV2-TRPV3 and
TRPV2-TRPV4 (p-value <2.2:107'%), divergence was different
between TRPVI-TRPV3 (p-value=0.017) and there was no
difference in divergence between TRPVI-TRPV4 and TRPV3-
TRPV4 (p-value = 0.999).

In Fig. 2A we show the evolutionary pressure exerted on
specific domains (box plot for each domain, Table 2 for the list of
domains) for mammalian TRPVs compared to the median of the
evolutionary pressure exerted on the full-length mammalian
TRPV sequences (dashed line). A statistically significant difference
in the divergence of a specific domain compared to the full-length
sequence is indicated with an asterisk (Fig. 2A). For clarity, we
provide an additional representation highlighting the differences
between positive versus purifying evolutionary pressures exerted
over the different TRPV domains for mammals as a comparison of
medians (Fig. 2B). Defining as a zero level the median value for
the full-length TRPV sequence, we provide a ratio to identify the
median positive values as divergent, and negative values as
conserved for specific protein domains when compared to the full-
length sequence (see Methods section for details). We indicate with
an arrow the domains that show statistical differences (divergence/
conservation) for all channels derived from the information in
Fig. 2A. Since the high-resolution partial structure of TRPV1 has
been solved [17], we had the opportunity to map the conservation
profiles for the different channels onto the 3D TRPV1 structure or
onto models based on this structure (Fig. 3).

For TRPVI, the domains accounting for higher divergence
than the full-length protein (positive selection) are the N-terminus,
the 1** extracellular loop, the TM3, the 5% extracellular loop, the
PIP2 binding domain and the distal C-terminus (Fig. 2A and
Fig. 3). For TRPV2, the positive selection pressure is focused in
the N-terminus, the 1% extracellular loop, the 5" extracellular
loop, and the very distal C-terminus (Fig. 2A and Fig. 3). For
TRPV3, which shows a high conservation profile, the positive
selection pressure is focused in the first ankyrin repeat and in the
5 extracellular loop (Fig. 2A and Fig. 3). For TRPV4, the lowest
selection pressure is focused in the N-terminus (Fig. 2A and
Fig. 3). In TRPVs the positive evolutionary pressure is exerted on
the N-terminus and the loop 5 (although is not statistically
significant for all the channels, Fig. 2B), while purifying evolu-
tionary pressure is exerted over the membrane proximal domain
(MPD), the 2" intracellular loop, the very short 3™ extracellular
loop, the 4" transmembrane segment, the 4" intracellular loop,
the 6" transmembrane segment, the TRP box linker (post TM6
segment) and the TRP box.

The TRPV1 structure and the TRPV2-4 models lack informa-
tion on the N-terminus domain, the 5™ extracellular loop and the
very distal C-terminus domain. Strikingly, to obtain the high-
resolution structure of TRPVI, the 5™ extracellular loop (under
positive selection) was removed from the sequence as part of the
experimental design [17]. The very distal C-terminus domain of
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Figure 1. TRPVs phylogeny. A. Radial phylogenetic tree for TRPVs. The scale bar indicates evolutionary time in arbitrary units. B. Clustering by
PCA analysis for TRPVs. Attending to their evolutive distances TRPV1-4 could be clustered into 4 subgroups corresponding to each of the four
channels. C. Sequence divergence profile for vertebrate TRPVs. D. Sequence divergence profile for mammalian TRPVs. The box plots represent the
divergence of sequences distribution for each channel. The median value is indicated for each box plot. Refer to the text for specific statistical

comparison of the medians.
doi:10.1371/journal.pone.0110715.g001

TRPV1 (also under positive selection) was not solved, probably
because of protein proteolysis, indicating that these domains are
not crucial in the TRPV scaffold.

The transmembrane domain

The main oligomerization contacts for TRPV channels happen
in the transmembrane domain (I'MD). The contacts between the
different subunits along the TMI-TM6 define the four-fold
symmetry, the ion pore, and the selectivity filter. To map
evolutionary traits on the TMD we have used EVcouplings [18]
using the rat TRPV1 sequence as reference to compare the

evolutionary constrains with the TRPV1 tridimensional structure.
We have analyzed the evolutionary constraints (EC) on the TMD
and the overlapping of the ECs (color dots) and the actual contacts
(grey shaded area) in the tridimensional structure (Fig. 4A, Table
S1 for a full set of ECs). The cloud of ECs is more disperse than
the contacts defined by the tridimensional structure, indicating
that the evolutionary traits in TRPV channels not only define the
physical contacts. In Fig. 4B we have classified the ECs within the
TMD domain. The TM5-TMS6 region shows the highest number
of ECs, followed by the TM2-loop 2 region. The TM1 and TM3
regions showed a similar number of ECs. To discriminate the
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Table 1. Evolutionary analysis of TRPV1-4 channels for directional positive selection based on multiple sequence alignments.

Vertebrates

TRPV1 TRPV2 TRPV3 TRPV4
substitution/site 4.49 8.57 243 3.21
residues in alignment 964 915 829 906
sequences 25 28 21 22
sites under positive selection* 100 158 69 177

Mammals

TRPV1 TRPV2 TRPV3 TRPV4
substitution/site 1.88 3.66 1.19 0.33
residues in alignment 875 821 811 872
sequences 20 22 18 11
sites under positive selection® 72 106 37 13

doi:10.1371/journal.pone.0110715.t001

residues involved in monomer-to-monomer contacts, we have
mapped the subunit A (inter-chain) contacts from the PDB file
(3J5P) in Fig. 4C. The contacts between chain A and B and chain
A and chain C, are the same (in black and grey respectively).
However, the contacts between chain A and chain D (open circles)
are fewer and are located in the pore-forming region. Assuming
four-fold symmetry, these contacts are equally defined for all
subunit interactions (Table S2 for the full set of contacts for the
TRPV1 TMD structure). The distribution of the inter-chain
contacts corresponds to the TM1-TM5, TM4-TM5, TM4-TM6,
TM5-TM6 and TM6-TM6 segments. The segments showing
higher number of contacts are between TM4-TM5 and TM6
TM6 segments.

Cytosolic domains

Recently the high-resolution structure for rat TRPV1 has been
solved providing relevant tridimensional information [17]. The
structure provides an exceptional illustration of intra-domain
interaction, showing the interaction between the MPD and the
TRP box depicted in Fig. 5A. Significantly, these two regions are
highly conserved among all TRPVs, and not only within a TRPV
isoform (Fig. 2 and 3), indicating a common molecular mechanism
(Fig. 5A). From the tridimensional perspective, the membrane
proximal region of the MPD domain acts as a fork where the TRP
box slides during the gating mechanism. Considering the residue
conservation (Fig. 5B and C) this seems to be a highly conserved
mechanism among vertebrate TRPVI1-4 channels. The MPD
domain has been studied for TRPV1 and TRPV2, as a potential
thermosensing module [19]. From the conservation perspective,
biophysical features arise (Fig. 5B) such as the high consensus
conservation of positive residues (R/K/H) close to conserved
aromatic residues prone to partitioning at the water-membrane
interface and promote protein-membrane interactions, thus acting
as a lipid-binding domain. In this domain there are at least four
highly conserved S/T/Y residues potentially phosphorylated
(score over 0.5 by NetPhos algorithm [20]) indicating regulatory
sites.

The C-terminus domain, comprising residues after TM6 until
the end of the sequence, do not show the same level of
conservation among channels as the N-terminus. Nevertheless,
the C-terminal region of TRPV1 is one of the most characterized

*considering as significant the top 5% sites in the FADE analysis (0.95 posterior filter).

and some information can be cross-related among the different
TRPV channels (Fig. 5C). TRPV1 contains two tubulin-binding
sequences (IBS1 and TBS2). TBSI1 falls within a TRPV1-4 rich
positive-residue conserved region, whereas TBS2 is within a very
low conservation region (TBS in Fig. 5C) [6,21]. TRPV4 has been
shown to bind microtubule-associated protein 7 in the last ~60 C-
terminal residues [22]. The tetramerization domains (T'AD) are
present in all TRPVs, overlapping with the highly conserved TRP
box within the TRP domain [23,24]. Derived from the recent
structural information, the TRP domain has a tight relationship
with the MPD. Concerning the PIP2 binding domain although
initially described for TRPVI1 [25], it was later described for
TRPV2 [26] within the C-terminus. Due to the level of
conservation of this region (which also includes the TRP box)
and focusing on the conserved aromatic and positively-charged
residues, the PIP2 domain may be easily defined for TRPV3 and
TRPV4 as well [27].

Another protein-protein interaction region defined in TRPV1 is
the one for the binding of AKAP79 protein [28], which can be
casily translated into TRPV2, TRPV3 and TRPV4 because of the
consensus sequence conservation (Fig. 5C). Finally, in Fig. 5C a
gap appears in the middle of the highly conserved TRP box
hallmark (IWKLOR consensus), indicating that one should be
cautious about the poor quality of some non-reviewed sequences
(outliers in Fig. 1C and D), which may introduce artifacts in the
MSA.

Discussion

Experimental structural data is essential for the understanding
of membrane proteins’ molecular mechanisms. Bioinformatics
provides tools to depict some functional/structural details using
evolutionary information in the absence of structural data.
Considering TRP channels as the subject for a bioinformatics
approach represents a major challenge because the large number
of protein members and the diverse functions. Here we have
restricted our analysis to the TRPV1-4 evolutionary subset of TRP
channels to gain structural insight into the multidomain organi-
zation and conservation of these channels. In addition, we have
taken advantage on the recently solved structure for TRPV1 to
validate specific evolutionary traits [17].
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Figure 2. Domain-specific conservation profile for TRPV channels. A. Box plots showing the sequence divergence for specific domains of
TRPV1-4 channels. The domain topology for the channels is indicated as a cartoon bar. The color-coding for each domain in the cartoon bar is
represented in the box plot coloring. B. Plot of the normalized ratio for the medians for each domain segment. The Y-axis indicates the conservation
(negative values) or divergence (positive values) of the domain in respect to the full-length protein conservation (value 0).

doi:10.1371/journal.pone.0110715.9g002

Considering the evolution time and sequence divergence
parameters (Fig. 1), we can estimate the rate of evolutionary
pressure. The purifying evolutionary pressure on TRPVI,
TRPV3, and TRPV4 sequences is higher than on TRPV2
sequences, which are more divergent, either comparing mammals
or vertebrates. Considering pressure across taxonomy, the highest
purifying pressure has been exerted over TRPV4, although at very
similar levels to TRPV1 and TRPV3. TRPV2 selective pressure
indicates the possibility that TRPV2 channels are under positive
selection, compared to TRPV1, TRPV3 and TRPV4. Another
interesting hypothesis is that TRPV2 appeared as gene duplication
from TRPV1 and positive selection on TRPV2 acts towards
defining new physiological roles; thus, both channels (TRPV1 and
TRPV2) may still have redundant roles on specific tissues/
organisms. This hypothesis fits with the chromosome location of
TRPV1, TRPV2 and TRPV3 in human (Chrl7) and mouse
(Chrll) for example, that indicates that a TRPV gene duplicated
first originating TRPV2, and a more recent gene duplication

generated the ancestor of TRPV1 and TRPV3 genes [29].
TRPV4 is located in chromosomes 12 and 5 in human and mouse,
respectively, indicating an earlier/distinct genetic variation events.

TRPV1-4 subset is represented in the tree of life starting from
teleosts [5] (Fig. 1), although representative TRPV ancestors are
found in Caenorhabditis elegans and in Drosophila melanogaster
[5,30-32]. The late onset of these channels on the evolutionary
tree of life argues for a very specific function requirement. Our
analysis indicates that regions such as the distal N-terminus, some
extracellular loops (such as the loop 5), and the distal C-terminus
of TRPVI1-4 channels are highly divergent, probably under
positive selection, and very specific for each one of the channels.
The putifying evolutionary pressure trend on specific domains,
such as ARD, MPD, TMD and TRP domain (TRP box linker and
TRP box) indicates that TRPV1-4 channels share a common
minimal functional scaffold unit, comprising the ARD to the TRP
domain, which corresponds to solved the high resolution
tridimensional structure [17].

Table 2. Segment definition for human TRPV1-4 channels based on UNIPROT details*.

Segment hTRPV1 hTRPV2 hTRPV3 hTRPV4
Nterm 1-110 1-71 1-116 1-147
Ank1* 111-153 72-114 117-166 148-189
Ank2* 154-200 115-161 167-213 190-236
Ank3* 201-247 162-207 214-260 237-282
Ank4* 248-283 208-243 261-295 283-319
Ank5* 284-332 244-292 296-338 320-367
Ank6* 333-359 293-319 339-366 368-395
MPD 360-433 320-390 367-439 396-465
™1 434-454 391-411 440-460 466-486
loop1 455-476 412-434 461-487 487-508
TM2 477-497 435-455 488-508 509-529
loop2 498-513 456-471 509-523 530-550
TM3 514-534 472-492 524-544 551-571
loop3 535 493 545 572
TM4 536-556 494-514 546-566 573-593
loop4 557-579 515-537 567-589 594-616
TM5 580-600 538-558 590-610 617-637
loop5 601-635 559-595 611-621 638-662
pore 636-647 596-609 622-641 663-682
loop6 648-659 610-621 642-649 683-690
TMé6 660-680 622-642 650-670 691-711
C-loop 681-696 643-654 671-690 712-731
TRPbox 697-702 659-664 691-697 732-738
Cam BS 768-802 655-686 812-831
PIP2 778-793

Cterm 803-839 687-764 698-790 832-871
Total length 839 764 790 871
*Ankyrin repeats were defined according to the crystal structure.

doi:10.1371/journal.pone.0110715.t002
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Figure 3. Tridimensional Conservation plots for TRPV1-4 comparing vertebrate and mammalian sequences. Conservation degree for
each amino acid position was plotted on the solved structure for TRPV1 (pdb code 3J5P) for the MSAs for TRPV1-4 and TRPV1. For the conservation
plot of TRPV2, TRPV3 and TRPV4 homology models were built based on the coordinates of TRPV1 (pdb code 3J5P). The conservation ranges from
cyan (divergent) to magenta (conserved). Specific domains are indicated: TMD, transmembrane domain; ARD, ankyrind repeat domain; MPD,

membrane proximal domain.
doi:10.1371/journal.pone.0110715.9003

We have taken special consideration into the TMD of these
channels, mainly because the channel gating that allows the cation
flux through the pore, but also because the conservation profile of
this domain will provide hints about homo/heteromer contacts,
transmembrane topology and ligand binding. To get structural
insight into the TMD we have analyzed the TMD residual
coevolution pattern. Taken altogether, the evolutionary pressure
on TM4-TMBS6 region is the highest, while the ECs in the TM1—
TM3 region are not so represented (Fig. 4B). The evolution profile

A

correlates with the inter-chain structure contacts: most of the inter-
chain contacts in the TMD are located in the TM4-TM6 region,
with the exception of the TMI-TM5 contacts (Fig. 4D).
Analyzing the residues that may have co-evolved provides and
interesting approach to understand the residues that may be in
close vicinity. In the case of transmembrane proteins, the residual
coevolution information can be cross-related to predict contacts
between transmembrane segments involved in the folding/
oligomerization of TPRV channels.
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Figure 4. Transmembrane domain analysis for TRPV1-4. A. Evolutionary constraints heat map for the TMD of TRPVs using rat TRPV1 as
reference sequence. The colored dots indicate the evolutionary constraints. The grey shaded area indicates the tridimensional structure contacts
(3J5P). B. Histogram indicating the number of evolutionary constraints for each TMD region. C. Inter-chain structure contacts for chains A-B, black,
for chains A-C, grey, and chains A-D, open circles. D. Histogram indicating the number of inter-chain structure contacts for chain A against chain B, C,

and D between the indicated transmembrane segments.
doi:10.1371/journal.pone.0110715.g004
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Figure 5. Cytosolic domains of TRPV channels. A. Conservation plot for the TRPV1 N-terminus (surface representation) and C-terminus (ribbon
representation) interaction region. The residues involved in the MPD and TRP box interaction have been selected using a 5A threshold. The specific
residues are indicated in the alignments in Fig. 5B and 5C. The left plot represents the conservation scores obtained by ConSurf [46] for all TRPV1
sequences in this study. The plot in the right represents the conservation scores for all TRPV sequences used in this study. B. MSA for the membrane
proximal domain of human TRPVs. The consensus sequence and the confidence score for the whole set of mammalian and vertebrate sequences are
indicated. The black dashed line box delimits a conserved domain with predicted phosphorylation sites (asterisks, see text for details). Conserved
residues are highlighted, positively charged residues are framed in red, and black arrows indicate aromatic residues. Shaded residues in the TRPV1
sequence represent the contacts between the MPD and the TRP box, represented in Fig. 5A. C. MSA of the C-terminal domain of human TRPV1-4
channels. Fragment showing the alignment of the C-terminal region from the human TRPV1-4 channels. The consensus sequence and the confidence
score for the whole set of mammalian and vertebrate sequences are indicated. Specific structural/regulatory domains are indicated; TAD,
tetramerization domain, commonly known as TRP domain; TBS, tubulin-binding sequence; PIP2, Phosphatidylinositol 4,5-bisphosphate binding
sequence; AKAP79; CAM BS, calmodulin binding sequence. The alignments were plotted using JalView 2.8 [14]. Shaded residues in the TRPV1
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doi:10.1371/journal.pone.0110715.g005
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Using the primary sequence information we have delimited
some conserved sequence determinants in the TRPV MPD
domain that may be protein-protein and/or protein-lipid interac-
tion modules (Fig. 5A and B). Although the MPD has been
postulated to be the thermal sensing domain of the TRPV
thermosensors [19], other roles for the MPD become evident, such
as a lipid binding domain or a vesicle trafficking domain.

Interestingly, the LKRSF consensus in the MPD sequence of

TRPVs, with a highly likely phosphorylation serine site (Fig. 5) is
also present near the coil domain of mammalian syntaxins 1,2, and
3, which also interact with the C2A domain of synaptotagmins
[33]. The conserved LKRSF in TRPVs sequence is a predicted
motif for PKC phosphorylation and it could be also involved in the
regulation of syntaxin-binding proteins involved in vesicle-
mediated transport. Vesicle trafficking may lead to translocation
of TRPVs from internal membrane pools towards the plasma
membrane, essential for TRPVs activity [34-36].

Similarly, the conservation of some functional features located
in the C-terminus segment, allows the inference of domains such
as the tetramerization, PIP2 binding and AKAP79 binding
domains for all TRPVs 1-4 (Fig. 5C). It is noteworthy the
importance of these domains for the correct assembly of the
tetramer in the membrane, the gating and the regulation of the
channel, respectively.

Conclusions

Concerning TRPV1-4, we find that TRPV2 is under positive
selection. The evolutionary pressure on specific domains is positive
on the N-terminal and most extracellular loops, but negative in the
ARD, TMD and the TRP domain. Taking advantage of the
recently solved structure for TRPV1, we have been able to map
specific evolutionary traits in the TMD that are relevant for the
structure of the channel. We have also used the conservation
profiles in the cytosolic domains to extrapolate functions of one
channel to the rest, such as the AKAP interaction of TRPV1, the
PIP2 binding of TRPV1 and TRPV2, etc.

From this study we find that evolutionary pressure is exerted
differentially on different TRPVs but similarly on specific TRPV
domains, arguing for a strong physiology/tissue-dependence/
environment adaptability of these channels. From a methodolog-
ical perspective, we provide a workflow for dissecting complex
multidomain membrane proteins through their primary sequenc-
es, integrating and adapting state-of-the-art algorithms specifically
for membrane proteins. In summary, our study highlights the
relevance of evolutionary primary sequence analysis of membrane
proteins towards predicting potential functional and structural
sequence hallmarks, which may obviously require experimental
validation.

Materials and Methods

Sequence retrieval and revision of draft sequences

We retrieved all the available sequences for TRPV1, TRPV2,
TRPVS and TRPV4 channels available from UNIPROT [13,37].
The complete sequences from UNIPROT were used without
further modifications. The fragment sequences were used as
primers in genome databases NCBI [38] and UCSC [39] by
BLAST and BLAT algorithms, respectively. Sequences identified
in genomes were completed and used for further analysis. The
fragment sequences that could not be completed, either because
the genomic region was not covered or because they were not
found, were not modified and the original UNIPROT retrieved
fragments were used. The total set of sequences consisted of:

TRPV1 (35 sequences), TRPV2 (35 sequences), TRPV3 (27
sequences), and TRPV4 (28 sequences). To avoid biased
information, we used only the full-length sequences for the
divergence analysis and conservation plots (Table 1 and Supple-
mentary Information). Preliminary sequence analysis was carried
out using the computational phylogenetics HyPhy software
package [15]. To detect directional selection we performed a
two-step process: first, we run the “Model Selection Tool” and the
best model for our data was Jones-Taylor-Thornton (JTT). Second
we performed a FADE analysis for each TRPV channel MSA
(rooting the alignment in the Homo sapiens sequence) to detect
sites under evolutionary directional positive selection (output in
Table 1). As a measure of positive selection we chose the residues
with a posterior confidence interval >0.95.

Multiple sequence alignment

All the sequences were aligned using Clustal W algorithm with a
gap opening penalty of 10 and a gap extension penalty of 0.1 [40].
For validation of the alignments, we have also used MAFFT
alignments [41]; there were no major differences between the
generated MSAs. We defined two subsets of MSAs, to discriminate
between mammalian and vertebrate sequences for TRPVI,
TRPV2, TRPV3 and TRPV4.

Phylogenetic tree generation

Trees were generated by maximum likelihood algorithm
(Nearest-Neighbour-interchange heuristic method). A JTT model
with uniform rates was used to calculate amino acid substitutions.
Bootstrapping method with 250 iterations was used to improve the
phylogenetic tree confidence value.

Box plot generation

Using the full protein or the specific segment MSAs we build a
pairwise sequence divergence matrix in MEGAS.0. Considering
one specific TRPV channel, all species sequences within the
specific member were compared in a pairwise fashion obtaining a
divergence matrix. Specifically, we applied a p-distance model,
where the pairwise divergence among all the sequences in one
TRPV member subset is calculated considering the number of
substitutions per total number of residues considered (full length
protein or specific segment). Any amino acid substitution is scored
with equal distance (uniform rate), and alignment gaps are
considered partial deletions sites and are removed from any
calculations, i.e. sites present in all sequences are considered.

Medians of divergence in mammal and vertebrate TRPVs were
compared with Kruskal-Wallis test. Divergence of each TRPV was
compared with divergence of the other TRPVs using Wilcoxon
rank sum test. p-values were adjusted for multiple comparisons
using the Bonferroni correction and considered significant (¥)
when p-value<<0.05. Statistical analysis was performed with R
Statistical Package (Version 2.15.1) [42].

The sequences of human TRPVI, TRPV2, TRPV3 and
TRPV4 were used as references for domain definition. MSAs
were truncated into different segments attending to UNIPROT
topology definition for the different transmembrane segments and
functional domains. The ankyrin repeats were defined attending to
the crystal structures already available [43-45]. The divergence
matrices for specific segments were generated as previously
indicated for the full-length sequences. The distances (divergence)
within the box represent the first three quartiles and the line
corresponds to the median (second quartile). The whiskers indicate
the values within 1.5 times the interquartile range from the lowest
and highest quartile, respectively. Diamonds represent outliers.
For statistical analysis of the divergence of specific segments, we
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used a Mann-Whitney comparison of two medians (segment versus
full-length).

Boxplots were generated both for full sequences and for specific
domains. We have used a normalized ratio of medians (Fig. 2B) to
provide a qualitative comparison for the analysis of divergence
between full-length sequences and specific domains, among the
different channels:

(Segment median — Full length median)/(Full length median).

Evolutionary constraints and conservation plots

To map residue and domain conservation on the specific
domains, we used the ConSurf server [46] using the 3J5P TRPV1
structure as template. Evolutionary constraints of the TRPVs
TMD domain were predicted using the EVcouplings server [18]
and the inter-chain crystal contacts for rat TRPV1 structure, PDB
code 3J5P [17] were analyzed using the contact map analysis tool
from the SPACE suite [47].

Tridimensional representations and modeling

All structural representations have been performed using UCSF
Chimera [48]. The modeling of TRPV2, TRPV3, and TRPV4 in
Figure 3 has been carried out using the MODELLER suite [49)]
included in UCSF Chimera.
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Molecular and topological membrane folding
determinants of transient receptor potential vanilloid
2 channel.

Specific Objectives

¢ Characterize the implications of N terminus of TRPV2 in protein trafficking and folding.

¢ Study the transmembrane folding modules and determinant properties of TRPV2 membrane
insertion.

* Map the transmembrane alpha helices distribution of TRPV2 and analyse the potential

conservation in TRPVs.
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Transient Receptor Potential (TRP) channels are related to adaptation to the environment and somato-
sensation. The transient receptor potential vanilloid (TRPV) subfamily includes six closely evolutionary
related ion channels sharing the same domain organization and tetrameric arrangement in the
membrane.

In this study we have characterized biochemically TRPV2 channel membrane protein folding and
transmembrane (TM) architecture. Deleting the first N-terminal 74 residues preceding the ankyrin repeat
domain (ARD) show a key role for this region in targeting the protein to the membrane. We have
demonstrated the co-translational insertion of the membrane-embedded region of the TRPV2 and its
disposition in biological membranes, identifying that TM1-TM4 and TM5-TM6 regions can assemble as
independent folding domains. The ARD is not required for TM domain insertion in the membrane. The
folding features observed for TRPV2 may be conserved and shared among other TRP channels outside the
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1. Introduction

Transient Receptor Potential (TRP) channels are polymodal
cation channels with physiological key roles represented in six
subfamilies in mammals [1]. The vanilloid subfamily in mammals
consists of 6 members (TRPV1-6) with a very defined topology of
two cytosolic domains flanking a membrane-embedded region. The
TRPV1-4 subgroup has been defined as non-selective cation chan-
nels, whereas TRPV5-6 are calcium selective. The closest homologs

Abbreviations: ARD, ankyrin repeat domain; EGFP, enhanced green fluorescent
protein; TM, transmembrane; TMD, transmembrane domain; TMHMM, TM hidden
Markov model; TRP, transient receptor potential; TRPV, transient receptor potential
vanilloid subfamily.

* Corresponding author. Centre d'Estudis en Biofisica/Unitat de Biofisica, Edifici
M, Universitat Autonoma de Barcelona, 08193 Bellaterra, Barcelona, Spain.
Fax: +34 935811907.
** Corresponding author. Department of Biochemistry and Molecular Biology/ERI
BioTecMed, Dr. Moliner 50, University of Valencia, 46100 Burjassot, Spain.
Fax: +34 963544635.

E-mail addresses: Ismael.Mingarro@uv.es (1. Mingarro), peralvarezmarin@gmail.
com (A. Perdlvarez-Marin).

1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.bbrc.2015.04.120
0006-291X/© 2015 Elsevier Inc. All rights reserved.

are TRPV5 and TRPV6, sharing a 75% sequence identity [2]. The
most studied member of the TRPV subfamily is TRPV1, the capsaicin
receptor, which structure has been recently solved at high resolu-
tion. This structure showed a tetrameric arrangement of 6 trans-
membrane (TM) helices per monomer in TRPV1 with a topology
and tetrameric arrangement similar to sodium channels 3], which
is likely to be shared among the different TRPV members. The
TRPV1-4 subgroup has a low sequence identity (TRPV1 and TRPV2
are the closest homologs with about 50% sequence identity),
although evolutionary pressure patterns are similar [4].

Translocation of TRPV2 towards the plasma membrane has been
observed in the presence of physical stimuli, growth factors or
chemotactic peptides [5]. Recently, the possibility has arisen that
TRPV2 functions as an intracellular or plasma membrane ion
channel in a cell type/tissue dependent manner [6]. Thus it is key to
define which TRPV2 domains are in charge for the sub-cellular
localization and the proper folding of the channel.

Most membrane-embedded proteins are inserted and assem-
bled in the ER membrane at sites termed translocons [7]. During
this process, the translocon mediates the integration of TM se-
quences into the non-polar core of the membrane and delivers
hydrophilic cytoplasmic and luminal domains to the appropriate
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compartments. Simultaneously, the nascent protein may undergo
covalent modifications (e.g. N-glycosylation) and fold properly to
eventually adopt its native state. N-glycosylation is cotranslation-
ally performed in the lumen of the ER by the enzyme oligo-
saccharyltransferase, which is adjacent to the translocon [8]. TRPV2
has canonical N-glycosylation sites, N571N57,ST, thus integration of
the protein into ER-derived membranes can be monitored by N-
glycosylation.

In this study we have applied a combination of biochemical
approaches focusing on key molecular aspects of the TRPV2 chan-
nel related to membrane location, transmembrane architecture and
folding. Some of the conclusions derived from this study can be
relevant for the other members of the TRPV subfamily and other ion
channels.

2. Materials and methods
2.1. Plasmids

cDNA sequences for rat TRPV2 were cloned into a pCDNA3
vector. The TRPV2 ORF was encoded in frame with an EGFP tag and
an 8XHis-tag at the C-terminus. The N-terminus truncations for
TRPV2 were obtained by classical PCR cassette reaction and ligated
into pCDNA3 within Ndel and Notl sites.

2.2. Cell culture and transfection

HEK293 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% FBS, 100 units/mL
penicillin and 100 pg/mL streptomycin. Transfection was performed
using polyethyleneimine (PEI, Polysciences, 23966). HEK293 cells
overexpressing the transfected constructs were harvested 48 h af-
ter transfection and cells were lysed and membrane proteins sol-
ubilized for 15 min at 4 °C in detergent-containing buffer (50 mM
Tris—HCL pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton, 5% glycerol,
1 mM benzamidine and EDTA-free protease inhibition cocktail,
ROCHE 11873580001). The total fractions were centrifuged at
14000 g for 10 min. The supernatant was labeled as soluble (S) and
the non-solubilized pellet was dissolved using a volume of buffer
equal to the supernatant's volume and labeled as non-solubilized
(P). EGFP-containing cell extracts could be visualized in an SDS-
PAGE using a blue light box to monitor EGFP emission. Quantifi-
cation of bands has been carried out using Image] gel analyzer
tool [9].

2.3. MTT viability assay

24 h after transfecting HEK293T cells, cells were plated at
40,000 cells/well density in a 96 well plate. 48 h transfected cells
were incubated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) reagent (Invitrogen, M6494)
for 3.5 h at 37 °C and the absorbance at 590 nm was measured with
a FluoStar Optima microplate reader (BMG Labtech).

2.4. Biotinylation assay

Transfected HEK293 cells were washed with phosphate buffered
saline (PBS) and incubated with sulfo-NHS biotin (0.5 mg/ml) for
30 min at 4 °C in an orbital shaker. After incubation cells were
washed with PBS, quenched with a solution of 50 mM glycine and
50 mM ammonium chloride in PBS and washed with PBS. Cells
were lysed in IP buffer pH = 7.4 (PBS, 1% Triton, 5% glycerol, 2.5 mM
calcium chloride, 1 mM magnesium chloride, 5 mM EDTA, 5 mM
EGTA, 10 mM sodium pyrophosphate, 50 mM sodium fluoride,
1 mM NaV03, 1 mM benzamidine and EDTA-free protease

inhibition cocktail, ROCHE). Cell extracts were incubated for
15 min at 4 °C and centrifuged at 14,000x g for 10 min. 500 pg of
total protein from the cell extracts were incubated for 3 h at 4 °C
with 50 pL neutravidin beads. Immunoprecipitated complexes
were denatured with SDS-PAGE sample buffer (90 °C for 5 min),
separated by SDS-PAGE and analyzed by immunoblotting. Scanned
films were quantified using Image] gel analyzer tool [9]. For
exocytosis inhibition, transfected HEK293 cells were treated with
50 uM Exol (SantaCruz, sc-200752) 2 h prior to biotinylation
treatment. To allow the comparison of protein levels between the
samples, all samples were loaded into the same gel.

2.5. Immunoblotting

Lysates and inmunoprecipitates were loaded into SDS-PAGE and
transferred to a nitrocellulose membrane. Membranes were
blocked in TBS-T with 5% (w/v) non-fat dry milk powder and
incubated with primary anti His-Tag antibody from Developmental
Studies Hybridoma Bank (DHSB mouse P5A11) at 1:1000 dilution
and secondary antibody (Santa Cruz, anti mouse sc-2031) at 1:3000
dilution. Detection was carried out with Crescendo reagent (Milli-
pore, WBLURO0100).

2.6. Microscopy and image analysis

Transfected cells on glass bottom microwell dishes (MATTEK)
were in vivo visualized using a Leica TCS SP5 confocal microscope
with a lens PL APO 40x/1.25—0.75. Cells were incubated 5 min with
CellMask Deep Red Plasma Membrane (Life Technologies, C-10046)
and HOESCH dyes (Life Technologies, H1399) before visualization.
At least five fields were captured for each sample, yielding a total of
>40 cells visualized.

2.7. Transmembrane topology experiments

TRPV2 truncated constructs were obtained by using forward
primers that include the SP6 promotor sequence at the 5’ end and
reverse primers at defined positions with an N-glycosylation C-
terminal tag followed by tandem stop codons (Table S1) [10].
In vitro transcription and translation were performed as previously
reported [11]. After membrane pelleting, samples were analyzed by
SDS-PAGE, and gels were visualized on a Fuji FLA3000 phosphor-
imager using the ImageGauge software. The membrane insertion
efficiency of a given truncated form was calculated as the quotient
between the intensity of the singly glycosylated band divided by
the summed intensities of the non-glycosylated and singly glyco-
sylated bands.

2.8. TRPV2 modeling and docking into the TRPV2 EM map

The rat TRPV2 homology model was built using the Modeller
[12] built-in in UCSF Chimera [13] using the rat TRPV1 coordinates
(PDB code 3j5p). The membrane-embedded domain of TRPV2 was
restrained to the topology experiments. TRPV2 homology model
docking into the electron microscopy (EM) map of TRPV2 (code
EMDB-5688, [14]) was carried out in UCSF Chimera. The TRPV2 EM
map was flipped horizontally to show the same handedness of the
TRPV1 structure.

3. Results and discussion
3.1. N-terminus of TRPV2 is involved in cell membrane localization

To characterize structural and physiological aspects related to
the N-terminus of TRPV2 we studied two N-terminal truncations of
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rat TRPV2 (rTRPV2); first, a deletion involving the 74 residues
preceding the ARD (AN74-rTRPV2), and second, a truncation
involving the entire ARD (AARD-rTRPV2), i.e. a rat TRPV2 protein
variant with the first 336 residues deleted (Fig. 1A). Taking
advantage of rTRPV2-EGFP fusions, we analyzed the protein
expression levels by in-gel fluorescence of the full-length and
truncated forms for rTRPV2 in HEK293T cells (Fig. 1B). Complete
solubilization was not achieved using Triton X-100, but the full
length and truncated forms were observed at similar levels in the
non-solubilized (P) and the solubilized (S) fractions (Fig. 1B). Due to
the heterologous expression of the different isoforms, we needed to
verify that no observable differences arose from toxicity effects
derived from protein overexpressions in HEK293T cells. The toxicity
associated to the expression of GFP fused proteins was evaluated by
means of an MTT assay, comparing to non-transfected cells, and to
the EGFP alone (vector). No significant toxicity effects on HEK293T
cells related to the presence of rat TRPV2 could be observed
(Fig.1C), as compared to another study showing cytotoxic effects in
mouse TRPV2-transfected cells [15]. We also evaluated the cellular
distribution of the full-length TRPV2 compared to the truncated
forms. In Fig. 2A we provide an illustrative representation for the
TRPV2 subcellular localization of the different constructs, all of
them resulting in an internal-membrane rich TRPV2 localization.
Image analysis of co-localization shows that the deletion of either
the first 74 or 336 residues (AN74 or AARD constructs) of TRPV2
leads to a strong reduction of TRPV2 in the plasma membrane of
HEK293T cells (Fig. 2A). To quantitate the localization of TRPV2 in
the plasma membrane we performed a surface biotinylation assay
[6,16]. TRPV2 was precipitated from biotinylated HEK293T cells
(Fig. 2B) indicating that a fraction of TRPV2 is present in the plasma
membrane of the transfected cells. The percentage of membrane-
localized TRPV2 is significantly decreased either by the AN74 or
AARD truncations (first 74 or 336 amino acids, respectively)
(Fig. 2C). As a control, we inhibited TRPV2 targeting from the ER to
the membrane by treating HEK293T transfected cells with an
exocytosis inhibitor, 2-(4-Fluorobenzoylamino)-benzoic acid
methyl ester (Exo1) (Fig. 2C), which induces a rapid collapse of the
Golgi [17].

In sequence length, TRPV2 is the shortest within the TRPV1-4
subgroup (e.g. human sequences for TRPV1, TRPV2, TRPV3, and
TRPV4 are 839, 764, 790, and 871 residues, respectively), displaying
the shortest N-terminal region compared to TRPV1, TRPV3, and
TRPV4. We observe that the first N-terminal 74 residues of TRPV2
play a role in the subcellular localization of the protein, such as
targeting to the plasma membrane, since the deletion of this region
leads to strong intracellular accumulation of the protein channel
(Fig. 2).

3.2. Cotranslational insertion of TRPV2 membrane-embedded
domain

To address that the N-terminus truncations do not yield intra-
cellular accumulation of the channel due to improper packing/
folding of the TRPV2 membrane-embedded domain we have per-
formed further membrane protein topology studies.

TRPV2 lacking the first 336 residues and defining the
membrane-embedded domain (residues 337—654) was translated
in vitro in reticulocyte lysate in the presence of rough microsomes
(RM). Most of this protein was glycosylated, which is detected by an
increase in molecular mass of about 2.5 kDa (Fig. 3, lane 3). The
TRPV2 membrane-embedded sequence contains an endogenous
acceptor site for N-linked glycosylation: N571N57,ST. No glycosyla-
tion was observed when a double mutant harbouring the consec-
utive Asn residues replaced by serines was translated in the
presence of RMs (Fig. 3, lane 5). Therefore, the acceptor site
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Fig. 1. Heterologous expression of TRPV2 N-terminal constructs. A. The domain or-
ganization of a TRPV2 monomer is displayed as a color-coded cartoon: N-terminus,
blue; ARD, black; pre-TMD, pink; TMD, white; C-terminus, grey; EGFP, green; His-tag,
orange. The N-glycosylation site is highlighted by a Y-shaped symbol. B. In-gel fluo-
rescence indicating the expression of the truncations in HEK293T cells. TRPV2 wild
type and truncations were extracted from membranes and present in the soluble
fraction. C. MTT assay to determine the survival rate of HEK cells transfected with the
defined rat TRPV2 truncations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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for TRPV2 and the N-terminal truncations determining the amount of protein present in the plasma membrane. For each biotinylation experiment (N = 3), and for quantification
purposes, samples were loaded in the same gel, and analyzed in the same film. C. Quantification of 3 independent biotinylation assays.

Ns571N57,ST is cotranslationally glycosylated in vitro, suggesting that
the cytosolic N-terminus comprising the first 336 residues (AN74
and AARD constructs) is not required for membrane packing/
folding of the protein.

3.3. Ordered membrane insertion of TRPV2 membrane-embedded
domain

Next, we predicted the topology of TRPV2 membrane-
embedded region using two commonly used prediction algo-
rithms, i.e. the TM hidden Markov model (TMHMM) [18] and the
experimentally based AG Predictor [19] methods to assess the
segments with the higher probabilities to span biological
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Fig. 3. TRPV2 is cotranslationally inserted into RMs and glycosylated at Ns71N57,ST
acceptor site. Full-length TRPV2 membrane-embedded region and TRPV2-derived
construct NN > SS containing the mutations Asn571Ser and Asn572Ser. Both con-
structs were translated in vitro in the presence of [>*S]Met/Cys and in the absence (—)
and in the presence (+) of dog pancreas RMs. Bands of non-glycosylated proteins are
indicated by a white dot and glycosylated proteins are indicated by a black dot. Mo-
lecular weight markers are shown on the left (lane 1).

membranes. As seen in Fig. 4A both methods roughly agree in their
prediction outputs. Nevertheless, the membrane-buried segment
of TM3 does not coincide in both predictions.

Since N-linked glycosylation occurs in a compartment-specific
manner, this modification can provide valuable topological infor-
mation [20]. Thus, to experimentally map the membrane-
embedded domain of the TRPV2, we used N-glycosylation as a to-
pological reporter [21]. We prepared a series of protein truncates
containing an added C-terminal glycosylation tag (NSTMGM) that
has been proven to be efficiently modified in the in vitro translation
system [10]. As shown in Fig. 4B, translation products containing
residues 336—432 (truncated 96-mer polypeptides) of TRPV2,
including the first predicted TM segment (TM1), were efficiently
glycosylated in the presence of RMs (52 + 4% of glycosylation),
supporting the expected N-terminal cytoplasmic orientation for
TM1. Truncated 134-mer polypeptides, which include residues
336—470 (Fig. 4A), were not glycosylated (6 + 3% of glycosylation),
indicating that the second predicted TM segment (TM2) efficiently
integrates into the membrane (see Fig. 4B top for an illustrative
scheme). The precise location of the third predicted TM segment
was tested by translating a 159-residue truncation (residues
336—495). According to the TMHMM prediction, TM3 would span
from residue 462 to residue 484, whilst according to the AG Pre-
dictor TM3 would end at residue 492. It has been previously re-
ported that glycosylation occurs when the acceptor Asn is ~11—13
residues away from the membrane [22,23]. Therefore, since 159-
mer polypeptides are not glycosylated (see Fig. 4B, lane 6), TM3
may extend up to Met492. To corroborate TM3 positioning, we
added a previously used flexible amino acid linker [24] to extend
the Asn glycosylation acceptor site farther away from the mem-
brane ((159 + 10)-mer). Translation in vitro of this construct in the
presence and in the absence of RMs (Fig. 4B, lanes 7 and 8) rendered
glycosylated forms, placing the C-terminal end of the membrane-
embedded TM3 segment around residue 492, in perfect agree-
ment with the segment predicted by the AG Predictor (residues
471-492).

Furthermore, insertion of TM4 was analyzed by translating a
200-residue truncation (residues 336—536). The low level of
glycosylation observed (26 + 4%, Fig. 4B lane 10) indicates that the
predicted fourth TM segment was significantly inserted. Truncated
polypeptides encompassing residues 336—609, which include the
native potential glycosylation site Ns571N57,ST, were doubly
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are indicated by a white dot and singly- and doubly-glycosylated proteins are indicated by one and two black dots, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

glycosylated, indicating that TM5 efficiently integrates into the
membrane. Finally, the single glycosylation of 318-mer construct
(residues 336—654) carrying the C-terminal glycosylation tag,
combined with the absence of glycosylation in the mutated version
(NN > SS) of TRPV2 membrane-embedded region (Figs. 3 and 4B),
supports the presence of an inserted sixth TM segment.

3.4. Fitting of a homology model of TRPV2 into the TRPV1 solved
structure

Next, we built a homology model of rat TRPV2 based on the
recently solved structure of rat TRPV1 (PDB code 3j5p, [3]) using the
AG Predictor [19] predicted TM segments and the present experi-
mental results as constraints (represented by ribbons in Fig. 4C).
The TRPV2 membrane-embedded domain sequence prediction
satisfies the TM helix disposition of TRPV2 built on the coordinates
of the TM1-TM6 of TRPV1 (Fig. 4C, coloured cylinders). In addition,
we fitted the homology model of TRPV2 on the low resolution EM
map of TRPV2 (code EMDB-5688, [14]) (not shown).

Both the TRPV2 model and the 3D structure of TRPV1 show a
large spatial gap between the TM1-4 and the TM5-6 segments due
to a relatively long membrane interface domain between TM4 and

TM5. This fact suggested the possibility of TM1-4 and TM5-6 acting
as independent folding/assembly subunits.

3.5. Membrane insertion of TM5-TM6 hairpin

TRPV2 channel functions as a tetramer. As shown in Fig. 4C, in
each monomer TM5 and TM6 seem to cluster away from the rest of
the membrane-embedded domain (TM1-4) as an a-helical hairpin.
This simple structural motif is thought to occur relatively
frequently in integral membrane proteins and may serve as an
important structural and/or functional element [25]. In the TRPV1
case, this helical hairpin has been implicated in the formation of the
central ion-conducting pore of the tetramer [3]. To explore the
possibility that TRPV2 TM5 and TM6 region could integrate into the
membrane as an independent folding motif, we translated from
Arg517 to Glu609 (Fig. 4D), a region that includes the extra-
membranous loop connecting TM4 to TM5, the fifth TM segment
and the native glycosylation site N571N57,ST. As shown in Fig. 4D
(lanes 1-3), doubly glycosylated forms were observed, suggesting
that TM5 isolated from the rest of the membrane-embedded region
is able to direct its integration into the ER membrane through the
translocon. Furthermore, translation of truncated C-terminal
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reporter tag fusions encompassing from Arg517 to Asp654, which
extended the polypeptide to include TM6, show singly glycosylated
forms, suggesting o-helical hairpin insertion (Fig. 4D, lane 5).
Notably, single glycosylation and no glycosylation were observed
when the native glycosylation acceptor site was mutated in these
two constructs (Fig. 4D, lanes 3 and 6). Combined, these results
support the independent a-helical hairpin motif integration into
biological membranes.

Taking into account our experimental topological analysis,
together with TRPVs evolutionary information [4] and the recent
TRPV1 and TRPV2 structures [3,14], it is evident that the
membrane-embedded domain of the TRPV1-4 shares a common
membrane disposition. Interestingly, the insertion into the bilayer
of TRPV channels is cotranslational and does not require the cyto-
solic N-terminal region (first 74 residues and the ARD), since our
translation/insertion experiments were carried out in the absence
of this domain. We have also identified that the TM1-TM4 and the
TM5-TMB6 regions of TRPV2 are capable of assembling separately in
the membrane, acting as independent folding units. Thus, an in-
dependent folding of the TM1-TM4 and TM5-TM6 can be assumed
for TRPV1-4 channels, and it cannot be ruled out for the equivalent
region of other ion channels with similar topology such as potas-
sium and/or sodium channels [26,27].

Conflict of interest
None declared.
Acknowledgments

The cDNA sample for rat TRPV2 was kindly provided by Prof.
Rachelle Gaudet. The authors acknowledge the skillful assistance of
Elodia Serrano, the funding from Spanish Government (MICINN-
SAF2010-21385 to A.P.-M. and BFU2012-39482 to L.M.), a Marie
Curie International Outgoing Fellowship within the 7th European
Community Framework Programme (PIOF-GA-2009-237120 to
A.P.-M.), the Generalitat de Catalunya research program (AGAUR,
2014-SGR-1628 to A.P-M.) and the Generalitat Valenciana
(PROMETEOII/2014/061 and ACOMP/2014/245 to I.M.). PD.-M. is a
recipient of an FI fellowship from Generalitat de Catalunya
(FI—2013FIB00251); M.B.-P. was the recipient of an FPU fellowship
from the Spanish Ministry of Education. A.P.-M. is a recipient of the
Universitat Autonoma de Barcelona-Programa Banco de Santander
Fellowship.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.04.120.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.04.120.

References

[1] B. Nilius, G. Owsianik, The transient receptor potential family of ion channels,
Genome Biol. 12 (2011) 218.

[2] MJ. Gunthorpe, C.D. Benham, A. Randall, J.B. Davis, The diversity in the
vanilloid (TRPV) receptor family of ion channels, Trends Pharmacol. Sci. 23
(2002) 183—191, http://dx.doi.org/10.1016/S0165-6147(02)01999-5.

[3] M. Liao, E. Cao, D. Julius, Y. Cheng, Structure of the TRPV1 ion channel
determined by electron cryo-microscopy, Nature 504 (2013) 107—112.

[4] P. Donate-Macian, A. Perdlvarez-Marin, Dissecting domain-specific evolu-
tionary pressure profiles of transient receptor potential vanilloid subfamily
members 1 to 4, PLoS One 9 (2014) e110715, http://dx.doi.org/10.1371/
journal.pone.0110715.

A. Perdlvarez-Marin, P. Donate-Macian, R. Gaudet, What do we know about

the transient receptor potential vanilloid 2 (TRPV2) ion channel? FEBS J. 280

(2013) 5471-5487, http://dx.doi.org/10.1111/febs.12302.

[6] M.R. Cohen, KW. Huynh, D. Cawley, V.Y. Moiseenkova-Bell, Understanding

the cellular function of TRPV2 channel through generation of specific mono-

clonal antibodies, PLoS One 8 (2013) 85392, http://dx.doi.org/10.1371/
journal.pone.0085392.

L. Martinez-Gil, A. Sauri, M.A. Marti-Renom, 1. Mingarro, Membrane protein

integration into the endoplasmic reticulum, FEBS J. (2011) 3846—3858, http://

dx.doi.org/10.1111/j.1742-4658.2011.08185 .

L. Nilsson, D.J. Kelleher, Y. Miao, Y. Shao, G. Kreibich, R. Gilmore, et al., Pho-

tocross-linking of nascent chains to the STT3 subunit of the oligosaccharyl-

transferase complex, J. Cell Biol. 161 (2003) 715—725, http://dx.doi.org/
10.1083/jcb.200301043.

W.S. Rasband, Image], U. S. Natl. Institutes Heal, Bethesda, Maryland, USA,

2012, pp. 1997—-2012. http//imagej.nih.gov/ij/.

[10] M. Bané-Polo, F. Baldin, S. Tamborero, M.A. Marti-Renom, I. Mingarro, N-
glycosylation efficiency is determined by the distance to the C-terminus and
the amino acid preceding an Asn-Ser-Thr sequon, Protein Sci. 20 (2011)
179-186, http://dx.doi.org/10.1002/pro.551.

[11] A. Sauri, S. Tamborero, L. Martinez-Gil, A.E. Johnson, 1. Mingarro, Viral mem-
brane protein topology is dictated by multiple determinants in its sequence,
J. Mol. Biol. 387 (2009) 113—128, http://dx.doi.org/10.1016/j.jmb.2009.01.063.

[12] A. Fiser, A. Sali, Modeller: generation and refinement of homology-based
protein structure models, Methods Enzymol. 374 (2003) 461—491.

[13] E.F. Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt,
E.C. Meng, et al, UCSF Chimera—a visualization system for exploratory
research and analysis, J. Comput. Chem. 25 (2004) 1605—1612, http://
dx.doi.org/10.1002/jcc.20084.

[14] KW. Huynh, M.R. Cohen, S. Chakrapani, H.A. Holdaway, P.L. Stewart,
V.Y. Moiseenkova-Bell, Structural insight into the assembly of TRPV channels,
Structure 22 (2014) 260—268, http://dx.doi.org/10.1016/j.str.2013.11.008.

[15] A. Penna, V. Juvin, J. Chemin, V. Compan, M. Monet, F.-A. Rassendren, PI3-
kinase promotes TRPV2 activity independently of channel translocation to
the plasma membrane, Cell Calcium 39 (2006) 495—507.

[16] C. Morenilla-Palao, R. Planells-Cases, N. Garcia-Sanz, A. Ferrer-Montiel,
Regulated exocytosis contributes to protein kinase C potentiation of vanilloid
receptor activity, J. Biol. Chem. 279 (2004) 25665—25672.

[17] Y.Feng,S. Yu, T.K.R. Lasell, A.P. Jadhav, E. Macia, P. Chardin, et al., Exo1: a new
chemical inhibitor of the exocytic pathway, Proc. Natl. Acad. Sci. U. S. A. 100
(2003) 6469—6474, http://dx.doi.org/10.1073/pnas.0631766100.

[18] A. Krogh, B. Larsson, G. von Heijne, E.L. Sonnhammer, Predicting trans-
membrane protein topology with a hidden Markov model: application to
complete genomes, J. Mol. Biol. 305 (2001) 567—580, http://dx.doi.org/
10.1006/jmbi.2000.4315.

[19] T. Hessa, N.M. Meindl-Beinker, A. Bernsel, H. Kim, Y. Sato, M. Lerch-Bader, et
al., Molecular code for transmembrane-helix recognition by the Sec61
translocon, Nature 450 (2007) 1026—1030.

[20] L. Martinez-Gil, A.E. Johnson, I. Mingarro, Membrane insertion and biogenesis
of the turnip crinkle virus p9 movement protein, J. Virol. 84 (2010)
5520—5527, http://dx.doi.org/10.1128/]V1.00125-10.

[21] L Nilsson, G. von Heijne, Fine-tuning the topology of a polytopic membrane
protein: role of positively and negatively charged amino acids, Cell 62 (1990)
1135—1141, http://dx.doi.org/10.1016/0092-8674(90)90390-Z.

[22] I Nilsson, G. Von Heijne, Determination of the distance between the oligo-
saccharyltransferase active site and the endoplasmic reticulum membrane,
J. Biol. Chem. 268 (1993) 5798—5801.

[23] M. Orzaez, ]. Salgado, A. Giménez-Giner, E. Pérez-Pay4, I. Mingarro, Influence
of proline residues in transmembrane helix packing, J. Mol. Biol. 335 (2004)
631-640, http://dx.doi.org/10.1016/j.jmb.2003.10.062.

[24] S. Tamborero, M. Vilar, L. Martinez-Gil, A.E. Johnson, I. Mingarro, Membrane
insertion and topology of the translocating chain-associating membrane
protein (TRAM), J. Mol. Biol. 406 (2011) 571—582, http://dx.doi.org/10.1016/
j-jmb.2011.01.009.

[25] M. Bano-Polo, L. Martinez-Gil, B. Wallner, J.L. Nieva, A. Elofsson, I. Mingarro,
Charge pair interactions in transmembrane helices and turn propensity of the
connecting sequence promote helical hairpin insertion, J. Mol. Biol. 425 (2013)
830—840, http://dx.doi.org/10.1016/j.jmb.2012.12.001.

[26] X. Tao, J.L. Avalos, ]. Chen, R. MacKinnon, Crystal structure of the eukaryotic
strong inward-rectifier K+ channel Kir2.2 at 3.1 A resolution, Science 326
(2009) 1668—1674, http://dx.doi.org/10.1126/science.1180310.

[27] ]. Payandeh, T. Scheuer, N. Zheng, W.A. Catterall, The crystal structure of a
voltage-gated sodium channel, Nature 475 (2011) 353—358, http://dx.doi.org/
10.1038/nature10238.

[28] M.A. Lomize, A.L. Lomize, L.D. Pogozheva, H.I. Mosberg, OPM: orientations of
proteins in membranes database, Bioinformatics 22 (2006) 623—625, http://
dx.doi.org/10.1093/bioinformatics/btk023.

[5

(7

(8

(9



Chapter IV

TRPV2 channel interactomics reveals association with
proteins crucial for neuronal development and lipid
metabolism.

Specific objectives

¢ Identify potential interactors for TRPV2 to widen the knowledge on the regulation of this channel.
¢ Determine potential TRPV2 roles from the identified partners and characterize the potential
implications of these roles over TRPV2 function.

¢ Determine domains of TRPV channels involved in lipid binding.
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SUMMARY

TRPV2 is a non-selective ion channel that is
almost ubiquitously expressed in human
tissues. In the nervous system TRPV2 plays an
important role in somatosensation and axon
outgrowth, although the molecular mechanisms
by which TRPV2 exerts its function and
regulates its activity are unkown.

From literature mining we have identified two
interactions for TRPV1 (Snapin25 and
Synaptotagmin 1X), which we have validated
and mapped further for TRPV2. The interaction
between TRPV1 and TRPV2 with Snapin25 and
Synaptotagmin IX requires of the conserved
membrane proximal domain (MPD) in both
channels. Further in vitro characterization of the
MPD domain of TRPV1 and TRPV2 reveals a
phosphatidic acid binding domain with potential
implications in channel activity.

To expand the TRPV2 interactome in CNS we
have performed a membrane yeast two hybrid
(MYTH) screening and identified 20 new
potential interactors of TRPV2. Bioinformatic
analysis of TRPV2 interactome shows high
association with neuronal development and lipid
metabolism.

This study establishes the first interactomics
approach for TRPV2 to define regulatory
pathways for this channel in the central nervous
system (CNS).

INTRODUCTION

TRP channels are the second most represented
family (28 members in human) after potassium
channels family (1). TRPs are somatosensory
proteins that can be modulated by a wide range of
stimuli, such as temperature (2), pH, shear or
mechanical stress (3) or endogenous ligands and
exogenous agonists or antagonists (4). The switch of
TRPs to open state upon stimuli exposure generate
inward cationic currents that trigger intracellular
responses (5). Being activated by such a wide range
of stimuli, TRPs carry out very diverse functions in
the human body and play crucial roles in nociception,
cell communication and adaptation to the

environment (5). Knowledge about TRPs function is
increasing, but most part of the molecular
mechanisms by which they exert their function and
regulate their activity are still unknown. For instance,
TRPV2 is one of the least understood TRP channels.
Structurally TRPV2 is arranged as a homotetramer in
the plasma membrane, as shown by its 3D structure
that has been recently solved (6, 7). TRPV2 activity
is modulated by several molecular processes such
as calmodulin binding (8), lipid binding (9), trafficking
to the plasma membrane (10) or phosphorylation
(11).

TRPV2 is present in most human tissues (12),
showing higher expression levels in the CNS(13, 14),
where it plays a role in somatosensation (12). TRPV2
is also implicated in nervous system development,
where it promotes axon outgrowth upon mechanical
stimulation (15). Furthermore, TRPV2 has been
associated with pathological conditions such as
muscular dystrophy, cardiomyopathies (16) or cancer
(17).

TRPV2 known interactors network is a small set of
proteins, most of them shared with other TRPV
members. Calmodulin binds to the C-terminus of the
channel (K661 and K664 residues) (8), coupling the
channel to calcium transduction pathways. Similar to
other TRPVs, TRPV2 binds to A-kinase Ancoring
Protein 79 (AKAP-79), an scaffolding protein that
binds PKC, PKA and calcineurin (18) and ACBD3, an
adaptor protein linked to PKA (11). Plasma
membrane trafficking of TRPV2 is mediated by its
interaction with Recombinase Gene Activator protein
(RGA) in the ER/Golgi (19), and further potentiated
by cAMP or Insulin growth factor (IGF-1) (20, 10).
Finally, TRPV2 activity is linked to lipid metabolism,
being sensitized by Phosphatidylinositol 4,5-
Bisphosphate (PIP2)(9) and activated by endogenous
lysophospholipids such as lysophosphatidylcholine
(LPC) and lysophosphatidylinositol (LPI) (21).
Although huge efforts to elucidate TRPV2 and TRP
channel regulation have been carried out during the
last decades, most described mechanisms have
been focused on channel gating and trafficking. From
the regulatory perspective several key questions
arise: i) how the protein reaches its specific
membrane compartment and which are the specific
pathways or key elements? ii) Which regulatory
pathways affect indirectly TRPV2 through protein
post-translational modifications such as glycosylation
and/or phosphorylation? iii)) Which are the key
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protein-protein interactions that modulate TRPV2
function?

There is still plenty of information to gather about
how TRPV2 or TRPs function is coupled to specific
cellular processes. To gain knowledge on TRPV2
channel regulation, here we used a stepwise
approach combined with a high throughput screening
technique, a yeast two hybrid specific for membrane
proteins (MYTH) (22) and further bioinformatics
analysis.

RESULTS

TRPV2 shares common interaction partners with
its closer relative TRPV1

Our first attempt to determine potential binding
partners was to identify conserved interaction areas
in TRPV2 already described in closest related
proteins. TRPV1 ion channel is the closest relative to
TRPV2, with a 50% of sequence identity Structural
arrangement and functional domain features are
conserved between these two ion channels (23).
TRPV1 and TRPV2 have a highly conserved N-
terminus (23), and it has been already described that
TRPV1 is able to interact with proteins from the
SNARE complex such as Snapin25 and
Synaptotagmin IX through its N-terminal region (24).
SNARE complex is involved in driving vesicle-
regulated exocytosis, which is a highly relevant
process in nervous synaptic events. Attending to the
high sequence similarity found in this region and the
TRPV2 expression levels in the CNS we decided to
test whether TRPV2 was also able to form
complexes with SNARE proteins.

The full length sequence of rat TRPV1 and TRPV2
tagged with GFP, and the full length Snapin25 and
Synaptotagmin tagged with myc were overexpressed
in mammalian HEK293T cells. When, either
Snapin25 or Synaptotagmin IX, were
immunoprecipitated using an anti-myc tag antibody;
a band corresponding to the molecular weight of
TRPV1 and TRPV2 (around 90 and 80 kDa,
respectively) appeared using an anti-GFP tag
antibody for immunoblotting (Fig. 1a). TRPV1 and
TRPV2 bands only appear when anti-myc antibody
was added to the reaction (Fig. 1a), showing that the
precipitation of TRPV1 and TRPV2 is specific and
only occurs when Snapin25 or Synaptotagmin IX are
immunoprecipitated.

In order to test whether the binding of the SNARE
proteins happens in the C-terminus of TRPV2
channel, the same co-immunoprecipitation was
repeated but using a TRPV2 deletion of the N-
terminal ankyrin repeat domain (ARD) AARD-TRPV2
tagged with GFP (Fig. 1b). As in the previous
experiment AARD-TRPV2 was precipitated when we
immunoprecipitated either Snapin25 or
Synaptotagmin IX (Fig. 1b).

The only region in common between previous reports
(24) and our experiment with AARD-TRPV2 was the
membrane proximal domain (MPD), a fragment of
around 60 amino acids in the N-terminal region,
located between the ARD domain and the
transmembrane domain, which is highly conserved
among TRPV1-4 (23). The purified MPD from TRPV1
and TRPV2 were pulled down in the presence of
Snapin25 and Synaptotagmin IX and both SNARE
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proteins were precipitated (Fig. 1c). Free GFP, used
as negative control did not precipitate SNARE
proteins (Fig. 1c), pointing to MPD as responsible for
the specifically binding of Snapin25 and
Synaptotagmin IX (Fig. 1c).

TRPV2 yeast two hybrid assay reveals new
potential TRPV2 partners

Validation of interactions based on sequence
similarity between TRPV1 and TRPV2 has proven
useful in the case of experimental validation of
TRPV2 interaction with Snapin25 and Synaptotagmin
IX. We have validated other interactions using pure
bioinformatics analysis (23). However, the sequence
similarity validation approach has a key limitation, it
will not identify novel specific interactions for TRPV2
and its specific regulatory processes.

To discover novel interactions for TRPV2 we
performed a split-ubiquitin-based membrane yeast
two hybrid screen (MYTH) (22, 25), which has
obvious advantages for identifying membrane protein
interactions (see Box1 for details).

As protein baits we generated TRPV1 and TRPV2
fused to the MYTH cassette (NubG-VP16-LexA) on
N- and C-terminus. Although the expression of all the
baits was confirmed by immunoblot (Box1B), TRPV1
N-terminal bait expression was not detected under
confocal fluorescence microscopy (Box1C). Baits
tagged in the N-terminus in general seem to be less
eficient in the case of TRPV1 and TRPV2, with lower
expression levels under confocal fluorescence
microscopy.

After the transformation of yeast reporter strain with a
10" potential preys human brain cDNA library, N-
terminus TRPV1 bait showed no positive
transformants, in line with the lack of expression of
this construct observed by confocal fluorescence
microscopy. TRPV1 C-terminal bait (TRPV1-VP16-
LexA) had two positive interactors that were
identified by sequencing as CNTN2 and ABCA2 (Fig.
2a). Attending to the properties of the MYTH assay,
CNTN2 showed the highest growing over selective
media and strongest blue colour staining in the
presence of X-Gal from TRPV1 hits (Fig. 2a),
indicating a more constitutive nature of the
interaction (22).

Human brain cDNA library screen gave a total of 20
positive transformants for TRPV2 (Fig. 2a). N-
terminal TRPV2 bait showed positive interaction with
NTM and FGF1, being NTM interaction the strongest
among them (Fig. 2a). C-terminal TRPV2 bait
showed 18 positive transformants (Fig. 2a), being the
most efficient bait among the baits used in this study.
The positive interactors for TRPV2 tagged at the C-
terminus that had highest growth over selective
media and strongest blue colour intensity in the
presence of Xgal were: ABR, ARL15, Opalin, ST18
and SACM1L (Fig. 2a). These properties in MYTH
assay performance point to a more tight potential
interaction between TRPV2 and these proteins. The
transformants that showed the lowest blue colour
intensity from TRPV2 bait taged on the C-terminus
were identified as: PIP4K2B, INPP5F, SDC3 or
ALDH1A3 (Fig. 2a). These interactors are able to
grow under selective conditions, although they do not
turn intensively blue in presence of Xgal (Fig. 2a);
pointing to a more transient nature of the interaction.
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Figure 1. Mapping TRPV2 interaction with SNARE proteins, Snapin25 and Synaptotagmin IX by Co-IP. A) Full length TRPV1 and
TRPV2 are able to co-precipitate with Snapin25 and Synaptotagmin IX. B) TRPV2 lacking N-terminal ARD domain, AARD-
TRPV2, is still able to co-precipitate with Snapin25 and Synaptotagmin IX. C) The MPD region of TRPV1 and TRPV2 is still able

to precipitate both proteins of the SNARE complex.

All identified interaction partners were listed with their
UNIPROT codes, cell location and annotated
function in order to have a broad vision of TRPV1-2
interactome (Fig. 2b).

TRPV2 interactome associates with nervous
system development and lipid metabolism

To gain a global insight of TRPV2 interaction-based
physiological role, we performed a molecular
systems biology approach. TRPV2 partners
determined by MYTH assay and Co-IPs were used to
construct a putative protein-protein interaction
network using closest related genes (Fig. 3a and
supplementary information). Gene enrichment based
on protein co-localization, gene co-expression,
genetic interactions and domain conservation was
used to construct the network. TRPV2 interactors
were easily connected within the network (Fig. 3a
and supplementary information). Structural features
of the network were evaluated: the number of
neighbours (nodes) and the number of connections
(edges) were counted. Edges:nodes ratio was used
as estimation of network interconnectivity. To
determine whether TRPV2 interaction network is

more interconnected than randomly generated
networks, edges:nodes ratios were compared by
means of a T-test (Fig. 3b). TRPV2 network had a
edges:nodes ratio of 12.52 whereas randomly
generated networks have a mean edges:nodes ratio
of 4.4 and a standard deviation of 1.46 (Fig. 2b).
Thus, TRPV2 gene enriched network is statitstically
more interconnected than mean random networks
over the whole human interactome, with a p-value
lower than 10 (Fig.3b and supplementary
information).

Enriched network was used to determine gene
ontology (GO)-Terms associated with TRPV2.
Statistically significant GO-terms (Benjamini and
Hochberg corrected p-value lower than 0.05) were
functionally associated manually and clustered as
cellular processes. The main cellular processes
represented by the proteins within the network are
related to lipid metabolism, cell development and
nervous system development, neurotransmitter and
synaptic regulation, cell signaling, ion transport and
vesicle transport (Fig. 3b, Fig. 3c and supplementary
information).
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Box1. Membrane Yeast Two Hybrid (MYTH) baits expression. A)
MYTH workflow showing that only when bait and prey interact
Transcription Factor (TF, LexA-VP16) is released and go to the
nucleus to start reporter gene expression. B) Representation of N-
and C-terminal TRPV baits (LexA-VP16-TRPV and TRPV-LexA-
Vp16 respectively). Western blot against LexA tag showing the
expression levels of TRPV1 and TRPV2 fused to MYTH cassette
on the N- anc C-terminus. pTSU-APP was used as positive
control for WB and pPR3-N as negative C) Fluorescence
microscopy images of NMY51 yeast cells expressing TRPV1 and
TRPV2 baits fused to GFP.

The MYTH system is Split-ubiquitin based, and it allows the
location of the TRPV2 bait in its natural environment, with the
channel embeded in the membrane (Box1A). Furthermore,
the N-terminus of ubiquitin is mutated in order to hinder
spontaneous refolding of ubiquitin, that only will be possible if
bait and prey proteins interact (Box 1A). Once the interaction
occurs and ubiquitin is refolded, the degradation ubiquitin
complex (DUB) will cleave bait constructs and release the
Transcription Factor LexA-VP16 (TF)(Box 1A). TF will traffic
to the nucleus and start the expression of reporter genes that
will allow cells to grow in selective media lacking Histidine
(His) or Adenine (Ade) (Box 1A). Furthermore, LacZ reporter
gene will be activated upon interaction, so the colonies
carrying a putative interactor will become blue stained in the
presence of X-Gal (Box 1A). The blue colour intensity could
be used to determine whether interactions are stronger or
constitutive (intense blue colour staining) or more transient
(low blue colour intensity)(22). Therefore, the system used is
more accurate for detection of occurring interactions than
regular two hybrid assays, as it allows the location of full
sequence proteins in a similar environment than the native
protein, and the ubiquitin spontaneous refolding is prevented.

Using MYTH system, full length TRPV1 and TRPV2
baits carrying the MYTH C-ubiquitin (Cub), and transcription
factor LexA-VP16 (TF) fusion cassette at N- or C-terminus of
both channels, were transformed into NMY51 strain. To
confirm the correct expression of the tagged TRPV1 and
TRPV2, a western blot against LexA tag was used. Two
bands corresponding to the tagged TRPV1 and TRPV2 baits
molecular weights are observed (Box 1B), pointing to a
proper expression of TRPV1-2 baits fused to the LexA tag.
The presence of 2 bands is characteristic of the TRPV
channels. It has been reported that the upper band
corresponds to the glycosylated form of the channels (43).
APP tagged with the MYTH fusion cassette was used as
positive control for the western blot, and pPR3-N was used as
negative control (Box 1B). The expression of the baits was
further checked by fluorescence microscopy. TRPV1 and
TRPV2 baits tagged with GFP were visualized under the
microscope (Box 1C). TRPV1 N-terminal bait was not visible
under the microscope (data not shown). Baits generated with
the MYTH cassette on the C-terminus seem to have a higher
intensity when observed under the microscope (Box 1C).

The functionality and self-activation of the generated
MYTH baits was tested. To this end, we transformed two
different prey constructs into NMY51 strain expressing our
baits. First prey is composed of an unrelated protein fused to
N-ubiquitin tag not mutated (Nub), so self-activation of bait is
allowed. All baits showed potential functionality for MYTH
assay. Second, self-activation with a prey carrying the N-
ubiquitin tag mutated (NubG) was tested as previously
described (P01401-P01429)(22). The prey carrying mutated
NubG is supposed to do not interact with the bait, so as a
result the background signal for each bait was assessed and
the selectivity media for each bait was established. From this
moment N and C terminal baits of TRPV1 were plated in SD-
His containing 7,5mM 3AT, N terminal TRPV2 bait in SD-His
10mM 3AT and C terminal TRPV2 bait in SD-His 5mM 3AT.
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Lipid metabolic processes related to the network
involve proteins such as SACM1L INPP5F, PIP4K2B
or ALDH1A3 (Fig. 2b and Fig. 3c), enzymes related
to metabolism of phosphoinositides. Main TRPV2
partners related to cell development and nervous
system development were: SNAP25, NTM, PEBP1,
PLP1, FGF1, ALDH1A3 (Fig. 2b and Fig. 3c). This
group includes proteins related to cell metabolism
like ALDH1A3, other proteins related to vesicle
trafficking, such as SNAP25, and proteins that form
part of nervous system structures. This is the case
of PLP1, a protein marker of myelin sheath; or NTM,
mediator in neuronal adhesion and neurite
outgrowth. Neurotransmitter and synaptic regulation
group is formed by: SYT9, SNAP25, PEBP1, PLP1,
ABR, ARL15 and INPP5F (Fig. 2b and Fig. 3c). The
proteins within this group are mostly related to
vesicle transport such as SYT9, SNAP25, ABR or
ARL15. Proteins representing ion transport
processes were mainly the ion channels and
transporters determined by the MYTH assay:
TRPV2, CACNG3, KCNJ10 and SLC44A2 (Fig. 2b
and Fig. 3c). Signaling processes were mainly
related to PEBP1, SYT9, SNAP25, INPP5F,
PIP4K2B, PLP1, ARF1. This is a heterogeneous
group that contains genes related to neuronal
development as PLP1, lipid metabolism as PIP4K2B
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or INPP5F, SNARE complex proteins such as SYT9
and SNAP25 or GTP binding proteins such as ARF1,
that mediate vesicle trafficking (Fig. 2b and Fig. 3c).

TRPV2 interaction validation and mapping
Interactors showing highest intensity in the X-gal
assay and related to enriched pathways of the
interactome, mainly cell development, nervous
system development, vesicle trafficking, ion channels
and lipid metabolism were chosen for further
validation. Utrophin (an spectrin domain molecule)
was used as brain protein external control. Purified
rat TRPV2 and rat ARD domain were inmobilized on
nitrocellulose membranes and rat brain protein
extracts were then incubated with the membranes.
Immunoblotting against the selected interactors was
carried out (Fig. 4). Among the interactors tested 6 of
them, PLP1, NTM, CACNG3, ABR, Opalin and
ARL15 were able to bind to TRPV2, whereas
Utrophin and KCNJ10 did not show any binding
(Fig. 4). In the case of NTM, CACNG3, ABR
and Opalin we could determine that the binding
happens in the ARD domain of TRPV2, as they
are also able to bind to this domain when
expressed isolatedly (Fig. 4).

B Hypotetical mean 12.52
lActual mean (random interactome) a4
[Standard deviation 1.46

P value is less than 0.0001

Vesicle
transport

4

Lipid
metabolism
lon transport

Nervous system
and cell
development

Signaling
cascades

=

Cell
adhesion

Neurotransmitter
and synaptic Other
regulation

pValue (highest association)

Lipid metabolism SACMIL, PLP1, PIPAK2B, INPPSF, ALDH1A3 5.83 10€-11
Nervous system and cell development SNAP2S5, NTM, PEBP1, PLP1, FGF1, ALDH1A3 1.19 10E-8
Neurotransmitter and synaptic r SYT9, SNAP2S, PEBP1, PLP1, ABR, ARL1S, INPPSF 2.68 10E-5
Cell adhesion CDH6, NTM, SCD3 2.01 10€-4
Signaling cascades PEBP1, SYT9, SNAP2S, INPPSF, PIP4K28B, PLP1, ARF1 2.56 10E-4.
lon transport TRPV2, CACNG3, KCNJ10, SLC44A2 8.37 10E-4
Vesicle tansport SYT9, SNAP2S, ARF1 3.36 10E-3

Figure 3. TRPV2 interactome gene enrichment analysis. A) TRPV2 interactome gene enrichment of 100 closest related genes.
Simplification scheme showing the main 20 closest related proteins to TRPV2 partners (red dots). B) TRPV2 interactome is
statistically more interconected than random interactomes. Main cellular processes related to TRPV2 using a gene enrichment of
100 closest related genes. Representation of the number of genes within the TRPV2 interactome that are related to each cellular
process. C) Main Cellular processes related to TRPV2 interactome and genes from TRPV2 MYTH assay that are associated with
each process. p-values represent the highest association of Go-terms included in each process.
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Figure 4. Validation of TRPV2 MYTH interactors. Rat
TRPV2 full length protein and the rat ARD domain of
TRPV2 were inmobilized on membranes and tested against
interactor partners present in rat brain extracts.

MPD of TRPV1 and TRPV2 is a lipid binding
domain in vitro.

TRPV2 interactome shows a potential relationship of
TRPV2 with lipid metabolism, agreeing with
bioinformatics predictions based on TRPVs primary
sequence (23). To check the protein-lipid interaction
capability, lipids were immobilized in nitrocellulose
membranes at increasing concentrations and full
length TRPV1, TRPV2 and MPD domain of TRPV1
and TRPV2, all tagged with GFP, were incubated
and monitored for lipid binding (Fig. 5a). MPD
domains were tested due to its proximity to the
membrane bilayer surface and high conservation
among TRPV1-4 subfamily (23), that argues for a
potential importance of this domain in protein
function or assembly. Indeed MPD interaction with
the C-terminus is esential for proper channel folding
and trafficking of TRPV4 (26). GFP was used as
negative protein control.

The proteins were tested against phosphoinositol
(PI), phosphatidic acid (PA), phophoinositol-4-
phosphate (Pl4P), phosphatidylserine (PS), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG)(Fig. 5a). The screen
showed a binding of PA to the MPD region of TRPV1
and TRPV2. Despite the use of the full length TRPV1
or TRPV2, these channels did not show binding to
any of the lipids tested (Fig. 5a). MPD domain of
TRPV1 and TRPV2 do not bind to any other lipids or
the negative control, containing only buffer (Fig. 5a).
MPD domains bind to PA in a concentration
dependent manner (Fig. 5a). In our experiment, GFP
alone, used as protein negative control, is not able to
bind to any of the lipids tested (Fig. 5a).

To confirm the observed binding to PA of the
heterologously expressed MPD, Tryptophan (Trp)
fluorescence quenching experiments were carried
out. The binding of molecules to a protein masks the
tryptophan endogenous fluorescence of the protein
and this reduction on the fluorescent signal can be
quantified. The MPD domains of TRPV1 and TRPV2,
together with GFP as protein negative control, were
incubated with increasing concentrations of several
lipids (Fig. 5b). The lipids tested were: DPPA,
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DPPC, POPG and POPS. First, emision spectrum at
495nM excitation wavelength was acquired for each
of the 3 proteins (Fig. 5b top left). GFP alone
showed no significant decrease of trp fluorescence
signal upon adition of any of the tested lipids (Fig. 5b
top right). Lipid addition produced an increase in the
Trp fluorescence, especially DPPC (Fig. 5b top right).
MPD domains of TRPV1 and TRPV2 show a
significant decrease in Trp fluorescence upon adition
of PA, while no decrease was observed upon adition
of DPPC, POPG or POPC. Trp quenching showed a
PA concentration dependent effect (Fig. 5b bottom
left and right). The study of Trp fluorescence
confirmed that the isolated MPDs of TRPV1 and
TRPV2 expressed heterologously are able to interact
with PA. As PA binding to full length TRPV1 or
TRPV2 was not observed (Fig. 5a), we used a
genetically encoded PA reporter (Raf-mCherry) to
study whether full length TRPV1 and TRPV2 share
the same subcellular distribution or not. Raf-mCherry
is a protein capable to bind to PA-rich domains (27).
HEK293 transiently transfected with TRPV1 or
TRPV2 and Raf-PA-mCherry were visualized by
epifluorescence imaging. Either TRPV1 or TRPV2
full length proteins tagged with GFP (green channel)
showed strong colocalization with raf-PA-mCherry
(red channel) (Fig. 5c).

Phosphatidic acid is able to modulate TRPV2
channel activity

TRPV2 activity can be modulated by several lipidic
compounds. LPC and LPI can activate TRPV2 (21).
We wonder whether PA binding to TRPV2 might
affect TRPV2 activity or not. To address this issue,
we carried out a yeast membrane-based calcium
influx assay (To be published). Briefly, TRPV2 was
expressed in yeast, cells were disrupted and
membranes collected, and extruded through a 100
nm pore size filter in the presence of Fura8 to obtain
TRPV2 containing vesicles, loaded with Fura8.
Increasing concentrations of lipid were added and
the Fura fluorescence recorded. An increase in
Fura8 excitation ratio correlates with a calcium entry
in the liposomes. Using this technique we were able
to see an increase in Fura8 ratio upon adition of
LPC, an already known activator of TRPV2 (Fig. 6).
A similar increase was observed when DPPA was
added, indicating that DPPA mediates calcium entry
to the TRPV2 containing liposomes (Fig. 6). Vesicles
without TRPV2 protein showed no significant
changes in Fura8 ratio upon addition of LPC or
DPPA, indicating that the changes observed in
calcium levels inside the liposomes were TRPV2
channel mediated (Fig. 6).

DISCUSSION

The identification of TRPV2's interactome should
open new research perspectives to understand this
channel and its pathophysiological processes.

First, we studied known interactions for TRPV1 and
validated them experimentally for TRPV2. Snapin25
and Synaptotagmin IX are proteins of the SNARE
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Figure 5. Lipid binding screen for TRPV1 and TRPV2. A) Lipid strips screening the binding of TRPV1, TRPV2 and MPD domain
from TRPV1 and TRPV2 (MPD1 and MPD2 respectively) to the lipids inmobilized in the membranes. Structures of lipids used
during this assay. B) Tryptophan fluorescence quenching experiments. Fluorescence spectrum of the proteins used is shown on
the top left panel. GFP tryptophan fluorescence in the presence of increasing concentration of lipids is shown on the top right
panel. MPD1 and MPD2 tryptophan fluorescence in the presence of increasing concentration of lipids is shown in the bottom
panels. C) Fluorescent confocal imaging of HEK293 cells showing TRPV1 and TRPV2 location within the cell (Green) and raf-PA
location (Red). Merge channel shows colocalization of green and red channels highlighted in white.

complex that mediate TRPV1 trafficking (24). TRPV2
also interacts with Snapin25 and Synaptotagmin IX,
and we have further mapped the interaction to the
MPD of TRPV1 and TRPV2 (Fig. 1). The interactions
with SNARE complex proteins such as Snapin25 and
Synaptotagmin IX relates TRPV channels to
processes where exocytosis is key. The MPD is a
highly conserved motif in TRPVs (23) which may
indicate that SNARE-mediated exocytosis is a
conserved mechanism. In fact, this domain has been
related to thermosensation (28) and it is essential for
folding, assembly and trafficking in the case of
TRPV4 (26).

To deepen into the neural physiology of TRPV2, a
MYTH assay using a brain cDNA library was
performed in order to screen TRPV2 potential
partners. Although there have been previous studies
using the yeast two hybrid technique to analyze TRP
channels regulation (24, 19), our study is the first
yeast two hybrid assay performed with a full length
TRPV channel as bait and the second one with a
TRP (29). The screening for TRPV1 and TRPV2

yielded a list of 2 positive interactors and 20 positive
interactors, respectively.

Protein-protein interactions can be classified into
stable and transient, i.e. strong and weak. The MYTH
screening provides a colorimetric indication on the
nature of the interaction, however one always must
assume that the detected interaction is a false
positive. The biochemical validation step is
necessary to validate the interaction, but it can also
be possible that the interaction can not be
detected/validated either in vitro or in vivo.

To understand the physiological processes where
TRPV?2 is related we took a bioinformatics approach,
rather than a classical biochemical validation
approach. The potential interactions detected by
MYTH are related to specific biological processes
and regardless of the nature of the interaction they
will point towards relevant biological processes,
which should be validated by themselves through
statistical enrichment.

One of the enriched biological processes is transport
across membranes, represented by the interaction of
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TRPV2 with SLC44A2, KCNJ10 and CACNG3, a
choline transporter, a potassium channel and the
regulatory subunit of a calcium channel, respectively
(Fig. 2b and Fig. 3). It has been previously shown
that ion channels act coordinately because of their
co-existence in specific membrane domains (30).
Another biological process that has been enriched by
using the MYTH interactome is phospholipid
metabolism, mainly represented by the INPP5F and
PIP4K2B genes (Fig. 2b and Fig. 3). These two
proteins are enzymes involved in PIP2
phosphorylation processes. It has been described
that TRPV2 colocalizes with PIP2 in the same
plasma membrane microdomains (9). Furthermore,
other TRP channels such as TRPV1 and TRPV4 do
also bind PIP2 (31, 32). PIP2 enzymes interacting
with TRPV2 indicate that PIP2 is metabolized in
close proximity to the channel or even docked in the
channel, what has been already proposed (9).
Interactions between TRPV2 and lipid metabolism
proteins might also imply a crosstalk between
channel functioning and regulation of
phosphoinositide synthesis.

The other main set of interactors is related to cell
developmental processes, comprising proteins such
as Opalin, PLP1, NTM or ABR (Fig. 2b and Fig. 3).
Two components of myelin sheaths, a GPl-adhesion
molecule and a GTP-ase activating protein from Rho
family, respectively. These genes are mostly
expressed and related to the formation of myelin
sheaths around the neuron axons or in the ranvier
nodes structural arrangement (33). Furthermore,
NTM, a protein anchored to the membrane by a lipid
binding anchor, controls neurite outgrowth, promoting
the outgrowth of DRG neurons (34). Interestingly,
TRPV2 is expressed in this same type of neurons
and the channel expression and activity are crucial
for axon and neurite outgrowth (15, 35). TRPV2
might interact directly with proteins present in the
myelin sheath and the regulation of the channel may
promote cation-dependent processes in CNS
development.
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Figure 6. TRPV2 activation by phosphatidic acid (PA).
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Gene enrichment analysis of the network generated
by TRPV2 MYTH assay and Co-IPs was conducted
to assess potential interatomics based functional
roles for TRPV2 (Fig. 3a and supplementary). The
network generated is statistically more
interconnected than randomly generated networks
(p-value less than 0.0001), arguing for a good
accuracy of our study, as it determined proteins that
are significantly related with each other, and not
randomly interconnected. Furthermore, the network
shows a statistically significant association with cell
processes such as cell development, lipid
metabolism or ion transport (Fig. 3b and c). These
assocaitions are coherent for TRPV2, that has
already been described to play these potential roles
as already discussed.

Among the interactors discovered by the MYTH
assay, 8 were chosen for further validation (Fig. 4).
Using biochemical methods we could confirm the
physical interaction potential of ARB, ARL15,
CACNGS3, Opalin, NTM and PLP1. These 6 proteins
were able to interact with TRPV2 full length (Fig. 4).
ABR, CACNG3, Opalin and NTM were even able to
bind to the N-terminal ARD domain of TRPV2 (Fig.
4), indicating that the interaction of these proteins
with  TRPV2 needs the ARD domain. Although
promising, experimental validation is required to
undercover if the hability of TRPV2 to bind ABR,
ARL15, CACNG3, Opalin, NTM and PLP1 is
conserved under physiological conditions.
Accordingly, KCNJ10 interactor, which has not been
detected by immunoblotting, cannot be ruled out.
TRPV2 partners network analysis showed a strong
correlation with lipid metabolism (Fig. 3). TRPV
channels are known to interact with different
phosphoinositides, such as LPA or PIP2, and the
binding of lipids regulates channel activity (9, 36, 32).
We tested lipid binding for TRPV2 and TRPV1 and
we show that the MPD domain of both channels bind
to DPPA in vitro (Fig. 5). The lipid screening showed
that the MPD binding to PA is determined by the
nature of the polar head of the lipid, as PC, POPG or
POPC, that have the same hydrophobic tail, were not
bound. Binding is not due to an electrostatic effect,
since PG and PA are both negatively charged.
Generation of point mutants of the MPD domain
positively charged residues would further determine
the specific residues for PA, however it has been
shown that mutagenesis in the MPD can lead to
deleterious  effects on  protein  expression,
oligomerization and/or trafficking (26). The binding of
PA to the full length TRPV1 or TRPV2 channels was
not detected, maybe because the binding region is
not exposed by the detergents used to solubilize
TRPVs during purification, or because lipids are
tightly bound to specific sites through the purification
process. Although PA binding was not observed,
TRPV1 and TRPV2 overexpressed in a mammalian
cell system showed strong colocalization with PA.
This fact points to a shared membrane micro-domain
of both, TRPVs and PA. Nevertheless, TRPV2
contained in vesicles is activated upon PA adition
(Fig. 6). This fact points to a direct binding of PA on
TRPV2 that triggers channel opening. The interaction
with PA might be interesting also to understand
TRPV2 potential association with  neuronal
development, as PA is one of the most abundant
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lipids in myelin sheaths (37) and PA accumulation
has been asociated with processes related to
demyelination (38, 39).

EXPERIMENTAL PROCEDURES

DNA plasmids and clonings

TRPV1 and TRPV2 cDNA were cloned into a
pcDNAZ3 vector containing an eGFP tag and a 8XHis-
tag at the C-terminus. The N-terminus truncation for
TRPV2, AARD-TRPV2 (A1-336 rat TRPV2) was
obtained by classical PCR and ligated into the same
pcDNAS3 vector within Ndel and Notl sites.

Full length rat TRPV2 GFP tagged was cloned into
pPICz vector for expression in P.pastoris. The rat
TRPV2 Ankyrin repeat domain ARD GFP tagged was
cloned into a PET21 vector for expression in E. coli.
Membrane Proximal Domain of TRPV1 and TRPV2
(MPD) sequences were purchased from GenScript
and cloned into pTTQ18-GFP plasmid within EcoRI-
Pstl sites.

pBT3-STE vector (P03233), control bait protein
pTSU-APP, control prey pPR3-N (P01401-P01429)
and cDNA library from human brain (P12227,) were
purchased from Dualsystems. Human TRPV1 and
TRPV2 full length, with or without GFP C-terminus
tag, were cloned into pPR3-N and pBT3-STE within
Sfil sites.

Cell cultures and transfection

HEK293 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
FBS, 100 units/mL penicilin and 100 pg/mL
streptomycin. Transfection was performed using
polyethyleneimine (PEI, Polysciences, 23966).
HEK293 cells overexpressing the transfected
constructs were lysed 48 hours after transfection and
membrane proteins solubilized for 30 min at 4°C in
lysis buffer (50mM Tris-HCL pH 7.4, 150mM NaCl,
2mM EDTA, 1% Triton, 5% glycerol, 1mM
benzamidine and EDTA-free protease inhibition
cocktail, ROCHE 11873580001). Cell extracts were
centrifuged at 14000g at 4°C for 10 min to remove
agregates.

Western blot

Lysates and immunoprecipitates were loaded into
SDS-page gels and run at 100mV for 90 min. Gels
were transfered to nitrocellulose membranes into a
semi-dry cast at 100mA for 1hour. Membranes were
blocked in blocking buffer (5% non-fat-dry milk TTBS
1x) ON at 4°C. Primary antibodies were incubated in
blocking buffer for 1 hour RT. Primary antibodies
were diluted as follows: anti Lex A tag (sc-107150,
SantaCruz) 1:1000, anti His tag (P5A11, DSHB)
1:1000, anti myc tag (551101, Pharmigen) 1:1000,
anti GFP tag (GFP-G1, DSHB) 1:1000, anti NTM (sc-
98979, SantaCruz), anti PLP1 (sc-98781,
SantaCruz), anti CACNG3 (c-164818, SantaCruz),
anti ABR (sc-54558, SantaCruz), anti ARL15
(sc107150, SantaCruz), anti Opalin (sc-163187,
SantaCruz), anti Utrophin (Mancho3, DSHB) and anti
KCNJ10 (sc23637, SantaCruz) 1:200. Secondary
antibodies were incubated for 1 hour at RT. Anti
mouse (sc-2031, SantaCruz) and anti rabbit (sc-
2030, SantaCruz) were used at 1:2000 diluition in
blocking buffer. Membranes were developed with
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Millipore).

reagent  (WBLURO0100,

Co-Immunoprecipitations

Soluble fractions from cell lysis were used as input
for co-immunoprecipitations. Cell extracts at 1ug/ul
(500ug total protein) were incubated ON at 4°C with
anti myc antibody (551101, Pharmigen). Immuno-
complexes were then incubated with 50uL of
sepharose beads (17-0618-01, GE) for 2 hours at
4°C. After incubation complexes were washed with
lysis buffer 3 times. Immunoprecipitated complexes
were denatured with SDS-PAGE sample buffer (90°C
for 5 min), separated by SDS-PAGE and analyzed by
western blotting.

Membrane Yeast Two Hybrid Assay (MYTH)

MYTH assay was previously described by Snider and
coleagues (22). MYTH reporter strain NMY51,
containing reporter genes HIS3, ADE2, and lacZ
downstream of lexA operators, was purchased from
Dualsystems Biotech (P01401-P01429). Western
blot against LexA tag was used to confirm the correct
expression of the generated baits. NMY51 yeast cells
expressing GFP tagged baits were fixed and
visualized using a Leica TCS SP5 confocal
microscope. The MYTH assay was performed
essentially following the provider instructions
(P01401-P01429). Transformation eficiency of the
human brain cDNA library into NMY51 carrying the
bait constructs was higher than 2x10°. Transformants
were plated into SD selective agar plates. pBT3-N
TRPV1 and pBT3-STE TRPV1 were plated in 7,5mM
3-aminotriazole (3AT) SD-His, pBT3-N TRPV2 was
plated in 10mM 3AT SD-His and pBT3-STE in 5mM
3AT SD-His. After incubation at 30 °C for 3-5 days,
transformants were transfered into selective plates
whit same stringency but containing 5-bromo-4-
chloro-3-indolyl-8,d-galactopyranoside (X-Gal). Prey
plasmids were then recovered by miniprep Kkit,
transformed into Dh5a E. coli competent cells,
purified from E. coli, and sequenced. Isolated prey
plasmids carrying a putative interaction partner were
then re-transformed into NMY51 strain containing the
original bait to confirm the interaction.

Gene enrichment and network analysis

Genes determined by the MYTH assay for TRPV2
(21 hits) and validated Co-IP hits were used to
construct a network in Cytoscape (40) with
Genemania algorithm (41). The network was
constructed using as template the Genemania
Human genome and adding the 100 closest related
genes based on colocalization, co-expression,
physical interactions and domain conservation.
Randomized genes from human genome were used
to construct networks using the same Genemania
parameters. Nodes and edges within each network
were quantified and the ratio Edges/nodes was used
as a measure of network connectivity. Mean human
network connectivity was estimated by randomly
obtained networks and compared to the TRPV2
generated network using T-test. Bingo Cytoscape
app (42) was used to find Go-Term categories
statistically enriched within the TRPV2 network. P-
values of Go-terms were calculated with the
hypergeometric test and corrected with the
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Benjamini&Hochberg FDR algorithm. Go-Terms were
manually clustered by their function as cellular
processes. Each cellular process includes a series of
functionally related Go-Terms from Bingo analysis.
TRPV2 partners associated to each cellular process
were quantified and represented as a pie chart.

TRPV2 and TRPV2 fragments purification

Rat TRPV2 full length tagged with a C-terminal GFP
and a 8xHis tag was overexpressed in yeast P.
Pastoris. Yeast carrying the construct of interest was
grown in YPD Zeocin at 30°C. Cells were harvested
and cultured in Minimal Glycerol Yeast media (MGY)
for 48 hours, till an Odego of 10. Protein expression
was induced by metanol, culturing the cells in
Minimal Methanol media (MM) at 30°C for 24 hours.
Cells were lysed using a bead beater. Lysates
centrifuged and pellet was solubilized for 1 hour at
4°C in 1%DDM, 0.2% colesterol 50mM Tris-HCI (pH
7.4), 150mM NaCl buffer complemented with EDTA-
free protease inhibitor. Lysates were centrifuged
45min at 25000g and supernatant collected and
purified using Ni-NTA resin (30210, Qiagen).

MPD and ARD domain purification

MPD domains from TRPV1 and TRPV2 tagged with
GFP and 8xHis tag in the C-terminus were
heterologously expressed in E. Coli. ARD domain of
rat TRPV2 was also expressed in E.coli. Expression
of the protein was induced with 200 uM IPTG when
the culture reached an ODggo of 0.6. After 5-6 hours
at 37°C cells were collected and lysed using a
sonicator in 50mM Tris-HCI (pH 7.4), 150mM NaCl,
10% glicerol and EDTA-free protease inhibitors.
Lysates were centrifuged 45min at 25000g and
supernatant collected and purified using Ni-NTA
resin.

TRPV2 strips

Full length rat TRPV2 and ARD TRPV2 domain,
were purified and placed into nitrocellulose
membranes using a dot blot and a vacuum.
Membranes were dried for 30min at RT and kept at
4°C. For interaction screen the TRPV2 membranes
were blocked with blocking buffer (2%BSA PBS1x)
and incubated with a lysate from rat brain tissue at 1
pyg/ml in blocking buffer for 1 hour at RT. After
incubation membranes were washed 3 times in
TTBS 1x and further analyzed by western blot
against the desired interaction partner.

Lipid strips

Lipids were resuspended in a 1:2:1 parts Chloroform-
Methanol-Water buffer. Solubilized lipids were diluted
in 1:2:1 parts of Chloroform-Methanol-HCI 50mM
buffer and spotted into a nitrocellulose membrane at
the desired final concentrations. Membranes were
dried at RT for 1 hour and then stored at 4°C ready
to use. Membranes were blocked for 1 hour at RT
with blocking buffer (2%BSA PBS1x) and incubated
with purified protein, either TRPV1, TRPV2, MPD1,
MPD2 or GFP at 9.5 pg/ml in blocking buffer for 1
hour at RT. After incubation membranes were
washed 3 times in TTBS 1x and further analyzed by
western blot against GFP tag.

Tryptophan quenching experiments

Manuscript

For the liposomes generation we depart from a
chloroform solution of each phospholipid. The
required volume is deposited on a ball rotavapor to
obtain a final concentration of 1.5 mM lipid in the final
suspension. The solution was rotary evaporated to a
dry film of phospholipid attached to the balloon wall,
which was resuspended in 2mL/ ball of 50mM Tris-
HCI (pH 7.4), 150 mM NaCl, 10% glycerol and
EDTA-free protease inhibitors. Vortexing alternating
with agitation in a rotary evaporator is performed in
order to hydratate the phospholipids and form a
suspension containing basically large multilamellar
liposome. Tryptophan endogenous fluorescence,
excitation at 280nM emission at 332nM, was
measured using a fluorimeter (SLM Aminco 8100).
Proteins in 50mM Tris-HCI (pH 7.4), 150mM NaCl,
10% glycerol were incubated in a quartz cuvete and
lipids reconstituted in the protein buffer were added
at increasing concentrations.

TRPV2 activity assay

Inside out (ISO) vesicles, empty or containing rat
TRPV2, were generated as described in Martins et
al. (manuscript in preparation). The lipids were added
at increasing concentrations and Fura8 fluorescence
monitored upon lipid addition in a fluorimeter (SLM
Aminco 8100). To monitor Fura8 ratio fluorescence
was measured at 340 and 380 nm.

SUPPLEMENTAL INFORMATION

Supplemental information includes one figure and
one table related to TRPV2 interactome GEO
analysis.
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Chapter IV

SUPLEMENTARY INFORMATION. TRPV2 Gene Enrichment Analysis (GEO). A) TRPV2 interaction partners gene enrichment by
Genemania App algorithm (Cytoscape). Interactome showing the 100 closest related genes to TRPV2 interactors based on
colocalization, co-expression, physical interactions and domain conservation. B) Bingo App (Cytoscape) analysis of the 100
closest genes TRPV2 network. Colour represents the p-value association between the Go-term and TRPV2 network. The red
colour indicates the most statistically significant associations with TRPV2 network, followed by yellow colour. White Go-terms are
the least significant associated Go-terms.
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Go term 1D Process p val pval correct % genes % genes GolD__ Genes
12/91
30384 |phosp process 6,42E-10, 5,84E-07]13.1% 78/14303 0.5% [FIG4 ALGY INPPSF SACMIL PIPSKLI PIPAK2A PIPSK1A PIPAK28 PIPSK1B PIPAK2C PIPSK1C SYNJ2
46488 | phosphatidylinositol metabolic process 1,00E-07| 4,21E-05|7/91 7.6% |18/14303 0.1%|PIPSKL] PIPAK2A PIPSK1A PIPAK2B PIPSK1B PIPAK2C PIPSK1C
12/91 121/14303
6650 process 1,39€-07 4,21E-05[13.1% 0.8% FIG4 ALGY INPPSF SACMIL PIPSKLL PIPAK2A PIPSK1A PIPAK2B PIPSK1B PIPAK2C PIPSKIC SYNJ2
SNAP25 DOC2A MYTIL NTM SDC2 NRXN1 PEBP1 AQP4 FGF1 RAPGEFLI RPH3A PIPSK1C GPM6B NTRK3
29/91 1155/14303 APLP1 LSAMP SYNJ2 MYT1 ALDH3A2 FIG4 ALDH1A3 MAG FGF14 SYNJ1 FGF19 ILIRAPLL PLP1 FGF13
7399 |nervous system development 5,24E-07 1,196€-04/31.8% 8.0% SCRG1
12/91 166/14303
46486 erolipid process 5,72E-06] 1,04E-03|13.1% 1.1% FIGA ALGY INPPSF SACMIL PIPSKL PIPAK2A PIPSK1A PIPAK2B PIPSK1B PIPAK2C PIPSKIC SYNJ2
12/91 197/14303
phospholipid metabolic process 4,06E-05] 6,165-03'13.1% 1.3% FIGA ALGY INPPSF SACMIL PIPSKLI PIPAK2A PIPSK1A PIPAK28 PIPSK18 PIPAK2C PIPSKIC SYNJ2
12/91 208/14303
19637 jorganop. process 7,51E-05 9,76E-03/13.1% 1.4% FIG4 ALGY INPPSF SACMIL PIPSKL] PIP4K2A PIPSK1A PIP4K2B PIPSK1B PIPAK2C PIPSKIC SYNJ2
1505 |regulation of levels 2,36E-03 2,69E-01[7/91 7.6% [68/14303 0.4% |SYT4 SNAP25 PCLO SYT1 DOC2A PEBP1 ALDHIAL
46856 | phos itide dephosphorylation 1,00E+00[3/91 3.2% [4/14303 0.0% [INPPSF SACMI1L SYNJ2
15/91 ALGY SACMIL ALOX15 SYNJ2 FIGA ALDHIA3 INPPSF PIPSKLL PLP1 PIPAK2A PIPSK1A PIPAX2B PIPSK1B
44255 |cellular lipid metabolic process 1,81E-02 1,65E400]16.4% 3.8% PIP4K2C PIPSK1C
SNAP2S DOC2A MYT1L NTM SDC2 NRXN1 ALOX15 PEBP1 AQP4 FGF1 RAPGEFL1 RPH3A PIPSK1C CACNG2
34/91 2422/14303 GPMEB NTRK3 APLP1 LSAMP SYNJ2 MYT1 ALDH3A2 FIG4 ALDH1A3 MAG FGF14 SYNJI FGF19 FGF18
48731 |system development 1,95E+00{37.3% 16.9% ILIRAPLI PLP1 SDC] FGF13 SCRG1 ALDHIA1
138/14303
7156 |homophilic cell adhesion 2,65E-02| 2.01E+008/91 8.7% [0.9% CDH6 PTPRT CLSTN2 CDH10 CDH9 COH18 CDH7 CDH19
7 3,46E-02| 2.42E+00]5/91 5.4% |37/14303 0.2%|SYT4 SNAP25 PCLO SYT1 DOC2A
15/91 586/14303
cell cell signaling 2,56E400[16.4% 4.0% SYTS SYT4 SNAP25 SYT1 DOC2A PEBP1 FGF1 ADRA1A FGF14 PCLO FGF18 PLP1 KCNMB4 FGF13 ALDH9AL
phospholi 2,98E+00[3/91 3.2% [6/14303 0.0% [INPPSF SACM1L SYNJ2
SNAP2S SDCA DOC2A MYTIL NTM SDC2 NRXN1 ALOX15 PEBP1 AQP4 FGF1 RAPGEFL1 RPH3A PIPSK1C
35/91 2656/14303  |CACNG2 GPM6B NTRK3 APLP1 LSAMP SYNJ2 MYT1 ALDH3A2 FIG4 ALDHIA3 MAG FGF14 SYNJ1 FGF19
48856 6,75E-02| 3,84E+00(38.4% 18.5% FGF18 ILIRAPL] PLP1 SDC1 FGF13 SCRG1 ALDH9AL
11/91 342/14303
19226 of nerve impulse 1,076-01]  571E+00{12.0% 2.3% SYTS SYT4 SNAP2S PCLO SYT1 DOC2A PLP1 PEBP1 KCNMB4A CACNG2 ALDHIAL
SYTS SYT4 SNAP25 SYT1 DOC2A PEBP] FGF1 ADRALA ARHGAP32 FGF14 PCLO FGF18 PLP1 KCNMB4
7154 |cell comunication 1,20E-01|  6,05E+00 FGF13 CACNG2 ALDH9AL
288/14303
7268 |synaptic transmission 1,436-01|  6,85E+00 2.0% SYTS SYT4 SNAP2S PCLO SYT1 DOC2A PLP1 PEBP1 KCNMB4 ALDHIAL
16/91 KCNJ6 KCNJ10 SLCA4AL SLCAAA2 TRPV2 SLCSATI MLCI KCNJ16 TRPVI ADRALA CACNG? KCNMBA
6811 jion transport 1,84E-01| 8,376+00[17.5% 5.2% CACNG2 CACNG3 GRIA3 GRIA4
13/91 513/14303 KCNJ6 KCNJ10 SLCA4A] SLC44A2 TRPV2 SLCSALT KCNI16 TRPV1 ADRALA CACNG7 KCNMBA CACNG2
6812 |cation transport 2,07€-01| B97E+00{14.2% 3.5% CACNG3
SNAP2S SDC4 DOC2A MYTIL NTM SDC2 NRXN1 ALOX15 PEBP1 AQP4 FGF1 ADRALA RAPGEFL] RPH3A
36/91 2972/14303 PIPSK1C CACNG2 GPM68 NTRK3 APLP1 LSAMP SYNJ2 MYT1 ALDH3A2 FIG4 ALDH1A3 MAG FGF14 SYNJ1
7275 3,22€-01 1,33E+01[39.5% 20.7% FGF19 FGF18 ILIRAPLL PLP1 SDC1 FGF13 SCRG1 ALDHIA1
15/91 710/14303
7155 |cell adhesion 3,83E-01] 1,4BE+01/16.4% 4.9% PTPRT CLSTN2 NEGR1 NTM NRXN1 APLP1 SDC3 LSAMP COH9 COH7 COH6 MAG CDH10 COH18 COH19
15/91 711/14303
22610 |biological adhesion 3,89E-01| 1,4BE+01[16.4% 4.9% PTPRT CLSTN2 NEGR1 NTM NRXN1 APLP1 SDC3 LSAMP COH9 COH7 CDHb MAG COH10 COH18 COH19
48489 | synaptic vesicle transport 4,81E-01| 1,75E+01[4/91 4.3% [32/14303 0.2% [SNAP2S PCLO SYNJ1 DOC2A
16/91 834/14303 ALGY SACMIL ALOX15 SYNJ2 ALDH3A2 FIGA ALDH1A3 INPPSF PIPSKLL PLP1 PIPAK2A PIPSK1A PIPAK2B
6629 | lipid metabolic process 6,58E-01|  2,29E+01[17.5% 5.8% PIPSK18 PIP4K2C PIPSKIC
11/91 423/14303
30001 |metal ion transport 7.50E-01]  2,53E+01/12.0% 2.9% CACNG7 KCNJ6 KCNJ10 TRPV2 SLCSA11 KCNMB4 KCNJ16 TRPVE CACNG2 ADRAIA CACNG3
17158 |regulation of calcium ion dependent exocytosis 1,076+00|  3,37€+01|3/91 3.2% [15/14303 0.1%|SYT1 DOC2A SYT9
16079 |synaptic vesicle 1,076+00|  3,37E+01}3/91 3.2% |15/14303 0.1%|SNAP2S5 PCLO DOC2A
15871 |choline transport 1,206+00]  3,63E+01[2/91 2.1% |3/14303 0.0% [SLC44A1 SLCAAA2
17157 |regulation of exocytosis 1,716+400| 4,91E+01]4/91 4.3% [44/14303 0.3% [SYT1 DOC2A IL1RAPLL SYT9
23061 |signal release 1,83E+00| 4,91E+01|5/91 5.4% |83/14303 0.5%|SYT4 SNAP25 PCLO SYT1 DOC2A
i of signal cell
6836 |cell signaling 1,836400| 4.91E+01|5/91 5.4% |[83/14303 0.5%|SYT4 SNAP2S PCLO SYT1 DOC2A
3001 |generation of a signal cell to cell signaling 1,836400| 4,91E+01|5/91 5.4% [83/14303 0.5% |SYT4 SNAP25 PCLO SYT1 DOC2A
133/14303
6816 | calcium ion 2,026400| 5,12E+01(6/91 6.5% |0.9% CACNG7 TRPV2 TRPV1 CACNG2 ADRALA CACNG3
SNAP25 SDC4 DOC2A MYTLIL NTM SDC2 NRXN1 ALOX15 PEBP1 AQP4 FGF1 ADRALA RAPGEFL1 RPH3A
36/91 3234/14303 PIPSK1C CACNG2 GPM68 NTRK3 APLP1 LSAMP SYNJZ MYT1 ALDH3A2 FIG4 ALDH1A3 MAG FGF14 SYNJ1
32502 |developmental process 2,03E400| 5,12E+0139.5% 22.6% FGF19 FGF18 ILIRAPL1 PLP1 SDC1 FGF13 SCRG1 ALDHIAL
140/14303
70838 [divalent metal ion transport 2,66E400|  6,54E+01(6/91 6.5% |0.9% CACNG7 TRPV2 TRPV1 CACNG2 ADRAIA CACNG3
6903 |vesicle targeting 3.526400| B.42E+013/91 3.2% |22/14303 0.1% |ARF1 SNAP29 COPE
51592 |response to calcium ion S5,006400| 1,17€+02|4/91 4.3% |58/14303 0.4%|SYT1 PEBP1 KCNMB4 SOC1
290/14303
16337 |cell cell adhesion S,14E400| 1,17E+02(8/91 8.7% |2.0% COH6 PTPRT CLSTN2 COH10 CDHY COH18 COH7 COH19
SNAP2S5 SDC4 DOC2A MYTIL NTM SDC2 NRXN1 ALOX15 PEBP1 AQP4 FGF1 ADRATA RAPGEFL] RPH3A
43/91 4375/14303 PCLO KCNMBA PIPSK1C CACNG2 GPMGB SYTS SYT4 SYT1 NTRK3 APLP1 TRPV2 LSAMP SYNJ2 TRPVI MYT1
32501 ular organismal process 6,00£400| 1,33E+02[47.2% 30.5% ALDH3A2 FIG4 ALDH1A3 MAG FGF14 SYNJ1 FGF19 FGFI8 ILIRAPLL PLP1 SDC1 FGF13 SCRG1 ALDHIAL
12/91 632/14303
6.44E400|  1,40E+02[13.1% 4.4% FIG4 SNAP25 NTM SDC2 FGF19 NRXN1 FGF18 PLP1 PEBP1 SDC1 PIPSKIC CACNG2
176/14303
15674 |di tri valent inorganic cation transport 8,956400] 1.89E+02]6/91 6.5% |1.2% CACNG7 TRPV2 TRPV1 CACNG2 ADRALA CACNG3
SNAP2S ARF1 DOC2A SLCA4A1 SLCA4A2 SLCSAT1 MLCT AQP4 ADRATA RPH3A APAM1 CACNG7 PCLO
29/91 2577/14303 KCNMB4 CACNG2 SNAP29 CACNG3 GRIA3 GRIA4 SYT4 KCNJ6 KCNJ10 SYT1 APLP1 TRPV2 KCNJ16 TRPVL
9,70€400|  1,99E+02[31.8% 18.0% SYNJ1 COPE
6081 |cellufar aldehyde metabolic process 9,84E+00|  1,99E+02[3/91 3.2% |31/14303 0.2% |ALDH3A2 ALDHIA3 ALDHIAL
121714303
60627 |regulation of vesicle mediated transport 1,04E+01| 2,05E+02]5/91 5.4% |0.8% SYT1 SYNJ1 DOC2A IL1IRAPL SYT9
ﬁ_ SNAP2S ARF1 DOC2A SLCA4A1 SLCA4A2 SLCSAL1 MLC1 AQP4 ADRALA RPH3A APAML CACNG7 PCLO
32/91 2984/14303 PIPSK1A KCNMBA CACNG2 SNAP29 CACNG3 GRIA3 GRIAS SYT4 KCNJ6 KCNJ10 SYT1 APLP1 TRPV2 KCNJ16
51179 |localization 1,10€+01]|  2,13E+0235.1% 20.8% SYNJ2 TRPV1 SYNI1 FGF19 COPE
8543 |fibroblast growth factor receptor signaling pathway 1,186401|  2,13E+02|3/91 3.2% [33/14303 0.2%|FGF19 FGF18 FGF1
of vesicle location 1,186+401| 2,14E+02|3/91 3.2% |33/14303 0.2% |ARF1 SNAP29 COPE
PTPRT SNAP2S ARF1 DOC2A PEBP1 FGF1 ADRA1A RAPGEFLI ABR PCLO INPPSF PIPSK1A KCNMB4
33/91 3130/14303 PIPAK28 CACNG2 GRIA3 GRIA4 SYTS5 SYT4 SYT1 NTRK3 APLP1 TRPV1 ARHGAP32 FGF14 FGF19 FGF18
23052 |signaling 1,198401| 2,14E+02|36.2% 21.8% ILIRAPL1 PLP1 SOC1 FGF13 LPHN3 ALDHIAL
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SNAP25 ARF1 DOC2A SLC44A1 SLC44A2 SLC5A11 MLCL AQP4 ADRATA RPH3A APAM1 CACNG7 PCLO

29/91 2611/14303 KCNMBA CACNG2 SNAP29 CACNG3 GRIA3 GRIAG SYT4 KCNJ6 KCNJ10 SYT1 APLP1 TRPV2 KCNJL6 TRPVL
51234 |establishment of localization 29 1206401 2,14E+02|31.8% 18.2% SYNJ1 COPE
5513 |detection of calcium jon 1,40E+01] 2,45E+02]2/91 2.1% |9/14303 0.0% |SYT1 KCNMB4
25/91 2156/14303 PTPRT SNAP25 ARF1 DOC2A PEBP1 FGF1 ADRALA RAPGEFLY ABR PCLO INPPSF PIPSKIA KCNMBA
23046 {signaling process 1,62E+01| 2.73E+02]27.4% 15.0% (CACNG2 SYTS SYT4 SYT1 APLP1 ARHGAP32 FGF14 FGF18 ILIRAPLL PLP1 FGF13 ALDHIAL
25/91 2156/14303 PTPRT SNAP25 ARF1 DOC2A PEBP1 FGF1 ADRALA RAPGEFLL ABR PCLO INPPSF PIPSKIA KCNMBA
2. B! 1,62E401 2,73E402]27.4% 15.0% (CACNG2 SYTS SYT4 SYT1 APLP1 ARHGAP32 FGF14 FGF18 ILIRAPL] PLP1 FGF13 ALDHIA1
#8200 |golgl transport vesicle coating 1,74E401| 2,83E+022/91 2.1% [10/14303 0.0% |ARF1 COPE
48205 | coating of vesicle golgi 1,74E+01|  2,83E+02{2/91 2.1% [10/14303 0.0% |ARF1 COPE
51648 |vesicle localization 1.79€+01| 2.86E+02|3/91 3.2% |38/14303 0.2%|ARF1 SNAP29 COPE
206/14303
32940 secretion by cell 2.00E401]  3,14E+02[6/91 6.5% |1.4% SYT4 SNAP25 PCLO SYT1 DOC2A SNAP29
48194 |golgi vesicie budding 2,126401|  3,22E+02[2/91 2.1% [11/14303 0.0% [ARF1 COPE
[quaternary ammonium group transport 2 2,126401| 3,226+02]2/91 2.1% [11/14303 0.0% [SLCA4A1 SLCA4A2
145/14303
ylation 5 2,31E+01] 3,42E+02[5/91 5.4% |1.0% PTPRT INPPSF SYNJ1 SACMIL SYN)2
11/91 637/14303
22008 |neurogenesis 2,33E401 3,42E+02]12.0% 4.4% FIGA SNAP25 MAG SYNJ1 NTM SDC2 NRXN1 NTRK3 ILIRAPL] PLP1 PIPSK1C
48199 |vesicle targeting to from golgi 2,54E401| 3,66E+02(2/91 2.1% [12/14303 0.0% [ARF1 COPE
295/14303
46903 |secretion 2,73E+01|  3,88E+02(7/91 7.6% [2.0% SYT4 SNAP25 PCLO SYT1 DOC2A AQP4 SNAP2S
153/14303
10038 |response to metal ion 2,92€+01| 4,08E+02[5/91 5.4% [1.0% SYT1 PEBP1 KCNMB4 SOC1 GRIA3
227/14303
of nervous system develop! 3,25£401 4,43E+40216/91 6.5% |1.5% FIGA SNAP25 MAG SYNJ1 NTRK3 IL1RAPLL
5 4 3.26E401| 4,43E+02[4/91 4.3% [96/14303 0.6% [ARF1 SYNJ2 SNAP29 COPE
51602 [response to electrical stimulus 3,47€401| 4,64E+02[2/91 2.1% [14/14303 0.0% [KCNI6 PEBPL
20/91 1668/14303 SNAP25 MYT1L NTM SDC2 NRXN1 NTRK3 PEBP1 FGF1 MYT1 FIGE MAG SYNJ1 FGF19 FGF18 ILIRAPLL
30154 jcell differenciation 3.61E401| 4,76E+02[21.9% 11.6% PLP1 SDC1 PIPSK1C CACNG2 GPMEB

lipid metabolism

nervous system and cell development
ion transport

vesicle transport

neurotransmitter and synaptic regulation
cell adhesion

other

signaling cascades

List of GO-terms associated with TRPV2 enriched network. Go-term
ID, p-values, p-values corrected, gene number and percentage of genes
from the network and genes from the network included within each Go-
term are annotated. The box with colour shows the cellular process
manual annotation, acording to the legend.



Chapter V

Transient Receptor Potential Vanilloid 4 (TRPV4)
controls cellular transcription-translation and viral

translation through the interaction and modulation of
Dead box helicase DDX3X.

Specific objectives

¢ Identify potential interactors for TRPV4 to broaden the knowledge on the regulation of this
channel.
* Determine the main roles carried out by TRPV4 interactome.

¢ Identify functional implications of newly described TRPV4 interactions.
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Transient Receptor Potential Vanilloid 4 (TRPV4) controls cellular
transcription-translation and viral translation through the interaction and
modulation of Dead box helicase DDX3X.

Pablo Dofate-Macian!, Jenny Jungfleisch?, Carlos Pardo-Pastor®, Fanny Rubio-
Moscardo?, Alejandro Berna-Erro?, Juana Dfez?, Alex Perdlvarez-Marin' , Miguel
Valverde?,

TRPV4 is a non-selective ion channel member of the Transient Receptor Potential
(TRP) family that is widely expressed in human epithelial tissues. TRPV4 plays an
important role in integration of extracellular insults such as high temperatures,
mechanical or osmotic stretch within the epithelium, although the molecular
mechanisms by which TRPV4 exerts its function and regulates its activity are
mostly unknown.

To identify novel TRPV4 interaction partners we have performed a membrane
yeast two hybrid (MYTH) screening and identified 44 new potential interactors for
TRPVA4. Further characterization of TRPV4 interactome shows high association
with cellular processes related to signalling, immune system responses, calcium
metabolism or apoptosis. Among the putative protein-protein interactions (PPI)
derived TRPV4 functions, immune system and viral infection processes are the
most statistically significant associations.

We further characterize and functionally validate TRPV4 interaction with DDX3X,
a RNA helicase involved in regulation of viral infection at different levels. This study
establishes the first approach to define potential regulatory pathways for TRPV4 in
immune system response to viral infection.

| Unitat de Biofisica, Departament de Bioquimica | Biologia molecular. Universitat Autonoma de Barcelona (UAB)
Bellaterra, Barcelona, 08193, Spain.

2 Department of Experimental and Health Sciences, Universitat Pompeu Fabra, 08003 Barcelona, Spain

3 Laboratory of Molecular Physiology and Channelopathies, Dept. of Experimental and Health Sciences, Universitat
Pompeu Fabra, C/ Dr. Aiguader 88, Barcelona, 08003, Spain.
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Local and global calcium transients produced by TRP
channels tightly regulate gene transcription, resulting in
modulation of diverse cellular events such as cellular
motility and proliferation, muscle contraction or sensory
transduction . Despite the huge efforts in identifying
downstream effectors of TRP channels, the signalling
pathways that couple channel function to transcription
and lately cell regulation, are still poorly understood. So
far, the best characterized regulatory processes for TRPs,
as for most ion channels, consists in the linkage to
calcium related proteins such as calmodulin and
phosphorylation-dependent regulation2. TRPV4 is a non-
selective ion channel from the Transient Receptor
Potential (TRP) family, which is ubiquitously expressed
within the human body and mainly found in epithelial
tissues 3, the first barrier in contact with the external
environment. TRPV4 channel evoke calcium currents in
response to extracellular insults such as high
temperatures (38°C) 4, hypotonic shock 5 or mechanical
stretch 6.

TRPV4 N- and C-terminus bind calmodulin
potentiating channel activity 7 8 Indeed, several proteins
have shown to promote a sensitized state of TRPVA4.
Myosin binds to the C-terminal calmodulin binding pocket
and sensitizes the channel 2 SRC kinases directly
phosphorylate TRPV4 at the N-terminus and affect
channel activation % while inositol triphosphate receptor
(IP3R) enhances TRPV4 activity by settling a connection
between the TRPV4-mediated extracellular calcium influx
and the intracellular calcium stores 0. Lipid metabolism
also regulates TRPV4 activity, specially
phosphatidylinositol ~ 4,5-biphosphate  (PIP2), whose
binding sensitizes the channel in a process that is
modulated by Pacsin3 !l. Although upstream regulation of
TRPV4 activity has been quite characterized, few studies
identified TRPV4 partners that might mediate in lately
TRPV4-mediated cellular functions. Among its described
roles, TRPV4 controls cell adhesion and motility by
controlling adherent junctions and focal adhesions
through its interaction with proteins from these
complexes, such as E-cadherin and integrins, respectively
12, 13, 14, Furthermore, TRPV4 associates with several
scaffolding proteins such as AKAP5 15 and the
cytoskeleton 6, linking extracellular stimuli to calcium
metabolism and cellular structural organization and
integrity.

Here we report a membrane yeast two hybrid (MYTH)
that determined a set of new potential TRPV4 protein-
protein interactions (PPl) and unravel new physiological
implications for TRPV4 beyond what has been previously
described. TRPV4 PPl-based network predicted potential
functional implications of TRPV4 in immune system
regulation and viral infection. Interaction of TRPV4 with
DDX3X, a multifunctional DEAD Box family RNA helicase
involved in diverse steps of viral infection and immune
response 7, was further evaluated. DDX3X is an ATP
dependent RNA helicase used for the cell to control
several processes in the mMRNA metabolism. TRPV4
functionally relates with DDX3X, regulating the helicase

CHAPTERV

expression levels and cellular location. These finding
broaden our understanding of the diverse functional
regulation of TRPV4 and TRPV subfamily of channels in
cell physiology.

Results

TRPV4 potential interaction partners. In order to
determine new potential interaction partners and novel
TRPV4 potential roles a yeast two hybrid assay specific
for membrane proteins MYTH '8 was performed (Fig. |a).
MYTH is a split ubiquitin yeast based method that allows
the expression of full length membrane proteins in their
natural environment, embedded in the membrane, and
tagged with a bait tag composed of the C-terminus of
Ubiquitin (CUB) and a transcription factor (TF) (Fig. la
and b). Prey proteins contain the N-terminus of Ubiquitin
engineered to avoid spontaneous Ubiquitin refolding
(NUBG). Thus, only when bait and prey interact the
Ubiquitin  will refold and the degradation ubiquitin
complex (DUB) will release the TF that will go to the
nucleus and start the expression of reporter genes (Fig.
la).

Two baits were generated for TRPV4, carrying the bait
tag on the N-terminus or C-terminus of the channel. The
expression of the two baits was confirmed by Western
blot against bait tag (Fig. Ib). Upon co-transformation of
a human brain cDNA library with more than 107 clones as
preys, TRPV4 baits determined a total of 44 potential
interactors (Fig. I1c). The intensity of the colony blue
colour, due to B-galactosidase reporter, can be taken as a
measure of the interaction strength. The more intense
the blue stain the more constitutive, strong, the
interaction is, whereas the lighter the stain the more
transient, weak. Among interactors we found several
already described TRPV4 partners such as calmodulin
(CALM3), related calmodulin enzymes (CamKIl) and a
member of cadherin family (CDHé6) 12 19 7,

TRPV4 interactome associates with immune
response. To deepen in the potential TRPV4
physiological regulation, a molecular systems

interactomics approach was employed. TRPV4 interactors
determined by MYTH assay were used as template to
build a putative TRPV4 PPl-based interactome. Gene
enrichment based on protein co-localization, gene co-
expression, genetic interactions and domain conservation
was used to construct the network (Fig. 2a). Statistically
significant (corrected p-values below than 0.05) GO-
terms associated with the enriched TRPV4 interactome
were manually clustered into cellular processes attending
to their functional implications (Fig. 2a). The number of
statistically significant GO-terms within each cellular
process were quantified, being the most common GO-
terms those related to cellular signalling processes,
apoptosis, immune system response, metabolism, calcium
regulation and cellular structure formation (Fig. 2a and
supplementary).
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Figure |I. TRPV4 Membrane Yeast Two Hybrid Screen (MYTH). a) Workflow for MYTH assay. |. TRPV4 tagged with the bait C-
terminus of ubiquitin (CUB) and VPI6-LexA transcription factor (TF) was transformed in the Yeast reporter strain. Il. cDNA library
transformation of preys tagged with N-terminus of ubiquitin (NUBG). Upon interaction of bait and prey, ubiquitin is refolded and the
degradation ubiquitin complex (DUB) releases the TF. Ill. TF goes to the nucleus and starts the expression of several reporter genes
integrated in the strain that codify for auxotrophic markers Histidine, Adenine and B-galactosidase enzyme. b) TRPV4 N-terminus and
C-terminus bait expression confirmed by Western Blot (WB). APP fused to bait tag was used as positive control for the WB. c) Positive
interaction partners determined by our MYTH screen. SD2 (non selective media), SD4 (selective media). First row within each
interactor box corresponds to the image of the colony when firstly isolated from selective media (SD4). Second row corresponds to
the re-transformation of the TRPV4 bait strain with each specific bait to confirm the interaction. Third row contains the transformation
of the control strain pNUBFeé5 carrying a non related bait as control for the specificity of the interaction.

Having a look into the genes associated to the most
significant cellular processes we found that signalling
cascades are mainly related to growth factors such as
FGF6, cAMP-dependent protein kinases such as PRKARIA
or aldehyde dehydrogenases like ALD9A|  (Fig. 2b and
supplementary). Apoptosis was represented by members
of RHO GTP-ase signalling complex such as RHOA and
ARHGEFI, whereas the calcium regulation associated to

TRPV4 is related to calmodulin (CALM3) and calmodulin
kinase CamKll (Fig. 2b and supplementary). Immune
system responses are associated to viral infection related
genes such as IFNARI, the receptor for type |
Interferons, that activates the JAK-STAT signalling
pathway 20 or DDX3X, an ATP-dependent RNA helicase
from Dead helicase family involved in mRNA metabolism,
innate immunity and viral infection (Fig. 2b) 7. Although
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Figure 2. Systems biology approach for TRPV4 MYTH interactor screen. a) TRPV4 gene enriched interaction network by
Genemania algorithm (see methods for further detail) based on protein co-localization, gene co-expression, genetic interactions and
domain conservation. Red dots represent the potential interactors identified by MYTH screen. The pie chart represents statistically
significant GO-terms clustered by their function (cellular process). The width of each pie potion corresponds to the number of GO-
terms included within each cellular process. b) Table showing the MYTH TRPV4 partners included within each cluster of GO-terms. The
p-value assigned to each cellular process corresponds to the most significant GO-term association to TRPV4 interactome within that

cluster.

less abundant in number of GO-terms, the highest p-
values for GO-term associations with TRPV4 network
correspond to immune system processes and Vviral
infection (p-value= 2.4 10-3) (Fig. 2b and supplementary),
leading us to further explore potential implications of
TRPV4 in the immune system by characterizing some of
these potential interactions, which have not been
described previously elsewhere, to the best of our
knowledge, opening new physiological roles for TRPV4,

TRPV4 interacts with ATP-dependent Dead Box
Helicase 3 (DDX3X). Among the TRPV4 interactions
related to immune system regulation we found DDX3X.
In the cytosolic cellular context, DDX3X is involved in
the formation of pre-initiation translation complex by its
interaction with EIF4F and the translation of 5 structured

mRNAs In the nucleus, DDX3X binds to the
promoters of genes such as E-cadherin or IFNBI and
regulates their transcription 22 23, Thus, DDX3X plays
important roles mediating cell adhesion and innate
immune responses. Viruses have developed systems to
highjack DDX3X for their own profit, making this protein
essential for the translation of some viral proteins 24 In
the epithelium TRPV4 and DDX3X have some functional
overlapping as both are capable to control at different
levels mechanisms such as focal adhesions. TRPV4
interacts with E-cadherin and B-catenin and the channel
expression and function play a role in focal adhesions
formation 2 25, whereas DDX3X controls cell adhesion by
modulating E-cadherin and B-catenin expression levels 22
26, To confirm the veracity of TRPV4-DDX3X interaction,
co-immunoprecipitation assay in HEK293 mammalian cell

2,
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Figure 3. TRPV4

HELA

interaction with DDX3X. a) Co-Immunoprecipitation of TRPV4 and DDX3X. When TRPV4-V5tag was precipitated

DDX3X-Myc tag was present in the eluted fraction, whereas no DDX3X was found in the control elution, lacking the antibody to
precipitate TRPV4. b) Immunofluorescence of transfected HEK293 and HelLa mammalian cells. TRPV4-V5 tagged (green channel) and
DDX3X-Myc tagged (red channel) were overexpressed in HEK293 and Hela cell lines. Merge channel shows the co-localization
between TRPV4 and DDX3X channels (White spots). €) TRPV4 DDX3X docking showing potential binding site for DDX3X within
Ankyrin repeats domain (ARD) of TRPV4. TRPV4 is coloured in beige with several domains highlighted to ease the visualization. ARD
domain (green), transmembrane segments |-4, TM1-4 (red) and TM5-6 (dark blue). DDX3X is coloured in purple.

line overexpressing TRPV4 and DDX3X was carried out.
When TRPV4 tagged with the V5 viral epitope was
precipitated with an antibody against V5 tag (IP V5),
TRPV4 was detected in the elution accompanied by
DDX3X (Fig. 3a), whereas TRPV4 was hardly seen and
DDX3X was not present in the control elution, when V5
antibody was absent (Fig. 3a). This indicates that TRPV4
forms complexes with DDX3X in a mammalian system,
which was further addressed by immunofluorescence.
When transiently transfected, TRPV4 was mainly located
in internal membranous pools, producing an ER-like
staining, and at the plasma membrane of either HEK293
or Hela cells (Fig. 3b). DDX3X was mainly present in the
cytosol (Fig. 3b). TRPV4 and DDX3X co-localized, shown
as white pixels in the merge channel (Fig. 3b). Despite
co-localization, either the Pearson coefficient (R= 0.4) or
the distribution patterns were quite dissimilar between
TRPV4 and DDX3, arguing for a potential transient nature
of TRPV4-DDX3X interaction. Finally, interaction surface
was mapped by computational means. Using docking
software DOCK/PIERR the 10 potential binding places
with higher score were mapped to the N-terminal ARD
domain of TRPV4 (Fig. 3c), which locates within the
cytosol. Here we show the docking position with higher
free energy score (Fig. 3c). Further experimental
validation is needed to undercover the binding site
between TRPV4 and DDX3X.

TRPV4 controls DDX3X expression levels. Data mining
from Genome Expression Omnibus (GEO) revealed that
TRPV4 depletion by short hairpin (sh) RNA interference
in an adipocyte cell line might produce a decrease in
DDX3X mRNA levels 2. We tried to corroborate if
DDX3X protein expression is altered upon TRPV4
depletion. Human bronchial epithelial (HBE) cell line, a
cell type that endogenously expresses TRPV4 and
DDX3X, was infected either with a sh-control or a sh-
TRPV4 RNA to generate stable HBE cell lines control or
lacking TRPV4 channel, respectively. Depletion of TRPV4
was tested by calcium imaging measurements (Fig. 4a).
When treated with GSKI0I16790A, a specific TRPV4
agonist, HBE original cell line presents a prominent
calcium increase, measured by the Fura2 ratio 340/380,
with around 90% of the cells responding (Fig 4a). sh-
control HBE line is still able to produce intracellular
TRPV4 mediated calcium increases, although amplitude
and number of responding cells were decreased (Fig. 4a).
Sh-TRPV4 HBE cell line presents an almost total
depletion of GSKIOI6790A mediated calcium increase,
pointing to a proper abrogation of TRPV4 activity (Fig.
4a), which was further evaluated by WB (Fig. 4b). Sh-
TRPV4 HBE cells present a decrease in TRPV4 protein
expression levels, and according to the previous reports,
DDX3X expression was extremely reduced in sh-TRPV4
(p-value 0.0227)(Fig. 4b). Furthermore, DDX3X
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Figure 4. TRPV4 depletion leads to a decrease in DDX3X expression levels. a) Calcium imaging measurements of HBE cell lines.
From left to right, HBE original strain, sh-control and sh-TRPV4. Intracellular calcium levels are represented by the Fura2 ratio 340/380

(Y axis).

GSKI016790A was added at the minute | (X axis). Each red line represents a single cell measurement. b, ¢ and d) Western

blot against TRPV4 and DDX3X of HBE generated cell lines, b, WT and TRPV4 KO mice lung protein extracts, ¢, and MEF cell lines
from WT and TRPV4 KO mice, d. Tubulin was included as loading control. Bar graphs represent DDX3X expression levels normalized

by tubulin of 3 independent samples (n=3).

expression is reduced in TRPV4 knock out mice lung
tissue (p-value 0.003, Fig. 4c) and TRPV4-KO mouse
embryonic fibroblasts (MEF) (p-value less than 0.0001,
Fig. 4d). The consistency of DDX3X depletion in different
epithelial cells and tissues from different organisms argue
for a widely extended mechanism that requires TRPV4 to
maintain DDX3X protein levels.

TRPV4 activation promotes DDX3X translocation to
the nucleus. DDX3X is a RNA helicase that locates
mainly within the cytoplasm, although it shuttles between
the nucleus and the cytoplasm carrying out diverse
functions in both cellular compartments. In our attempt
to determine potential functional implications of TRPV4-
DDX3X interaction we wondered whether DDX3X
cytosol-nuclear balance may change upon TRPV4
activation or not. Transiently transfected Hela cells
treated with the TRPV4 specific agonist GSKI016790A
were  visualized by  immunofluorescence. Upon
GSKI0I16790A treatment, non-transfected TRPV4 cells
show no significant changes in DDX3X location, whereas
TRPV4 transfected cells show a clear accumulation of
DDX3X within the nucleus (Fig. 5a). This translocation of
DDX3X from cytosol to the nucleus is inhibited by a
TRPV4 specific antagonist, HC067047, pointing to the
channel specific functioning as the trigger of DDX3X
mobilization (Fig. 5a). To test the channel specificity of
this interaction we used Hela cells transiently transfected
with TRPVI, a very close TRPV4-related ion channel from

the same TRP subfamily. Activation of these cells by
capsaicin, a specific agonist of TRPVI, leads to a similar
translocation of DDX3X to the nucleus (Fig. 5b), arguing
for a potential conservation of this mechanism among
TRPV channels.

Additionally, GSK1016790A treatment produced a re-
arrangement of TRPV4, which adopts a vesicular
distribution with a markedly perinuclear staining (Fig. 5a).
This rearrangement could be due to channel
internalization, something that might explain previous
reports  that showed a  calcium independent
desensitization and decrease in TRPV4 plasma membrane
levels after GSKI1016790A activation 28, Same effect and
channel re-location was observed for TRPVI after
Capsaicin treatment (Fig. 5b).

DDX3X translocation to the nucleus is calcium
dependent. TRPV4 activation by GSKI016790A leads to
an intracellular calcium increase. It is already known that
many transcription factors such as NFAT can be
translocated to the nucleus upon changes in the calcium
levels 2%, To assess whether DDX3X translocation is
driven by similar mechanisms or not, the same
experiment was performed incubating the cells in a
calcium free medium. In this medium addition of
GSKI016790A does not evoke calcium currents and the
translocation of DDX3X was not observed, indicating that
the process is calcium-mediated (Fig. 6a).
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Figure 5. DDX3X translocates to the nucleus upon activation of TRPV channels. a) Transiently transfected Hela cells expressing
TRPV4 (green) and DDX3X (red). b) Transiently transfected Hela cells expressing TRPVI (green) and DDX3X (red). Merged channels
include nuclear staining (Blue) to ease the visualization of DDX3X location.

Interestingly, DDX3X adopts a more membranous stain
pattern, that may reflect a potential recruitment of the
protein to the membrane (Fig. 6a). Contrary, lonomycin
treatment, that generates pores in the cell membranes
and produces an unspecific entry of calcium to the cell,
did not alter DDX3X localization (Fig. 6a). Similarly,
Thapsigargin treatment, that increases cytosolic calcium
levels by inhibiting the SERCA pump and therefore the
calcium entry to the ER, lately producing an ER calcium
depletion, did not alter DDX3X cytosolic location (Fig
6a). All together, these results indicate that DDX3X
translocation process is dependent on the specific
calcium entry through TRPV4 from the extracellular
medium and might be not only related to unspecific
calcium increases.

As the process seems to require TRPV4-coupled
calcium entry, we asked if calcium related modulators
already described to interact with TRPV4, such as
calmodulin, mediate in the TRPV4 evoked DDX3X
translocation. The cells were incubated with broad-
spectrum calmodulin inhibitors, W7 and Calmidazolium
(Fig. 6b). The presence of these compounds does not
affect DDX3X cytosolic location, although translocation
to the nucleus upon GSKIOI6790A addition was
abrogated, either when W7 and Calmidazolium were used
separatedly or in combination (Fig. 6b). Interestingly,
other inhibitors of kinases downstream of ion channels
such as KT5720 inhibitor of PKA, PP2 inhibitor of SRCs or

AACoCF3 Inhibitor of PLA2 did not prevent DDX3X
translocation (Supplementary information).

TRPV4 binds calmodulin on its N- and C-termini
78, To investigate if calmodulin binding to the channel is
important for the TRPV4-calmodulin dependent DDX3X
translocation we tested a mutant lacking the C-terminal
calmodulin binding site, A-Cam TRPV4, which is functional
and responds to GSKI0I16790A. A-Cam TRPV4 was able
to translocate DDX3X in a similar way than the wild type
TRPV4 channel (Fig. 6c), indicating that the calmodulin
binding site on the C-terminus is dispensable for the
TRPV4-dependent DDX3 translocation. Further
investigation on the N-terminus calmodulin binding will
help to clarify if calmodulin-TRPV4 interaction is required
for the TRPV4-DDX3X interaction.

The mobilization of proteins between cellular

compartments is often mediated by phosphorylation
processes. As DDX3X translocation is conducted by
calmodulin, CamKIl, a calcium/calmodulin dependent

kinase that has been proposed as a downstream effector
of TRPV channel activation, was inhibited by the specific
blocker KN-93 and TRPV4 mediated translocation of
DDX3X evaluated (Fig. 6c). KN-93 does not affect the
cytosolic location of DDX3X but it does block the
translocation of DDX3X to the nucleus upon TRPV4
activation (Fig 6c), determining the need of CamKll
activity and potential phosphorylation of DDX3X as
crucial step for TRPV4 control over DDX3X location.
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DDX3X is recruited to TRPV4 complex upon channel
activation. The nuclear translocation mediated by TRPV4
activity might require of DDX3X location in close
proximity to the TRPV4, calmodulin, CamKIl complex. In
vivo imaging of transiently transfected Hela cells upon
GSKI1016790A treatment revealed a significant rapid
increase of TRPV4-DDX3X co-localization (Pearson
coefficient increase of 0.2, Fig. 7). This increase in co-

localization was maintained for around 2-4 minutes and
followed by a strong decay as DDX3X was gradually
accumulated in the nucleus (Fig. 7). Initial increase and
subsequent decay in TRPV4-DDX3X co-localization were
statistically significant when compared to the basal co-
locatization levels (p-values 0.0097 and 0.0008
respectively for 3 independent experiments, Fig. 7).
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upon channel activation, followed by DDX3X nuclear
translocation. Above, images of two cells at different time
points: 0 minutes, 3 minutes and |5 minutes after GSKI1016790A
treatment. Bottom left, time line plot of co-localization. Pearson
coefficient (Y axis) was plotted along time after GSKI016790A
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followed by a strong decay. Bottom right, mean and standard
deviation of Pearson coefficients for TRPV4-DDX3X co-
localization at three time points: 0, 3 and |5 minutes after
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TRPV4 control over transcription and translation. |n
the cytosol, DDX3X participates in the translation of
structured 5°UTR (untranslated region) mRNAs 2!, while
within the nucleus, DDX3X binds to several promoters
such as the E-cadherin and IFNBI promoters and
enhances IFNB| transcription while inhibit the E-cadherin
expression 23 22, affecting processes of transcription and
translation. As TRPV4 presence affects DDX3X
expression levels and TRPV4 activity is able to control
DDX3X location, we wondered if TRPV4 might mediate
in transcription and translation through the control of
DDX3X. In order to asses if TRPV4 presence or activity
affects transcription and translation, we constructed
several luciferase reporters containing an SV40 promoter,
that will allow the visualization of general transcriptional
changes, followed by highly structured 5°UTRs of genes
of our interest: C-MYC, SOX9, E-cadherin, TGFBI| and
BACE.

First, a cell viability assay (MTT) was performed to
check whether the different treatments used during the
transcription-translation experiments lead to mortality,
affecting the reporter readouts. HEK293 transiently
transfected with empty vector (pcDNA3) or TRPV4 and
subjected to isotonic medium, GSKI1016790A, HC067047,

Manuscript

calcium-free medium or BAPTA treatments
similar viability (Fig. 8a), allowing the
between conditions.

Overexpression of DDX3X in HEK293 cells produced
a significant decrease in the expression of E-cadherin and
TGFBI  constructs (p-values 0.0181 and 0.0022
respectively), whereas no significant changes were
observed for SOX9, C-MYC and BACE (Fig. 8b). This
observation implies a major effect of DDX3X
overexpression in the translation of 5°UTR from E-
cadherin and TGFBI genes. DDX3X transfection
produces no general effects in transcription as some
reporters used present no significant differences.
Overexpression of TRPV4 lead to a dramatic and
significant decrease of transcriptional-translational levels
for all the reporters used (p-values below 0.0001; Fig.
8b), pointing to a general role of TRPV4 in gene
regulation both at transcription and translation levels.
TRPV4 activation upon hypotonic cell swelling leads to a
significant increase in transcription translation levels of C-
MYC, E-cadherin, TGFBI and SOX9 (p-values 0.0289,
0.0005, 0.0495 and 0.0003, respectively; Fig. 8c). No
changes were observed in cells transfected with BACE
(Fig. 8c) or with empty vector. Moreover, the activation
of TRPV4 by the specific agonist, GSKI1016790A in TRPV4
transiently transfected cells produced a significant
decrease of all reporters (p-values 0.01, 0.2041 and
0.0034, respectively; Fig. 8d), indicating that activation of
TRPV4 has a general effect on transcription and
translation, i.e. in genic regulation. Cells were treated
with HC067047 which was able to revert the decrease in

present
comparison

transcription and translation provoked by TRPV4
activation with GSKI1016790A (Fig. 8d).
To understand the mechanism of TRPV4 in

transcription and translation we used the E-cadherin
reporter construct to compare between different TRPV4
mutants. TRPV4 121AAWAA, a mutant that responds to
the agonist GSKIOI6790A but is insensitive to
hypotonicity, was able to rescue the phenotype observed
after hypotonic shock (Fig. 8e). The B isoform of the
channel codifies for a TRPV4 isoform, which is not able
to tetramerize or be trafficked to the plasma membrane.
This mutant shows the same levels of transcription and
translation of E-cadherin as compared to the empty
vector transfection (Fig. 8e). A-Cam presented the same
transcription-translation levels than TRPV4 wild type (Fig.
8e). The analysis here presented points to the need of
functional TRPV4 in the plasma membrane to regulate
transcription and translation.

As the observed effects are dependent on channel
function we wondered whether they were calcium
sensitive. lonomycin treatment produce a significant
decrease in transcription-translation levels, although the
decrease was 8 fold smaller than the observed upon
TRPV4 transfection (p-values 0.0304 and less than 0.0001
respectively; Fig. 8f).
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Transcription-translation levels in HEK293 cells transiently transfected with empty vector or TRPV4 and subject to calcium depletion
and channel basal activity inhibition (n=3). h) E-cadherin Transcription-translation levels in HBE cells treated with hypotonic media or
GSKI1016790A. Cells were transiently transfected with Si-control or Si-DDX3X RNA interference (n=3).

Furthermore, when grown in a calcium-free medium or
upon BAPTA addition to avoid intracellular calcium rises,
there were no significant differences in transcription or
translation upon TRPV4 transfection (Fig. 8g). The use of
the TRPV4 specific antagonist, HC067047, prevents the
decrease observed in transcription or translation (Fig. 8g).
These results argue for a specific calcium entry through
TRPV4 as main responsible of the observed changes in
transcription or translation.

HBE cell line was transiently transfected with the E-
cadherin reporter and a short interference RNA, either
mock or against DDX3X. HBE cells were treated with
hypotonic media or GSKI016790A in order to promote
TRPV4 activation. TRPV4 activity produced a significant
decrease in E-cadherin transcription and translation (p-
values 0.0021 and below 0.0001, respectively). This effect
was reverted upon DDX3X depletion by siRNA (Fig. 8h).

TRPV4 regulates viral translation. DDX3X not only
regulates transcription or translation of cellular structured
5°UTR, but it plays an important role in viral infection, as
some virus highjack DDX3X to promote the translation
of their own RNAs, which is a relatively conserved
mechanism. Dedl, the yeast DDX3X ortholog, is crucial
for translation of the viral polymerase-like protein 2a,
encoded by Brome mosaic virus (BMV) RNA2 24,
Accordingly, TRPV4 MYTH interactome showed a high
association with viral infection and immune system
processes, which opens the possibility that the function of
TRPV4 over DDX3X can also be related with viral
protein translation. Taking advantage of the model system
Saccharomyces cerevisiae we compared the wild type
strain with the AYVCI strain, where YVCI, the TRP
channel homolog in yeast¥, was deleted. These two
strains were transformed with the viral RNA 2a to
monitor the protein 2 expression levels. Deletion of
YVCI gene produced a significant decrease in the viral 2a
protein levels (below 50% of translation, p-value 0.0039),
indicating that viral protein translation was affected (Fig.
9a). To corroborate that TRPV4 is responsible for this
effect, AYVCI strain was transfected with the human
TRPV4 expression baits from the initial yeast two hybrid
screen. Both plasmids, revert to some extent the decay in
viral protein translation (Fig. 9b). In the case of TRPV4
N-terminal tagged (pBT3-N TRPV4) the recovery of viral
translational levels was almost complete, whereas C-
terminal tagged TRPV4 was 30% less efficient to revert
the effect of YVCI depletion in viral translation (Fig. 9b).
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Figure 9. TRPV4 control over viral RNA translation. a)
Western blot and qPCR against viral protein 2a from wild type
and AYVCI yeast strains. b) Western blot and qPCR against viral
protein 2a from wild type and AYVCI yeast strain transformed
with TRPV4 MYTH bait constructs. Viral translation levels were
quantified as the ratio between protein and RNA levels for 3
independent samples (n=3), plotted as a bar plot a and b.

Discussion

Despite the huge efforts carried out to elucidate the
mechanisms underlying TRPV4 regulation over cell
physiology, there is still a lot to know about the potential
effectors located downstream of this channel. Here we
report a yeast two hybrid screen that identified 44
potential interactors for TRPV4 (Fig. |). Among the
identified partners we found proteins that already have
been associated with TRPV4 such as calmodulin
(CALM3)7 or E-cadherin (CDH6)'2, which are good
indicators of the accuracy of our approach. Gene
enrichment analysis of TRPV4 interactome obtained by
MYTH highlighted the association of this set of proteins
with cellular processes such as signalling and calcium
regulation, typical actions for an ion channel, and immune
system regulation or apoptosis (Fig. 2). The lowest p-
values indicating the highest levels of association were
related to immune system responses and viral infection
regulation (Fig. 2 and supplementary). Indeed, TRP
channels have shown to play diverse roles in immune
system. For instance, TRPV4 activation by hypotonic
stress  triggers developmental immunity in  skin
keratinocytes through TGFBI/NFKB signalling pathway 3!,
In airway epithelia, TRPV4 regulates immune response at
several levels. In the lungs, TRPV4 promotes macrophage
activation 32 and stimulates smooth muscle cell
proliferation 3. Furthermore, TRPV4 mediates pulmonary
inflammation upon chemical insult 34, affecting through its
activity the epithelial barrier function and membrane
permeability of the respiratory epithelia 3, which
potentially increases susceptibility to opportunistic
infections .
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Concerning to response to virus, no specific role for
TRPV4 has been proposed to date, although TRPV4
inhibition regulates T cell activation by suppressing
tumour necrosis factor, interleukin-2, interferon-y release
and effector cytokines production 3%, which may have an
impact in immune system performance upon viral insult. It
has been shown that replication of many viruses is related
to intracellular calcium concentration and TRPs modulate
ion concentrations. Studies in neuroblastoma cells with
close homolog TRPVI and distant related TRP member
TRPAI revealed an upregulation in TRPs expression levels
upon Rhinovirus infection 37, suggesting potential
implications of TRPs in viral infection and pathogenesis.

Among the TRPV4 MYTH partner genes related to
viral infection, we determined the interaction with
DDX3X, a cytoplasmatic RNA helicase from the Dead
box family of helicases (Fig. 3). This is the first time a
member of the Dead box helicase family is described to
directly interact with an ion channel. TRPV4-DDX3X
interaction implies the direct link of extracellular insults
sensed by the channel such as osmolality or temperature
to regulation of transcription-translation mediated by the
helicase. Although DDX members have not been related
to TRPV channels previously, this family of helicases
carries out roles related to TRPV members. Plant DDX
homologs are crucial for plant surveillance upon high
salinity and cold insult 38 3% Furthermore, DDX3X
mutation produced thermal sensitivity in hamster BHK21
cells, arresting cell cycle at 39,5°C in the GI to S
transition phase 4. Altogether, these evidences highlight
the potential functional coupling of these two protein
families.

Specifically, TRPV4-DDX3X interaction entails several
functional implications. We showed that DDX3X and
TRPV4 levels are linked in epithelial tissues from human
and mice (Fig. 4). Silencing or knocking down TRPV4
leads to a decay in DDX3X expression levels. This
mechanism might partially explain the role of TRPV4 in
regulation of adherent junctions 2 and trailing adhesion 13,
as DDX3X negatively modulates cell adhesion and
motility by increasing Snail levels and by regulating RAC-1
signalling pathway 426, These evidences point to DDX3X
as potential effector of TRPV4, with potential
pathophysiological implications, since DDX3X levels
correlate with cancer malignancy 22
TRPV4 channel activation leads to nuclear translocation
of DDX3X (Fig. 5), arguing for a coupling of TRPV4 and
DDX3X in the same signalling pathway. Translocation is
mediated in the case of Dedl, DDX3X yeast homolog, by
the importins CRMI| and MEX67 that keep the
equilibrium between nuclear and cytosolic DDX3X 4.
TRPV4-mediated nuclear translocation of DDX3X s
dependent on the extracellular calcium entry coupled to
the channel and calmodulin/CamKIl activity (Fig. 6).
Furthermore, it might imply the recruitment of DDX3X to
TRPV4/Calmodulin/CamKIl complex (Fig. 7), an issue that
should be further addressed by F&rster Resonance Energy
Transfer  (FRET) and Total Internal Reflection
Fluorescence (TRIF). DDX3X binds to calmodulin in a
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phosphorylation dependent manner 43, so it is expected
that DDX3X would specifically bind to
TRPV4/Calmodulin/CamKlI complex upon TRPV4-
mediated calcium entry and the appropriate calcium-
dependent modifications happening on the complex. As
the effect that we observed occurs in the plasma
membrane, far from the nucleus, we speculate that
channel activation leads to posttranslational modifications
of DDX3X, potentially phosphorylations by CamKll, that
result in an increase of DDX3X translocation to the
nucleus.

Our study also reports that TRPV4 expression can
modulate the transcription and translation of a
heterogeneous group of genes (Fig. 8), arguing for a
potential TRPV4-mediated general regulation of
transcription-translation. The fact that TRPV4
overexpression in HEK293 leads to a stronger change in
transcription-translation of these reporters than DDX3X
might imply that TRPV4 control over transcription-
translation is not a single pass path, but rather an
arborescence path, so the observed effects might be
mediated by several transcriptional and translational
factors downstream of TRPV4, with DDX3X being just
one of them. Indeed, factors such as NFKB have been
already located downstream of TRPV4 activity 44 In HBE,
with endogenous TRPV4 and DDX3X levels, the effect of
TRPV4 activation is reverted upon DDX3X silencing,
indicating that although this helicase might not be the
only player downstream of TRPV4, it carries most part of
the channel effect over transcription-translation in this
cell line and, by inference, potentially in the epithelial
airways.

Finally, among the implications of DDX3X in
transcription and translation related to viral infection, its
yeast homolog Ded| mediates in viral translation of RNA
2a protein, being a crucial gene for this process 24
Depletion of the yeast TRPV4 homolog YVCI (AYVCI)
results in a decrease in translation of RNA 2a, that was
recovered upon TRPV4 transformation into the AYVCI
yeast strain (Fig. 9). Decrease in Ded| levels results in a
similar effect. Thus, a plausible explanation is that
depletion of TRPV4 homolog YVCI might potentially
decrease Ded!| levels, similar to what we observed in
mice and human cells and epithelial tissues.

In conclusion, our study indicates that TRPV4 plays a
role in immune system response to viral infection, which
in part is mediated by its interaction with DDX3X. At
least in our cell biology experiments TRPV4 controls
DDX3X levels in human and mice epithelial tissues and
its activity regulates DDX3X translocation to the nucleus
in a  TRPV4/calcium/Calmodulin/CamKIl  dependent
manner. Furthermore, TRPV4 has an effect over general
transcription and translation through DDX3X and other
potential factors coupled to the channel activity. This
control on transcription-translation is mostly mediated by
DDX3X in epithelial tissues and might have potential
relevance in the translation of viral RNAs and other
infectious agents.
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Methods

Membrane Yeast Two Hybrid Assay (MYTH). MYTH assay
was previously described by Snider and colleagues (27). MYTH
reporter strain NMY5I1, containing reporter genes HIS3, ADE2,
and lacZ downstream of lexA operators, was purchased from
Dualsystems Biotech (P01401-P01429). Western blot against
LexA tag was used to confirm the correct expression of the
generated baits. NMY5| yeast cells expressing GFP tagged baits
were fixed and visualized using a Leica TCS SP5 confocal
microscope. The MYTH assay was performed essentially
following the provider instructions (PO1401-P01429).
Transformation efficiency of the human brain ¢cDNA library into
NMY51 carrying the bait constructs was higher than 2x10°%
Transformants were plated into SD selective agar plates. pBT3-N
TRPV4 was plated SD-His Ade 7,5mM 3AT plates and pBT3-STE
TRPV4 SD-His Ade 10mM 3AT plates for C-TRPV4, After
incubation at 30 °C for 3-5 days, transformants were transfered
into selective plates whit same stringency but containing 5-
bromo-4-chloro-3-indolyl-p,d-galactopyranoside  (X-Gal). Prey
plasmids were then recovered by miniprep kit, transformed into
Dh5a E. coli competent cells, purified from E. coli, and
sequenced. Isolated prey plasmids carrying a putative interaction
partner were then re-transformed into NMY5| strain containing
the original bait to confirm the interaction.

Gene enrichment and network analysis. Genes determined by
the MYTH assay for TRPV4 (44 hits) were used to construct a
network in Cytoscape with Genemania App. The network was
constructed using as template the Genemania Human genome
and adding the 100 closest related genes based on colocalization,
co-expression, physical interactions and domain conservation.
Bingo Cytoscape app was used to find Go-Term categories
statistically enriched within the TRPV4 network. P-values of Go-
terms were calculated with the hypergeometric test and
corrected with the Benjamini&Hochberg FDR algorithm.
Statistically significant Go-Terms were manually clustered by
their function as cellular processes. Each cellular process includes
a series of functionally related Go-Terms from Bingo analysis.
TRPV4 partners associated to each «cellular process were
quantified and represented as a pie chart.

DNA plasmids and clonings. pBT3-STE vector (P03233),
control bait protein pTSU-APP, control prey pPR3-N (P01401-
P0O1429) and cDNA library from human brain (P12227,) were
purchased from Dualsystems. Human TRPV4 full length was
cloned into pPR3-N and pBT3-STE within Sfil sites.

pcDNA3 TRPV4 vector and TRPV4 V5 tagged vector within the
first extracellular loop were previously generated in Valverde
Lab. DDX3X myc/flag tag was kindly provided by Dr. Hiroshi
Yoshizawa from Niigata University.

Luciferase reporters were constructed using the pGL4 plasmid
from Promega (E665A). Sv40 promoter was cloned within Sfil
site. 5'UTR from BACE, C-Myc, E-cadherin, TGFBI and Sox9
were cloned within Kpnl, Hindlll sites.

Cell cultures and transfection. MEF, HEK293 and Hela cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
D6046 Sigma) supplemented with 109% FBS, 100 units/mL
penicillin and 100 pg/mL streptomycin. HBE were cultured in
HBE media. Transfection was performed using polyethyleneimine
(PEI, Polysciences, 23966). HEK293 cells overexpressing the
transfected constructs were lysed 48 hours after transfection and
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membrane proteins solubilized for 30 min at 4°C in lysis buffer
(50mM Tris-HCL pH 7.4, 150mM NaCl, 5mM EDTA, 0.5% NP40,
ImM DTT, 10mM 13-GP, 0.ImM Na;VO, lug/ul pepstatin,
2ug/ul aprotinin, 0. mM PMSF, ImM benzamidine and EDTA-free
protease inhibition cocktail, ROCHE 11873580001). Cell extracts
were centrifuged at 14000g at 4°C for [0 min to remove
aggregates.

Western blot. Lysates and immunoprecipitates were loaded into
SDS-page gels and run at 100mV for 90 min. Gels were
transferred to nitrocellulose membranes into an iBlot cast
(IB100OI, Invitrogen). Membranes were blocked in blocking buffer
(5% non-fat-dry milk TTBS Ix) ON at 4°C. Primary antibodies
were incubated in blocking buffer for | hour RT. Primary
antibodies were diluted as follows: anti LexA tag (sc-107150,
SantaCruz) 1:1000, anti V5 tag (R9612-25, Sigma) [:1000, anti
Myc tag (M4439, Sigma) 1:1000, anti DDX3X (37160, Abcam)
1:1000, anti TRPV4 (self generated) 1:1000, Secondary
antibodies were incubated for | hour at RT. Anti mouse
(NXA931, GE healthcare) and anti rabbit (NA934, GE
healthcare) were used at 1:2000 dilution in blocking buffer.
Membranes were developed with West Pico chemoluminiscent
substrate (34080, Thermo Fisher).

Co-Immunoprecipitations. Soluble fractions from cell lysis
were used as input for co-immunoprecipitations. Cell extracts at
I ng/ pl (500 pg total protein) were incubated ON at 4°C with
anti V5 antibody (R9612-25, Sigma). Immuno-complexes were
then incubated with 50uL of sepharose beads (17-0618-01, GE)
for 2 hours at 4°C. After incubation complexes were washed
with PBSIx buffer 3 times. Immunoprecipitated complexes were
denatured with SDS-PAGE sample buffer (90°C for 5 min),
separated by SDS-PAGE and analyzed by western blotting.

Immunostain and imaging. Hela transiently transfected cells on
coverslips were fixed in 4%PFA for 10 minutes 24 hours post-
transfection. Cell were then permeabilized in 0.1% Triton PBSIx
for 10 minutes and blocked in 2% BSA [%FBS for | hour.
Antibodies were used in a 1:1000 dilution against TRPV4 and
Myc. Secondary antibodies A555 Mouse (A21424,
Lifetechnologies) and A647 Rabbit (A21245, Lifetechnologies)
were used in a 1:2000 dilution. All antibodies were diluted in
blocking buffer and incubated for | hour. Nuclear staining was
performed with Dapi (62248, ThermoFisher), dilution 1:1000 for
10 minutes. All coverlids were mounted with Mowiol.

Docking. TRPV4 3D model was constructed based on TRPVI
Cryo-EM solved structure (3)5P, PDB). DDX3 structure (2141,
PDB) was previously solved. Molecular docking studies were
performed with DOCK/PIERR docking algorithm based on
residue contact potential PIE and atomic potential PISA.
Dock/Pierr  server  (http://clsb.ices.utexas.edu/web/dock.html)
from the Computational Life Sciences and Biology.

Luciferase assay. Cells were seeded in a 96 well plate at a
density of 10.000/well. For luciferase assays, 200 ng of a given
reporter construct, 20 ng of renilla (E2940, Promega) and/or 300
ng of pcDNA3 empty/TRPV4/DDX3X per 3 wells were used for
transfection. We did triplicates of 3 wells. After transfection,
cells were maintained in 100 pl of growth media 24 hours and
then treated as desired. Treatments were performed overnight.
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After treatment, cells were lysed in 50 pl of Optimem plus 50 pl
of IX passive lysis buffer (PLB buffer from Promega) at room
temperature for |15 minutes. For dual luciferase assay, lysates
were subjected after first readout to analysis of firefly renilla
luciferase (50 pl of stop and glow buffer and | pl renilla
substrate). Luminescence was read. Each sample was red for 7
times for the reporter and 7 times for the Renilla. Values here
represented are ratio Reporter/Renilla, to standardize the data
by the number of transfected cells in each well.
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TRPV4 Gene Enrichment Analysis (GEO). Bingo App algorythm (Cytoscape) analysis of the 100 closest genes TRPV4 network. Color represents p-value
association between the Go-term and TRPV4 network. The red color indicates the most statistically significant associations with TRPV4 network, followed by yellow
color. White Go-terms are the least significant associated Go-terms.
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Go-ID ﬂ Go-terms ﬂ pValue n pValue corr: associationn % genes n Genes
interspecies interaction YWHAE BNIP3L FH DDX3X F11R CENPA RHOA SRPK1 XPO1 IRF3 PACS1 MBP IKBKG
44419 between organism 1,48E-02 2,38E+01 . TRIM22
9615 response to virus 5,44E-02 3,61E+01 . IFNAR2 BNIP3L IRF3 IFNB1 PCBP2 IFNA2 IFNA8 TRIM22 IFNAR1
IFNAR2 YWHAE BNIP3L FH DDX3X IFNB1 IFNA2 F11R IFNA8 CENPA RHOA SRPK1
51704 multi-organism process 6,74E-02 3,61E+01 . P2RX7 XPO1 IRF3 PACS1 PCBP2 MBP IKBKG TRIM22 IFNAR1

YWHAE RTKN IFNA2 FGF6 AKAP10 FNTA CLP1 ARHGDIA NUP62 RAC1 IKBKG KIFAP3
JAK1 IFNAR2 ARHGEF11 IL15RA DUSP3 IL18 TYK2 GNL1 RHOA IRF3 PRKAR1A
SNURF IFNAR1 ALDH9A1 CAMK2B ROCK2 PEX11B STK3 CDC42 CASKIN1 MBP
WASF2 ARFGEF2 CDKN2A IFNB1 WNT7B SRPK1 NFKB2 P2RX7 TRPV4 ID1 ABI1
23052 signaling 2,31E-01 9,29E+01 . PDE3A CALM3 CALM1 RABSA FGFR2
YWHAE RTKN ROCK2 IFNA2 STK3 CDC42 FGF6 FNTA CLP1 ARHGDIA NUP62 RAC1
IKBKG WASF2 JAK1 IFNAR2 ARHGEF11 ARFGEF2 DUSP3 CDKN2A IFNB1 WNT7B
TYK2 RHOA SRPK1 P2RX7 IRF3 PRKAR1A TRPV4 ID1 ABI1 SNURF CALM3 CALM1
23033 signaling pathway 3,06E-01 9,86E+01 . RABSA FGFR2 IFNARL
positive regulation of
ryanodine-sensitive
60316 calcium release channel 8,08E-01 2,17E+02 . CALM3 CALM1
IFNAR2 YWHAE ARHGEF11 ARFGEF2 RTKN DUSP3 ROCK2 CDKN2A TYK2 RHOA STK3
intracellular signaling SRPK1 CDC42 P2RX7 IRF3 PRKAR1A ARHGDIA SNURF RAC1 IKBKG RAB5A WASF2
23034 pathway 9,53E-01 2,19E+02 1 IFNAR1 JAK1
negative regulation of
ryanodyne sensitive

IFNAR2 ARHGEF11 RTKN DUSP3 CDKN2A TYK2 RHOA STK3 SRPK1 CDC42 P2RX7

35556 calcium release channel 1,68E+00 3,38E+02 ) IRF3 ARHGDIA RAC1 IKBKG RAB5A WASF2 IFNAR1 JAK1
60315 lamellipodium assembly 2,41E+00 4,21E+02 . CALM3 CALM1

response to other
30032 organism 3,02E+00 4,21E+02 . CYFIP1 RAC1 WASF2

adaptative inmune
response based on
somatic recombination

51707 of inmune receptors 3,78E+00 4,21E+02 IFNAR2 P2RX7 BNIP3L IRF3 IFNB1 PCBP2 IFNA2 MBP IFNA8 TRIM22 IFNAR1
adaptative inmune
2460 response 4,19E+00 4,21E+02 IL18 LIG4 MBP GNL1 NFKB2
positive regulation of 5/129
2250 biological process 4,47E+00 4,21E+02 5 3.8% 1L18 LIG4 MBP GNL1 NFKB2
YWHAE FH CDKN1B RPN2 ROCK2 IFNA2 STK3 ACAT1 CDC42 FGF6 FNTA ARHGDIA
positive regulation of 35/129 NUP62 MBP RAC1 IKBKG KIFAP3 ARHGEF11 BNIP3L DUSP3 ANXA2 CDKN2A IFNB1
48518 biological process 4,48E+00 4,21E+02 27.1% PLK2 WNT7B IL18 LIG4 CASK RHOA P2RX7 SNURF CALM3 CALM1 FGFR2 IFNAR1
regulation of release of
sequestered calcium ion
into cytosol by 2/129
10880 sarcoplasmic reticulum 4,79E+00 4,21E+02 1.5% CALM3 CALM1
Rho protein signal 4/129
7266 transduction 4,95E+00 4,21E+02 3.1% ARHGEF11 RTKN ARHGDIA RHOA
Ras protein signal 6/129
7265 transduction 5,26E+00 4,21E+02 4.6% ARHGEF11 RTKN CDKN2A ARHGDIA WASF2 RHOA

CAMK2B RTKN PEX11B STK3 CDC42 FGF6 AKAP10 FNTA ARHGDIA CASKIN1 MBP

RAC1 IKBKG KIFAP3 WASF2 JAK1 IFNAR2 ARHGEF11 IL15RA DUSP3 CDKN2A TYK2
34/129 GNL1 RHOA SRPK1 NFKB2 P2RX7 IRF3 PRKAR1A TRPV4 PDE3A RAB5A IFNARL

23046 signaling process 6,06E+00 4,21E+02 26.3% ALDH9A1

CAMK2B RTKN PEX11B STK3 CDC42 FGF6 AKAP10 FNTA ARHGDIA CASKIN1 MBP

RAC1 IKBKG KIFAP3 WASF2 JAK1 IFNAR2 ARHGEF11 IL15RA DUSP3 CDKN2A TYK2

34/129 GNL1 RHOA SRPK1 NFKB2 P2RX7 IRF3 PRKAR1A TRPV4 PDE3A RAB5A IFNARL

23060 signal t issi 6,06E+00 4,21E+02 26.3% ALDHY9A1
18/129 YWHAE ARHGEF11 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 LIG4 RHOA STK3
42981 regulation of apoptosis 6,32E+00 4,21E+02 13.9% P2RX7 FNTA ARHGDIA NUP62 PDE3A RAC1 IKBKG
positive regulation of 12/129 YWHAE ARHGEF11 P2RX7 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 RAC1 IKBKG
43065 i 6,54E+00 4,21E+02 9.3% STK3
17/129 CAMK2B CAMK2D MT-ND5 ROCK2 PLK2 CASK TYK2 STK3 SRPK1 CDK9 P2RX7 ABI1
16310 phosphorylation 6,87E+00 4,21E+02 13.1% MT-CO2 MT-CO3 FGFR2 CDK16 JAK1
positive regulation of 12/129 YWHAE ARHGEF11 P2RX7 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 RAC1 IKBKG
43068 programmed cell death 6,94E+00 4,21E+02 9.3% STK3
regulation of programed 18/129 YWHAE ARHGEF11 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 LIG4 RHOA STK3
43067 cell death 7,05E+00 4,21E+02 13.9% P2RX7 FNTA ARHGDIA NUP62 PDE3A RAC1 IKBKG
actin polymerization or 3/129
8154 i 1 7,31E+00 4,21E+02 2.3% ABI1 RAC1 WASF1
positive regulation of cell 12/129 YWHAE ARHGEF11 P2RX7 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 RAC1 IKBKG
10942 death 7,51E+00 4,21E+02 9.3% STK3
regulation of multi- 4/129
43900 organism process 7,70E+00 4,21E+02 3.1% P2RX7 IFNB1 PCBP2 MBP
5/129
30031 cell projection assembly 7,74E+00 4,21E+02 3.8% P2RX7 CYFIP1 PCM1 RAC1 WASF2
18/129 YWHAE ARHGEF11 BNIP3L CDKN1B CDKN2A IFNB1 IFNA2 IL18 LIG4 RHOA STK3
10941 regulation of cell death 7,75E+00 4,21E+02 13.9% P2RX7 FNTA ARHGDIA NUP62 PDE3A RAC1 IKBKG
mitochondrial electron
transport, cytocrome ¢ 2/129
6123 to oxigen 7,94E+00 4,21E+02 1.5% MT-CO2 MT-CO3
phosphorus metabolic 19/129 CAMK2B CAMK2D MT-ND5 DUSP3 ROCK2 PLK2 CASK TYK2 STK3 SRPK1 CDK9
6793 process 8,38E+00 4,21E+02 14.7% P2RX7 DUSP12 ABI1 MT-CO2 MT-CO3 FGFR2 CDK16 JAK1
phosphate metabolic 19/129 CAMK2B CAMK2D MT-ND5 DUSP3 ROCK2 PLK2 CASK TYK2 STK3 SRPK1 CDK9
6796 process 8,38E+00 4,21E+02 14.7% P2RX7 DUSP12 ABI1 MT-CO2 MT-CO3 FGFR2 CDK16 JAK1
positive regulation of
cellular compoment 8/129
51130 organizati 9,09E+00 4,43E+02 6.2% CDC42 P2RX7 ANXA2 ROCK2 ARHGDIA MBP RAC1 RHOA
NCKAP1 CYFIP1 RTKN MT-ND5 AQP4 F11R CDH6 FGF6 FNTA CLP1 ARHGDIA OIPS
FAM65B KIFAP3 EIF1AX LIG4 CASK PRKAR1A MT-CO2 MT-CO3 IFNAR1 RPN2
PEX11B ZFP36L1 STK3 ACAT1 PCBP2 DNAJC21 MBP BRIX1 LTA4H SMYD3 MPST
CPSF1 PLK2 ELL2 SRPK1 NFKB2 CDK9 EIF2S3 EIF6 TRPV4 ID1 PDE3A UBA1 ACO2
OSBPL1A RAB5A FGFR2 CDK16 YWHAE CDKN1B IFNA2 SETD7 CDC73 EEA1 DUSP12
PCM1 SPTLC1 XPO1 SPTLC2 NUP62 RAC1 IKBKG FEZF2 JAK1 ARHGEF11 DUSP3
ANXA2 IL18 TYK2 GNL1 RHOA IRF3 PACS1 SNURF ALDH9A1 CAMK2B FH CAMK2D
101/129 ROCK2 VPS4B RGPD2 CENPA CDC42 ORMDL3 GCNT3 WASF1 WASF2 EIFAB
9987 cellular process 1,04E+01 4,93E+02 101 78.2% ARFGEF1 ARFGEF2 PEX19 CDKN2A IFNB1 TPK1 WNT7B P2RX7 MARS ABI1 ATP13A2,

List of GO-terms associated with TRPV4 enriched network.

inmune system response

signaling Go-term ID, p-values, p-values corrected, gene number and percentage of
Ca'c"‘t"‘ signaling genes from the network and genes from the network included within each
apoptosis .

cellular structures Go-term are annotated. The box with color shows the cellular process

metabolism manual annotation, according to the legend.
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Isotonic media GSK 10nM

DDX3X translocation is not dependent on PKA, PLA2 or SRCs. Transiently transfected Hela cells expressing TRPV4 (green) and
DDX3X (red). Cells were treated with a cocktail of inhibitors KT5720, ACCoCF3 and PP2 that impair PKA, PLA2 and SRC enzymes.
The treatment did not alter DDX3X or TRPV4 location. Treatment with GSK produced an rearrangement of TRPV4 and the
translocation of DDX3X to the nucleus in a similar way to what was previously described without inhibition of these enzymes.

TRPV4
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Discussion

1. Conservation among sequence and structural functional implications in TRPV subfamily

Our data in Chapter Il determined the evolutionary pressure exerted over the TRPV1-4 channels
and their structural domains. Our data agrees with the already proposed evolution pattern for TRPVs
attending to phylogenetic clustering and chromosomal location (Fig. 11) [73, 236]. TRPV4 forms a very
homogenous cluster with higher purifying selection followed by TRPV1, TRPV3 and finally TRPV2 (Fig. 1
in Chapter Il), which argues for an earlier divergence from TRPV4 and TRPV1-3 ancestors, followed by
several gene duplications that lead to the generation of TRPV1, TRPV2 and TRPV3. In fact, TRPV2 might
be still under positive selection indicating some functional overlapping with its close relatives, which
could lead to functional/pharmacological compensation effects as has been observed in mild-phenotype
TRPV2 knock-out mouse [237]. Pharmacologically, TRPV2 has no specific endogenous or exogenous
ligand, whereas it is modulated by broad spectrum TRPV drugs, such as 2-APB or ruthenium red, which

also target other TRPVs (Annex table 1) [167].

The purifying evolutionary pressure trend on specific domains, such as ARD, MPD, TMD and TRP
domain (TRP box linker and TRP box) indicates that TRPV1-4 channels share a common minimal
functional scaffold unit, comprising from the ARD to the TRP domain (Fig. 2 in Chapter Il). Interestingly,
TRPV1 and TRPV2 structures have been recently solved by Cryo-EM and the comparison of both
structures corroborates the high structural similarity between these channels (Fig. 2) [42, 44, 45].
Although there is no available structure for TRPV3 and TRPV4, the domain distribution and folding is

expected to be similar to TRPV1 and TRPV2 according with our domain conservation analysis.

Our study focuses the attention on the high conservation and thus potential
functional/structural relevance of domains such as MPD, loop 4 between S4 and S5 and the TRP linker
(post-S6 segment and TRP domain). These regions are conserved not only for each channel but among
all TRPV1-4, linking these domains to the intrinsic channel functioning rather than to a channel specific
regulation. For instance, MPD domain of TRPV1 and TRPV4 (pre-S1) has been related to channel folding,
as its interaction with the TRP box C-terminal domain is essential for proper channel assembly [238].
MPD has been also related to thermal sensation [239], which might imply that thermal sensing diversity
among TRPV1-4 is determined by the small changes within the MPD. Sequence analysis revealed the

potential of MPD to work as a syntaxin binding domain by its LKRSF motif (Fig. 5 in Chapter Il). It has
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Figure 11. Inferred evolutionary history of the vertebrate thermo-TRP homologs. The inferred evolutionary
events, gene duplication and gene loss are indicated on the respective branches. Pufferfish (Tetraodontidae) and
zebrafish (Danio rerio) as representatives of teleost fishes, western clawed frog (WC frog, Xenopus tropicalis) as
representative of amphibian, chicken (Gallus gallus) as representative of birds and mammals. Figure from Saito et
al 2006 [73].

been already described the interaction of TRPV1 N-terminus with Synaptotagmin IX and Snapin25,
although the exact location of the TRPV1 binding pocket has not been determined [205]. The presence
of the LKRSF consensus motif within MPD domain points to this region as the putative binding pocket for
the SNARE complex, which might be conserved among TRPV1-4 attending to the high conservation of
the region and the LKRSF motif. Furthermore, MPD sequence reveals the potential to bind lipids by the
distribution and nature of its amino acids, although no previous study has determined the specific
binding of lipids to this domain. To the best of our knowledge our work is the first describing the dual
role of MPD domain as a SNARE and lipid binding region within TRPVs (Chapter IV), pointing this region

as one of the key areas, not just for protein folding [238], but for channel trafficking itself.
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Likewise, the highly conserved Loop 4 of TRPV4 contains cholesterol-recognizing motifs that
bind to this lipidic molecule and regulate channel trafficking and cellular distribution [240]. Interestingly,
TRPV4 has coevolved with MVK and GLTP, enzymes involved in sterol biosynthesis [240], which might
indicate the tightly regulation that lipids and lipid metabolism exert over TRPVs. Additionally, naturally
occurring variants in the highly conserved loop 4 of TRPV3 and TRPV4 results in a channel gain of
function that is associated to pathophysiological conditions such as Olmsted syndrome or metabotropic
dysplasia and spondyloepiphyseal dysplasia Maroteaux, respectively (Fig. 10) [221, 229, 230]. The fact
that mutations in this region produce changes in channel functioning demonstrates its high implication

in TRPV structure and function regulation.

Distal N-terminus, extracellular loops and distal C-terminus are the main source of variability
along TRPV1-4 sequences (Fig. 2 in Chapter Il). These regions are highly variable among channels and
very specific for each channel. Our domain conservation mapping points to a very heterogeneous
potential functional/structural implication of these domains among TRPVs. These areas might contribute
to the differential regulation of each TRPV, as extracellular sensing domains (e.g. drug binding), and

intracellular signalling domains (e.g. phosphorylation).

Our conservation mapping allows the inference of already described domains in one TRPV
member to the other members of the subfamily (Fig. 5 in Chapter Il). PIP2 binding and AKAP79 binding
domains for all TRPVs 1-4 are highly conserved and might be a common regulatory mechanism for all
these channels. In fact, AKAP5 binding has been already described for all TRPV1-4 and its function
further assessed for TRPV1 and TRPV4 [191]. In the case of PIP2, its binding to TRPV1 [241], TRPV2 [197],
and TRPV3 [242] has been mapped to the highly conserved proximal C-terminal domain, the region
contiguous to the TRP box motif. TRPV4 seem to bind PIP2 in a different manner, within the distal N-
terminal domain [243]. Although not described to the date, our sequence analysis suggests that C-

terminal PIP2 binding domain might be conserved in TRPV4 (Fig. 5 in Chapterll).

2. N-terminal role in trafficking of TRPVs

We have reported in Chapter Il that the deletion of the distal N-terminus of TRPV2, the first 74
aminoacids, is enough to deplete the channel trafficking to the plasma membrane when observed by in
vivo confocal imaging or cell surface biotinylation assays (Fig. 2 in Chapter Ill). TRPV5 distal N-terminus
has been described to carry out similar functions. Deletions of distal N-terminus of TRPV5, the first 34

amino acids and the first 75 amino acids, were retained in the endoplasmic reticulum in contrast to the
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wild-type TRPV5 when observed by immunohistochemistry [52]. This report matches to our
observations by in vivo confocal imaging of TRPV2 deletion of first 74 amino acids (Fig2a in Chapter Ill).
De Groot and colleagues showed that a limited amount of N-terminal TRPV5 mutants escaped the
endoplasmic reticulum and reached the plasma membrane, as shown by cell surface biotinylation, in
agreement with our results showing a highly decreased but still present fraction of TRPV2 in the plasma
membrane (Fig. 2b and c in Chapter lll). Distal N-terminus deletions of TRPV5 did not reach the Golgi
apparatus and present a lack of complex glycosylation [52] whereas TRPV2 still presents the two bands
on the WB characteristic of glycosylated and not glycosylated forms (Fig. 1b and 2b in Chapterlll). The
fact that TRPV2 N-terminal deletions reached the glycosylation step whereas TRPV5 deletions did not
might indicate that although the role of the distal N-terminus might be similar, it controls trafficking at
different checkpoints for each channel. Altogether this data suggest an important role of distal N-
terminus in TRPV2 trafficking and potentially in the trafficking of other members of TRPV subfamily, as
in the case of TRPV5, despite low sequence domain conservation. Furthermore, the N-terminal TRPV5
deletion up to residue 34 and 75 abolished channel function [52], which has not been determined in the
case of TRPV2 due to the difficulties to approach TRPV2 channel function, attending to the limited

access to a TRPV2 functional assay.

Generally, TRP channels have very diverse mechanisms that regulate trafficking and,
subsequently, channel performance and function. Among TRPV members, interaction of TRPV4 and
TRPV1 with OS-9 in the ER mediated by the channel N-terminal region prevents channel trafficking to
the plasma membrane [244]. PACSIN3 binds to the TRPV4 distal N-terminal PRD domain, within the
same regions as PIP2, and enhance the relative amount of TRPV4 in the plasma membrane [245]. PIP2
binding to the PRD domain of TRPV4 sensitizes the channel to the cell swelling and heat [243]. In the
case of TRPV1 it has been described that phosphorylation at S116 by PRKD enhances its activity in DRG

neurons.

In conclusion, N-terminal domain seems to play an important role in trafficking of TRPVs, which
lately will have an impact on TRPV function and performance. In the case of TRPV2 depletion of the
distal N-terminus, the region prior to the ARD, is enough to promote channel accumulation in internal

stores, reducing TRPV2 levels in the plasma membrane and potentially channel function.
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3. Topological determinants of TRPV2 folding

Our experimental data from Chapter Il determined that TRPV2 follows a transmembrane
topology of 6 transmembrane segments, as was previously inferred from homology with potassium
channels [31, 32] and lately with TRPV1 [42] and TRPV2 [45, 44] Cryo-EM structures. Our data
constitutes the first accurate mapping of the transmembrane helices for TRPV2, that when superposed
to the already available Cryo-EM structure of TRPV1 allows to have a very complete approach to the
conformation of the transmembrane domain of TRPV2. Furthermore, the comparison between these
two channel transmembrane segments allows the evaluation of the topological folding conservation
among TRPV members. The TRPV2 membrane-embedded domain sequence prediction matches the TM
helix disposition of the TM1-TM6 of TRPV1 (Fig. 4b in Chapter lll). Recently, TRPV2 structure has been
solved by two different groups using rabbit and rat TRPV2 [44, 45], with 3.8A and 4.4A respectively.
When superposed to the solved Cryo-EM structure for rat TRPV2, our mapping shows a high correlation
with the TM helices of the model (Fig. 12a). This fact is an indicator of the accuracy of our approach,
justifying the use of this technique to the fine mapping of transmembrane segments of those TRP
channels with no structure available to the date, including other IMPs. The fitting of the two structures
available to the date determined the high conservation of the domain helices, although the general
arrangement in space of those is quite divergent (Fig. 12b). Mainly, the relative positions of some loops
and the distances between helices are divergent, whereas general structure topology and folding is
conserved (Fig. 12b). The differences between the two models might be due to species specific
arrangements of some regions or differences in the protocol to obtain the sample. In any case both
structures display a general shared arrangement with highly homologous transmembrane spatial
distribution. Comparision of TRPV2 structure to TRPV1 also highlights the conservation of the spatial

distribution between these two channels and potentially other members of TRPV subfamily (Fig. 12b).

Our experiments carried out to map in vitro TRPV2 topology were performed with a construct
lacking the most part of the N-terminal domain of the channel, the first 336 amino acids, which account
for the distal N-terminus and the complete ARD (Fig. 3 in Chapter Ill). Despite the N-terminal truncation,
TRPV2 was properly folded within the lipid bilayer. The same TRPV2 mutant, AARD-TRPV2, was not able
to traffic to the plasma membrane, determined by confocal imaging and biotinylation assay (Fig. 2 in
Chapter lll). This fact indicates that N-terminal region might be needed for other channel processes
rather than insertion in the ER membranes, such as channel tetramerization, glycosylation or interaction

with chaperone proteins to allow membrane translocation. Although it has not been described for
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Figure 12. TRPV2 channel transmembrane domain arrangement. A) Drawing of the mapping determined by the
glycosylation screen on rat TRPV2 Cryo-EM structure. Coloured in red TM1 (till the end of primer 1 used in our
glycosylation assay), in dark orange TM2, in orange TM3, in yellow TM4, in green TM5 and in dark green TM6. B)
Superposition of TRPV2 Cryo-EM available structures from rat (magenta), rabbit (cyan) and TRPV1 from rat (grey),
showing the spatial arrangement of the different domains along the monomers and the transmembrane regions.
Figure adapted from Huynh et al [45].
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TRPV2, the ARD indeed plays a key role in channel oligomerization. The analysis of several natural splice
variants of TRPV4 determined that the ARD domain is necessary for oligomerization, and lack of ARD
leads to a strong accumulation of TRPV4 in the ER [246]. Nonetheless, not only N-terminus seems to
play an important role in plasma membrane, TRPV4 C-terminus is also involved in trafficking and TRPV4
mutants with a length of 828 to 844 amino acids (Full length 871aa) are retained in the ER [247].
Channel trafficking is a complex matter that clusters processes such as membrane insertion,
glycosylation, Golgi maturation, vesicle trafficking and protein chaperone interaction [248]. The balance
between all these processes will result in a correct protein distribution in the plasma membrane, but
further experimental characterization is required to know which processes are altered besides

membrane insertion in our truncated forms.

Our topology mapping also determined that TRPV2 TM5 and TM6 work as an independent
module for protein insertion in the membrane (Fig. 4 in Chapter Ill). This might indicate the functioning
of the pore forming region independently of the other segments of the transmembrane domain,
although the proper channel functioning requires of the coupling of the 6TMs in order to translate the
stimuli sensing into cationic currents evoked by the channel pore. Despite correct helix insertion within
the lipid bilayer, tetramerization of the TM5-6 isolated regions in order to form the pore region has not
been assessed and according with previous reports on TRP truncated forms would not be expected.
TRPV mutants lacking ARD or carrying point mutations in N- or C-terminal domains seem to produce
channels that are unable to tetramerize, which emphasizes the need of the TRPV cytosolic domains to
promote the correct oligomerization of the subunits [246, 238]. In this context, isolatedly expressed
TM5-6 segments from TRPV2 might be insufficient to establish a stable interaction between subunits,
however further experimental validation is required to address if TM5-6 region might act as a minimal

TRP pore unit.

4. TRPVs and lipid metabolism

Transient receptor potential channels are tightly related to lipids. Lipidic secondary messengers
in metabolic signalling cascades regulate TRPVs at least at two different levels: direct interaction with

the channel or modulation of PKC activity (Fig. 13).

Direct interaction: The binding of several lipidic compounds functions as trigger of TRPV channel gating.
TRPV1 is activated by anandamide or hydroxioctadecadienoic acid (HODE) [156, 157]. Farnesyl

pyrophosphate (FPP), an intermediate metabolite in the mevalonate pathway, has been identified as
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endogenous ligand for TRPV3 [173] and TRPV4 is activated by direct binding of 5,6-EET, a metabolite
result of arachidonic acid processing by P450 cytochrome. PIP2 binds to TRPVs and promotes a
sensitized state of the channels, promoting its activation by other stimuli (Fig. 13a). For instance, TRPV4
directly binds PIP2 in the N-terminal domain [243], whereas TRPV2 binds this phospholipid in the C-
terminal region [197] and TRPV1 has PIP2 binding sites in N- and C-terminal domains [199]. Recently,
TRPV1 structure has been solved using advantage of lipid nanodiscs technology, showing specific
phospholipid interactions that enhance the binding of agonists such as RTX toxin to TRPV1 [249]. The
analysis on TRPV1 embedded in lipid nanodisc allowed the determination of phospholipids that form
stable interactions with Arg534 in TRPV1, located in the extracellular loop between the S3 and S4 helices
(Fig. 13b) [249]. The lipid binding is modified upon toxin binding to TRPV1 and the arrangement of these
3 elements probably determines the overall affinity and kinetics of toxin binding. Furthermore the same
study reported the existence of a resident phosphatidylinositol lipid in the capsaicin pocket, whose
branched acyl chains extend upwards between S4 of one subunit and S5 and S6 of an adjacent subunit.
The lipid is bound by electrostatic interactions of the phospholipid polar head with Arg409 in the
cytoplasmic N-terminal segment preceding S1, MPD domain, or Lys571 and Arg575 within the S4-S5
linker (Fig.13b) [249].

Modulation by lipid metabolism: The activation of GPCR signaling cascades mediates in TRPVs function
by either direct interaction with the ion channels or by the production of intracellular second
messengers. When phospholipases are activated via GPCR, hydrolysis of inositol phospholipids by
phospholipase C (PLC) produces an increase in DAG amounts contained in the membranes, that in turn
activates PKC (Fig. 13) [250]. The early production of DAG is transient and reverts back to basal levels
within few seconds or minutes, overlapping temporarily with the formation of inositol 1, 4, 5-
triphosphate (IP3) and the rise of the intracellular calcium concentration (Fig. 13a). Lately, the cellular
responses mediate the formation of DAG with a slow onset and a more sustained rise. Late DAG
increase is derived from the hydrolysis of major components of the phospholipid bilayer such as
phosphatidylcholine (PC) by phospholipase D (PLD) to yield phosphatidic acid, which is subsequently
dephosphorylated to form DAG (Fig.13a). The activity of PLC and PLD is encompassed with a signal-
dependent release of arachidonic acid through phospholipase A2 (PLA2) catalytic activity (Fig. 13a). The
fatty acid (FFA), and lysophosphatidylcholine (LPC), the products of PC hydrolysis, are enhancers of PKC
activity (Fig. 13a) [251].
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Figure 13. TRP channels are linked to the cellular lipid metabolism. A) TRPVs activity and plasma membrane
trafficking is affected by the activity of lipid metabolic enzymes, which shape the lipid composition of the cellular
compartments and modulate the channel functioning depending on the cellular lipid concentrations. Lipidic
compounds modulate TRP channel functioning at two levels, by directly binding the channels, promoting an open
or sensitized state of the channel and by modulating the activity of lipid-dependent kinases, such as PKC, which in
turn will modulate channel by phosphorylation. GPCRs upstream of lipid metabolism are targets for TRPV channel
indirectly modulation. Diacyglycerol (DAG), Phospholipase C (PLC), Inositol 1,4,5-triphosphate (IP3), intracellular
calcium (Ca”), Phosphatidic acid (PA), Phosphatidylcholine (PC), Phospholipase D (PLD), Arachidonic acid (AA),
Phospholipase A2 (PLA2), cis-unsaturated fatty acid (FFA), Phosphatidylinositol 4,5-bisphosphate (PIP2),
lysophosphatidylcholine (lysoPC) and Inositol phospholipids (IP). Figure adapted from Mandadi et al 2011 [252]. B)
Binding pockets of TRPV1 determined by Cryo-EM structure in lipid nanodiscs, showing the binding of lipids in the
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loop between S3 and S4 (left) and within the capsaicin pocket (right). RTX toxin is coloured in purple and lipids
mediating TRPV1 RTX interaction in blue with polar heads in red (left). Lipid charges were coloured in red and the
amino acids of TRPV1 that potentially interact with them in blue (right) Figure adapted from Gao et al 2016 [249].

TRPVs might be directly phosphorylated by PKC. TRPV1 is phosphorylated at the S502, T704 and
S800 residues and PKC mediated phosphorylation of these sites sensitizes the channel to activation in
DGR neurons by agonist as capsaicin [194]. PKC epsilon is the predominant isoform that targets $502
and S800 sites on TRPV1 for functional regulation. There are no reports concerning TRPV2 and TRPV3
regulation by PKC, although indirectly, TRPV2 increased activity has been partially linked to PLD/PKC
functioning in human skeletal cells of Duchenne muscular dystrophy [253]. Additionally, TRPV4 has been
characterized to have putative PKC phosphorylation sites, including residues S162, S189 and T175 and
S$824 [254, 255]. Modulation of TRPV4 function by PKC promotes a sensitized state of the channel and

might mediate in hyperalgesia [255].

Our sequence conservation analysis in Chapter Il reveals the potential general regulation of
TRPV1-4 by PIP2 binding on the C-terminal tail. The binding of PIP2 within this region links directly lipid
metabolism to channel folding and function. In general, PIP2 binding promotes a channel sensitized
state. Furthermore, MPD domain was postulated as a putative binding site for lipidic compounds
attending to the nature of its amino acid sequence, widening the regions of the channel that might

mediate in the lipid-TRPV relationship.

Our data in Chapter IV determines that TRPV1 and TRPV2 co-localize with PA (Fig 5c in Chapter
IV), one of the intermediate metabolites in the PLD signalling cascade. Analysis of TRPV1 and TRPV2
MPD domain further confirmed in vitro the potential direct binding of PA to this highly conserved
channel domain (Fig 5a and b in Chapter IV). The recently discovered potential role of Arg409 residue,
within the MPD of TRPV1, in the phospholipid binding to the channel [249] might confirm the capability
of lipid binding of the MPD domain that we have determined in Chapter 1V, although point mutation
analysis may confirm this interaction. It is possible that mutating these residues alter channel folding
and/or structure, hindering the approach to this matter. Attending to the high conservation of MPD
domain and that we observed a similar lipid binding pattern for MPD domains of TRPV1 and TRPV2, the
mechanisms underlying this interaction might be conserved in other TRPVs. Furthermore, TRPV2 activity
seems to be regulated by PA levels using a vesicle based calcium assay (Fig 6 in Chapter 1V). Our results

widen the knowledge of the regulation of TRPVs by the lipidic environment and GPCR-coupled signalling
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cascades (Fig. 13). We have linked another metabolite in the PLD pathway, PA, to TRPV regulation
potentially through a direct interaction, although further validation analysis has to be done in order to
establish the dependency of TRPV2-PA binding to the channel activation. At this point, we can not
discard that PA modulation of TRPV activity is carried out through the PLD-coupled signalling cascades

described above (Fig. 13).

5. TRPV interactomics, new horizons for channel regulation.

lon channels, as any other protein, are subject of tight intracellular regulation exerted by other
cellular protein partners. Regulation of ion channels is even more complex as they are also modulated
by extracellular stimuli and their activity produces changes in intracellular environment and several
signalling cascades. Knowing the proteins that surround and regulate TRPVs is compulsory in order to
understand the location-dependent regulation of these channels within the cellular gear machinery.
Such a knowledge will allow a proper channel targeting in order to treat channel related pathologies. A
lot of studies have been carried out in order to identify new TRP partners. Despite this huge effort, most
of the PPIs identification has been based in sequence similarity. Most part of TRPs still remain orphan in
terms of PPIs (Table 4) and the big divergence between the number of already identified PPIs for the
most studied channels and those yet to be addressed highlights the huge lack of information about

some TRP channel modulation (Table 4).

Our data in Chapters IV and V have expanded the already described regulation of TRPVs within
TRPV1-4 subgroup, and generally for all TRPs. Our yeast two hybrid screen specific for membrane
proteins (MYTH) has shed some light on TRPV modulation and especially on TRPV2 and TRPV4. These
channels were chosen because the number of known interaction partners is low when compared to
other TRPs such as TRPV1 or TRPC3, giving a wide margin for new PPl identification (Table 4). We have
identified 2 new potential partners for TRPV1 and 20 for TRPV2 (Fig. 2 in Chapter IV), and 44 for TRPV4

(Fig.1 in Chapter V).

In the case of TRPV1 the number of interactors obtained was surprisingly small, just two, despite
the huge amount of TRPV1 already described interactions (Table 4). This fact points to a very low
efficiency of TRPV1 in our system due to low expression levels or not proper folding. TRPV2 produced 20
new partners, which is a good amount when compared to the 9 already described interactors (Table 4).

The new putative TRPV2 partners are highly interconnected between them (Fig. 3 in Chapter IV),
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number
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channel number

TRPC1 56 TRPV1 94 TRPM1 3 TRPML1 33 TRPP1 116 TRPA1 8
TRPC2 13 TRPV2 9 TRPM2 6 TRPML2 3 TRPP2 8
TRPC3 115 TRPV3 4 TRPM3 4 TRPML3 8 TRPP3 1
TRPC4 38 TRPV4 38 TRPM4 7
TRPC5 59 TRPVS 17 TRPM5 0
TRPC6 46 TRPV6 20 TRPM6 6
TRPC7 12 TRPM7 13
TRPMS8 5
Total 339 Total 182 Total 44 Total 44 Total 125 Total 8

Table 4. TRP channel protein protein interaction (PPI) statistics. 706 already determined TRP partners contained
in the TRIP database (www.TRPchannel .org). Classification based on the statistics of the webpage, showing the
number of interactors for each TRP channel, clustered by subfamilies. The data contained was obtained from 431
curated publications.

although there is no newly defined interactor in common with the already known for TRPV2. This lack in
cohesion between our experiments and the previous reports might be due to the limited knowledge in
TRPV2 regulation, with very few described partners and potentially lots of them yet to be discovered
(Table 4). Statistically, if 50% of TRPV2's identified interactors in our experiment were false positives, we
would have duplicated the number of known physically interacting proteins for TRPV2. Conversely,
biological processes determined by our MYTH screen for TRPV2 are related to lipid metabolism,
neuronal system development or ion transport and signalling cascades (Fig. 3 in Chapter IV), functions
that are to some extent already associated to TRPV2 physiological and molecular mechanisms. By
instance, TRPV2 is involved in axon outgrowth and its activity is regulated by PIP2 [94, 197]. In this
sense, the potential veracity of our newly described interactors is cross-validated and indicates that
MYTH partners might be mediators in those TRPV2 coupled cellular processes. Nevertheless, further

functional studies are needed to determine to which extent newly identified partners are truly coupled

to TRPV2.
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In the case of TRPV4, some proteins that were already described as TRPV partners were
identified by our screen. Calm3, that is bound to TRPV4 N- and C-terminus [198, 200], is an example of
already described TRPV interactors (Fig. 1 in Chapter V and Fig. 14). Furthermore, TRPV4 putative
interactors form a cluster surrounding calmodulin, with 8 interactors that are known already to interact
with Calm3 (Fig. 14). The presence of already connected proteins strengthens the validity of the MYTH
assay, as it might indicate the determination of proteins located within the same complexes or signalling
networks. Furthermore, TRPV4 interactome is associated with cellular processes that range from
signalling and ion transport to immune system response and apoptosis (Fig. 2 in chapter V), processes as

in the case of TRPV2 already related to TRPV4 function.

Among the determined interactors there is one common between TRPV2 and TRPV4: CDH6, a
type Il cadherin that may play a role in kidney development as well as endometrium and placenta
formation, and related to cancer development (Fig. 2 in ChapterlV and Fig. 1 in Chapter V) [256]. The
presence of common proteins might indicate the involvement of both TRPVs in common processes,
although the possibility of being just spurious partners can not be discarded. Concerning CDHB6, there is
no report of TRPV2 playing an important role in adherent junction or interacting with constituent
proteins of these cellular structures, whereas TRPV4 has been located in adherent junction and involved
in the intercellular junction formation [130]. Although different isoform, the existence of an already
known link between TRPVs and CDHs points to the potential truly nature of TRPV2-TRPV4-CDH6

interactions, which might be interesting to further validate.

From a broad perspective, the MYTH approach newly identified TRPV2 and TRPV4 partners that
are easily interconnected within the already known TRPV1-4 network (Table 5), (Fig. 15a and b). The
networks represent in black nodes the already known interactors for TRPV1-4 channels and the edges
represent known links between proteins attending to the already described information on physical
interactions, co-localization, interaction bioinformatics prediction, co-expression, pathway identity,
shared domain containing and genetic interactions. The networks displayed here intend to show general
attributes of the TRPV1-4 interactome. We highlighted in colour (blue and yellow for TRPV2 and TRPV4,
respectively) our newly identified potential partners by MYTH in order to visualize their integration
within the TRPV1-4 network (Fig. 15b). Furthermore, the addition of our partners to the already
described ones increases TRPV1-4 network interconnectivity (Table. 5), pointing to a further enrichment
in already described TRPVs related complexes or signalling cascades. Although interconnectivity was

enhanced, the nature of the interactions established within the network suffered very small changes in
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Figure 14. TRPV4 MYTH interactome from STRING PPI database. The lines represent already described physical
interactions between the linked proteins. There are two main protein clusters of PPI. First cluster gathers around
Calm3 and calmodulin signalling, including TRPV4. Second cluster includes proteins related to translation initiation
that are involved in DNA and RNA metabolism, DDX3X, EIF6, NMD3 and EIF4B.
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their ratios (Table 5), indicating that addition of our interactors enhance the interconnection between
TRPV1-4 partners independently of the nature of the linkage. Minor changes were observed in the ratios
of physical interactions, co-expression and co-localization (Table 5). Physical interaction ratio was
decreased upon addition of our newly described partners (Table 5). This effect is an artifact, as we did
not define the new interactors as physical interactions, given the fact that most part of them still require
a proper validation that confirms the veracity of our assay. Co-expression and co-localization rations
were increased upon addition of MYTH interactors (Table 5), pointing to a shared spatial distribution
between the previously established TRPV partners and the newly described ones. Altogether, the
established new interactors in this thesis enhance the interconnectivity and understanding of the

already known TRPV1-4 regulation.

Edges 5742 9399
Nodes 217 289
Interconnetivity

26,46 32,52
(ratio Edges/nodes)
Physical interaction 51.86% 49.08%
Co-expression 28.57% 30.67%
Predicted 9.63% 9.84%
Co-localization 3.62% 5.01%
Genetic interactions 1.95% 2.53%
Pathway 2.86% 1.91%
Shared protein domain 1.50% 0.95%

Table 5. TRPV1-4 interaction network features. Comparison between TRPV1-4 pre-established interaction
network and TRPV1-4 network including MYTH newly described interactors for TRPV2 and TRPV4. Edges and nodes
were quantified, the ratio between edges and nodes was taken as estimation of network interconnectivity.
Percentage of interactions within the network based on physical interactions, co-localization, bioinformatics

prediction, co-expression, genetic interactions, pathway and shared domains were quantified and annotated.
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Figure 15. TRPV1-4 interactome overview obtained from Genemania APP, cytoscape. A) Already known TRPV1-4
interaction partners linked attending to the already described physical interactions, co-localization, interaction
bioinformatics prediction, co-expression, pathway identity, shared domain containing and genetic interaction.
TRPVs were coloured in red to highlight their position. Black dots are the already known TRPV1-4 partners. B)
TRPV2 and TRPV4 proteins determined by our MYTH assays and Co-IPs were added to the interactome, coloured in
blue and yellow respectively.

6. Putative model of DDX3X regulation by TRPV4 channel

Our results in Chapter V show a tight relationship between TRPV4 and DDX3X expression levels
(Fig. 4 in Chapter V). Depletion of TRPV4 in epithelial cells leads to a strong decay in DDX3X, which has
been previously reported by expression microarray profiling in an adipocyte cell line [257]. The
observation of a decay even in DDX3X mRNA levels (transcription) might imply that regulation of DDX3X
expression is not directly linked to TRPV4 but rather mediated by transcription factors located

downstream of channel function (Fig. 16).

Presence and basal activity of TRPV4 generates a calcium leakage within the cell that is coupled
to the calcium dependent kinases and phosphatases specifically associated to the channel, such as
CamKIl or PKC (Fig. 16a). We postulate to an enhancement of DDX3X transcription driven by this basal
activation. The calcium leakage will enhance the activity of those calcium dependent
kinases/phosphatases in vicinity of TRPV4, which will produce post-translational modifications, most
probably phosphorylations, in transcription factors in charge of DDX3X transcription, such as p53 (Fig.
16a) [258]. The modification of those transcription factors will promote their activity and end with an
enhancement of DDX3X expression (Fig. 16a). In the absence of TRPV4, there is no basal calcium leakage
and the kinases/phosphatases associated to the channel are not coupled to the calcium signalling. In this
context transcription factors downstream of those kinases are not modified and the transcription of

DDX3X is not promoted (Fig. 16b).

Among transcription factors, DDX3X promoter requires the binding of the tumor suppressor p53
to promote the helicase transcription [259]. p53 is regulated by calcium metabolism and might work as
link between TRPV4 and DDX3X (Fig. 16a). CamKIl overexpression leads to an increase in p53 mRNA and
protein levels in vascular smooth muscle [260] and CamKIl activity promotes the phosphorylation of
residues within the N-terminal transactivation domain of p53, such as Serine 20 (Fig. 16a).

Phosphorylation at S20 of p53 enhances the activity of the transcription factor and the transcription of
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Figure 16. Putative model of DDX3X regulation by TRPV4. A) TRPV4 activity promotes the entry of calcium within
the cell. Upon calcium entry, calcium dependent enzymes coupled to TRPV4 and located in its vicinity promote
posttranslational modification, mainly phosphorylation, of downstream effectors. p53 and other transcription
factors (TF) will translocate to the nucleus and promote DDX3X transcription. DDX3X is modified and those
modifications lead to a stabilization of the protein levels and the translocation to the nucleus, where it leads to
changes in transcription of genes such as IFNB1 or E-cadherin. B) Depletion of TRPV4 delocalizes kinases and
phosphatases coupled to the channel and the calcium metabolism. This uncouples p53 promotion of DDX3X
transcription and might lead to an imbalance of DDX3X equilibrium, promoting protein degradation. C)
Phosphorylation site map of DDX3X, showing the high number of phosphorylated residues in DDX3X sequence.
Image obtained from www.phosphosite.org.
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p53 target genes (Fig. 16a) [261], in a similar way to what we propose as model of DDX3X

downregulation.

Although the decay of DDX3X protein levels upon TRPV4 silencing might be due to transcription
regulation it can not be discarded that the direct protein interaction of TRPV4 with DDX3X might be also
required for the helicase stabilization. DDX3X is a complex protein that suffers a multitude of
posttranslational modifications, among them DDX3X contains a large number of phosphorylation sites
(Fig. 16c). Our main hypothesis is that upon TRPV4 mediated calcium entry DDX3X is recruited to the
TRPV4/Cam/CamKIl complex and phosphorylated by the kinases coupled to the channel (Fig 16a).
DDX3X phosphorylated form will be released from the complex and the posttranslational modifications
suffered might promote DDX3X activity. Indeed, phosphorylation of DDX3X at residue Thr204 by
CyclinB/cdc2 regulates DDX3X function [262] and phosphorylation at residues 5181, S183, S240, 5269,
S429, T438, S442, S456, S520, T542 and S543 by TBK1 is crucial for DDX3X induction of IFN transcription
(Fig. 16a) [263]. From a dynamic perspective the cell will keep a balance in DDX3X phosphorylation levels
depending on the basal activity of TRPV4 and the Cam/CamKIl complex. This balance will control DDX3X
expression, location and function to maintain a tuned functioning of the helicase according to the
extracellular stimuli sensed by TRPV4 (Fig. 16a). Upon TRPV4 silencing the complex will not be formed so
calcium will not be coupled to the corresponding Cam/CamKIl enzymes and DDX3X will not be
phosphorylated. This might translate in an uncoupled DDX3X function, which might lead to degradation

of the protein (Fig. 16b).

Our results locate TRPV4 in the context of the innate immunity response within the epithelium.
By the regulation of intracellular calcium levels, DDX3X helicase protein levels and DDX3X cellular
location, TRPV4 might modulate the intracellular signalling cascades coupled to Toll-Like Receptors
(TLRs) and other Pattern Recognition Receptors (PRRs) at several key points. Furthermore, this function
might be conserved for other TRPVs, as TRPV1 activation by capsaicin produced a similar DDX3X nuclear

translocation.

7. Role of TRPVs in innate immune system

Among the explored potential roles where TRPVs, and specifically TRPV4, are involved, we have
paid special attention in Chapter V to immune system responses to external insults related to PRRs,
which is mainly driven by TLRs. The coupling of innate immune response associated to TLR requires the

participation of calcium signalling as second messenger. Among the ion channels present in the
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epithelial tissues, TRPs have been postulated as the responsible for this calcium influx. In trigeminal
neurons LPS sensitizes TRPV1 to capsaicin in a TLR4 dependent manner. LPS potentiation on TRPV1
channel activity is inhibited by selective TLR4 antagonist (Fig. 17a) [264]. Similarly, TRPV2 mediates in
the intracellular calcium signalling induced by LPS, TNFa and IL-6 in RAW264 macrophage cell line [265]
(Fig. 17a). TLR4 activation induce the activation of PLD and PKC, which is able to trigger TRPs activity,
and thereby TRPV4 activation through the metabolization of lipids [266, 267]. PLD is activated by
LPS/TLR4/Myd88 pathway and regulates TNFa expression and production through S6K1/INK/c-Jun in
RAW264 macrophage cell line [267]. TLR regulation of GPCRs and consequently TRPs might partially
explain the observed intracellular LPS mediated calcium currents (Fig. 17b). Our results in Chapter V
broaden the potential molecular mechanisms mediated by TRPV4 in innate immune response, with
implications in response to bacterial infections, which has been previously described for TRPVs; and to

the response to virus.
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Figure 17. TLR activation modulates TRP channels through the modulation of GPCR activity and lipid
metabolism. A. LPS mediated activation of TLR4 has been associated with TRPV1, TRPV2, TRPM4 and TRPC6
function. TRP activation leads to an increase in intracellular calcium that regulates downstream factor such as
NFKB. Lately the signalling cascades coupled to these factors end with cell death or the generation of an
inflammatory response. Figure adapted from Han et al 2014 [268]. B. LPS induced activation of TLR4 promotes the
activation of PLC and PLD enzymes. PLD2 activity cleaves Phosphatidylinositol 4,5-bisphosphate (PIP2) and
produces Diacylglycerol (DAG) and Inositol 3-phosphate (IP3) which modulate the activity of calcium channels such
as TRPs. Figure adapted from Fric et al 2012 [269].
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Using computational and experimental tools we can build new hypothesis and provide specific
knowledge for TRP channels. In this thesis, we have revised the current knowledge to define a working
starting point for the TRPV1-4 subgroup. We have computationally dissected the primary sequence to
build working hypothesis. We have experimentally characterized topological domains, and we have
enter in the TRPV interactomics field towards defining new research paths for this interesting subset of

somatosensors.
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Conclusions

The contribution of this thesis to broaden the whole picture of TRP channel regulation and

physiology can be summarized in the following conclusions:

Chapter |

TRPV2 available bibliography was revised to establish a starting point for our research.

Chapter Il

This work provides a first structural insight into the multidomain organization and conservation
of TRPV1-4 channels.

Evolutionary pressure rate have been established for TRPV1-4 proteins. TRPV1, TRPV3, and
TRPV4 channels have a higher evolutionary pressure, purifying selection, than TRPV2, which is
more divergent among current species. The highest purifying selection has been exerted on
TRPV4, the most conserved member of this group either in mammals or vertebrates.

Our evolutionary divergence approach argues for a first diversion between TRPV4 and TRPV1-
TRPV3. Finally TRPV2 would have appeared more recently due to TRPV1 gene duplication and
ongoing positive selection in order to adapt new physiological roles for TRPV2 channel.

TRPV1-4 channels were divided into functional domains and the divergence/conservation
mapped within the domains. We found that TRPV1-4 members share a very similar pattern of
conservation along their sequence. Regions such as the distal N-terminus, some extracellular
loops, such as the loop 5, and the distal C-terminus of TRPV1-4 channels are highly divergent,
probably under positive selection. These domains are very specific for each one of the channels
and might be involved in specific channel functions rather than general structural or functional
issues such as gating or folding. TRPV1-4 channels share a common minimal functional scaffold
unit, comprising the ARD to the TRP domain, with a high purifying evolutionary pressure trend
on specific domains, such as ARD, MPD, TMD and TRP domain (TRP box linker and TRP box).

This study establishes a methodology to dissect multidomain membrane proteins from primary
sequence and evolutionary perspective towards predicting potential functional and structural
sequence hallmarks.
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Chapter Il

* TRPV2 is mainly expressed in intracellular membrane compartments, mainly ER, when
transiently transfected in HEK293 cells. We further investigate the role of the N-terminus of
TRPV2 in channel assembly and trafficking by generating two truncations lacking the distal N-
terminal domain and the entire ARD domain respectively. TRPV2 N-terminal domain, the region
previous to ARD domain is involved in membrane targeting of TRPV2. Truncation of distal N-
terminal domain results in a stronger intracellular accumulation of TRPV2.

* TRPV2 insertion in the plasma membrane is cotranslational and it happens even when the entire
ARD has been deleted.

* Using an in vitro glycosylation system we were able to map the transmembrane helices with
high accuracy. The topology of TRPV2 is similar to the already established structure of TRPV1,
which accounts for the potential high conservation of transmembrane folding of TRPV
subfamily.

* TRPV2 transmembrane domain is formed by two independent modules: the TM1-4 and the
TM5-6. Both transmembrane modules can be inserted into the membrane independently.

Chapter IV

¢ Several know TRPV1 interactions have been translated to TRPV2, TRPV1's closest homolog.
SNARE complex proteins, Snapin25 and Synaptotagmin IX (SYT9) are capable to interact with
both, TRPV1 and TRPV2. Furthermore, we have mapped the interaction to a high conserved
domain in the N-terminus of TRPV channels, the membrane proximal domain, MPD. This region
is located between the ARD and the first transmembrane segment.

* TRPV1 and TRPV2 protein partners have been expanded by means of a yeast two hybrid specific
for membrane proteins (MYTH). We found 2 new putative interactors for TRPV1 and 20 for
TRPV2.

* Interaction between TRPV2 and Opalin, PLP1, ARL15, ABR, NTM and CACNG3 were further
validated. TRPV2 interaction with Opalin, ABR, NTM and CACNG3 were mapped to the ARD
domain of TRPV2. These might be promising candidates to characterize further physiological
implications.
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* TRPV2 MYTH interactome has been used to identify potential physiological implications of
TRPV2 using a systems biology approach. Among the most representative potential roles we
found the regulation by lipid metabolism and neural system development.

* TRPV1 and TRPV2 were screened for lipid binding and we determined the direct binding of
phosphatidic acid (PA) to the MPD domain of both channels. TRPV1 and TRPV2 co-localized with
PA membrane microdomains and PA addition to TRPV2 containing vesicles activate the channel
gating, producing an increase in calcium within the vesicles.

Chapter V

* TRPV4 interactome was expanded by means of a yeast two hybrid specific for membrane
proteins (MYTH). Here we reported 44 new potential TRPV4 partners.

* TRPV4 MYTH derived interactome has been used to identify potential physiological implications
of TRPV4. Among the most representative potential roles we found high association with diverse
group of processes, ranging from cell signalling to immune system regulation or apoptosis.
Immune response processes were the most significant association with TRPV4 interactome.

¢ Among TRPV4 potential interactors related to immune system, we further validated its
interaction with DDX3X, an RNA helicase from the Dead box helicase family, which is involved in
innate immune response to viral infection at diverse levels.

* TRPV4 expression regulates DDX3X protein levels in mice epithelial fibroblast (MEF) cell line,
mice lung tissue extract and human bronquial epithelial (HBE) cell line.

* TRPV4 activity promotes DDX3X translocation to the nucleus. This process is mediated by the
calcium entry from the extracellular media through the channel. Furthermore it requires of
calmodulin and CamKIl activity and might imply a recruitment of DDX3X to the
TRPV4/Calmodulin/CamKIl complex in order to promote the translocation of the helicase.

* TRPV4 activity regulates transcription and translation of diverse reporters. Transient
transfection of TRPV4 evokes changes in general transcription-translation mainly due to the
basal activity of the channel, which is know to increase the basal cytosolic calcium levels.
Channel activation and calcium entry further modulate the transcription-translation of diverse
reporters. Although regulation is calcium dependent, unspecific calcium entry mediated by
lonomycin produced small changes compared to transient transfection or activation. This points
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to a need of coupling calcium entry to channel surroundings and potentially to the channel PPI
complex.

The effects of TRPV4 activity in transcription-translation are just partially explained by DDX3X
function, pointing to the existence of more transcriptional and translational factors downstream
of TRPV4 in HEK293 cells. In HBE the observed effect in transcription-translation is mainly
mediated by DDX3X, as depletion of the helicase impaired the decrease observed upon channel

activation.

DDX3X yeast homolog Ded1 is in charge of viral RNA 2a translation. Depletion of TRPV4 yeast
homolog YVC1 leads to a decay in viral 2a protein translation, similar to what it is observed upon
Dedl impairment. This decay was recovered upon TRPV4 transformation in the YVC1 yeast
strain. Together our results indicate that TRPV4 is able to control cell transcription and
translation and plays an important role in the modulation of DDX3X-mediated viral translation.
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Annex 211

VI) Annex

Stimuli . Stimuli
TRPV1 TRPV2
Capsaicin 0.04-1 uM [69] 2APB 129 uM [167]
9-
tetrahydrocannabin
Anandamide 30 uM [156] ol 14 uM [166]
HODE 1uM [157] cannabidiol 3.7uM [166]
9-
tetrahydrocannabiva
Agonist  12S-HPETE 10 uM [159] Agonist  rjn 10 uM [166]
Piperine 38 uM [270] Probenecid 10 uM [168]
Eugenol 1mM
Resiniferatoxin 0.01-39 nM [69]
pH 5.5 [152]
Temperature >43°C [69]
Capsazepine 0.5uM [160] SKF96365 10 uM [169]
INJ17203212 16 nM [161] Amiloride 18 uM [169]
Antagoni Antagoni
st JNJ39729209 1 uM [162] st Tranilast [100]
SB 705498 5nM [163]
XEN-00501 [164]
TRPV3 TRPV4
2-APB 34 uM [171] Hypotonicity [179]
Camphor 100 uM [170] Temperature >38°C [180]
Carvacol 100 uM [172] 4 a-PDD 1uM [182]
Eugenol 100 uM [172] 5,6 EET 1uM [181]
Agonist  Thymol 100 uM [172] Agonist  Arachidonic acid 10 uM [181]
Temerature >34°C [115] BAA 1uM [182]
DPBA 100 uM [174] GSK1016790A 10 nM [183]
6TBC 1uM [172]
Incensole acetate 10 uM [175]
HC-001403 1uM (1771 Citral 32uM [187]
GRC 15133 100 nM [177] RN-1734 10 uM [188]
Antagoni Antagoni
st GRC 17173 100 nM [177] st RN-9893 10 nM [188]
17RD1 155 nM [178] GSK2193874 40 nM [189]
HC 067047 48 nM [190]

Annex table 1. TRPV4 pharmacology at a glance. Compendium of known agonist and antagonist of TRPV1-4 with

their IC50 and bibliography annotated.
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TRPV1 related proteins list come mainly from two high throughput screenings techniques: yeast two
hybrid and Co-IP followed by mass spectrometry protein identification [271][272]. These studies identify
numerous potential TRPV1 partners and determine the relationship of TRPV1 with PI3 kinase and
voltage gated potassium channel beta 2 subunit respectively. Other studies used a pair-wise approach to

characterize interactions and deepen in the regulatory effects of the complex. Annex table 2.

INTERACTOR SCREEN VALIDATION Functional consecuence ‘ Ref.

in in

vitro vivo
80K-H [273]
Actin F actin architecture is affected by TRPV1 activation by capsaicin in an | [272]
ERK1/2 MLC2 dependent manner. [274]
AKAP are scaffolding proteins that target pro-inflamatory kinases to | [191]

AKAP5/AKAP15

/0 TRPV1. AKAP targeting enhances TRPV1 trafficking to the plasma | [192]
membrane, sensitization of the channel and promotes hyperalgesia. [193]
Akt TRPV1 activation by ligands promotes phosphorylation of AKT and (275]

increases the formation of TRPV1-AKT/CamKIl complex.

TRPV1 activation promotes phosphorylation of AMPK and eNOS in aortas
AMPKo2 of mice. TRPV1 trigger AMPK signaling, which leads to retarded | [276]
development of atherosclerosis.

Apolipoprotein [272]

BK channels can be activated by calcium influx through TRPV1. The
Bkca complex is present in DRG neurons where it plays a critical role in | [277]
regulating the pain signal transduction pathway.

48
. Calmodulin binds to N- and C-terminal of TRPV1. N-terminal binding site (48]
Calmodulin . ) N [278]
mediates TRPV1 calcium dependent desensitization. (199]

Inhibition CaMKIl suppresses the ligand-induced increase in TRPV1
CaMKIl phosphorylation, formation of a TRPV1-eNOS complex, and eNOS | [275]

activation.

Catenin-02 [271]
Catenin-P2 [271]

CB1 and TRPV1 colocalized in human and mouse corneal epithelium.
CB1 Activation of CB1 reduced TRPV1 activity and TRPV1-induced inflammatory | [279]
and scarring responses

TRPV1 facilitates ubiquitination of EGFR by cbl, targeting EGFR to

Cbl 280

degradation. [280]

CDK12 [272]

Cdk5 positively regulates TRPV1 surface localization. Activation of Cdk5 | [281]

CDK5 promotes TRPV1 anterograde transport in vivo by direct phosphorylation | [282]

of the channel. [204]

CHERP [271]

Contactin-1 [271]

DAP-150 [271]

DAZAP2 [271]
TRPV1 co-localized and co-precipitated with E-cadherin and B-catenin,

E-cadherin although TRPV1 activation does not lead to a re-distribution of E-cadherin | [274]

or adherens junctions in submandibular epithelial cells.
Eferin/Rab11- TRPV1 and Eferin highly colocalized in DRG cells, although this protein had (283]

FIP3 no significant effect on TRPV1 channel activity in response to capsaicin.
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Annex table 2 continued

INTERACTOR SCREEN VALIDATION

Functional consecuence

EGFR

eNOS

FAF1

GABARAP

GCN5

Glucose 6
phosphatase

Glycogen
phosphorylase

B -arrestin 2

B -catenin

Ql-tubulin-3

Ql-tubulin-5
o-tubulin-1A

HAX-1
ITM2C
JMID2C

KCNQ2/3

KIF13B

KIF2A
KIF3B
KPNQI1
Kvai2
Neuronatin

NKX2.2

NMDAR1
NMDAR2B

vitro vivo
TRPV1 interaction with EGFR promotes EGFR ubiquitination and (280]
degradation, having a tumour suppressing effect in keratinocytes.
Upon TRPV1 activation by ligands, eNOS is recruited to TRPV1 complex and | [275]
phosphorylated, leading to an increased production of Nitric oxide. [276]
FAF1 reduces the responses of TRPV1 to capsaicin, acid, and heat.
Silencing FAF1 augments capsaicin sensitivity in native sensory neurons, (284]
pointing FAF1 as an integral component of TRPV1 complexes and
constitutively modulator of TRPV1 activity.
GABARAP is a component of the TRPV1 signalling complex and contributes
to increase the channel expression, to the trafficking to the plasma | [285]
membrane, and to modulate TRPV1 channel gating and desensitization.
[271]
[272]
[272]
B-arrestin 2 bind TRPV1 in a phosphorylation dependent manner, being (286]
crucial phosphorylation in Thr(370) of TRPV1. B-arrestin promotes TRPV1 (287]
desensitization by actively participating in a scaffolding mechanism to (288]
inhibit TRPV1 phosphorylation, thereby reducing TRPV1 sensitivity.
TRPV1 colocalized and co-precipitated with E-cadherin and B-catenin,
although TRPV1 activation does not lead to changes in distribution or | [274]
function of B-catenin in submandibular epithelial cells.
TRPV1 binds to tubulin on its C-terminus. [289]
TRPV1 binds tubulin in the C-terminus in a calcium dependent manner and
this interaction affects microtubule properties, such as microtubule
o ) i [290]
sensitivity towards low temperatures and nocodazole. This fact points that
the microtubule cytoskeleton may be a downstream of TRPV1 activation.
[271]
[271]
[271]
TRPV1 binds to KCNQ2 predominantly by the membrane spaning regions.
TRPV1 activation inhibits KCNQ2 activity and this inhibition is dependent (291]
on calcium influx followed by PIP2 depletion and activation of protein
phosphatase calcineurin.
KIF13B participates of Cdk5 mediated TRPV1 translocation. Cdk5
phosphorylates KIF13B at Thr-506 and this enhances TRPV1 translocation | [204]
to the plasma membrane.
[271]
[271]
[271]
TRPV1 trafficking and gating is enhanced in the presence of voltage-gated (272]
K potasium channel beta 2 subunit (KvB2)
[271]
[271]
NMDAR1 interacts with TRPV1 in trigeminal ganglia, where NMDA triggers
TRPV1 serine phosphorylation via PKC and CamKIl. TRPV1 phosphorylation | [201]

leads to channel sensitization and mechanical hyperalgesia.
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Annex table 2 continued

INTERACTOR SCREEN VALIDATION Functional consecuence

vitro vivo

NOMO1 [271]
TRPV1 bind to intact microtubules and the interaction maintain TRPV1
o-tubulin-1B functionality. Upon microtubule disassembly TRPV1 agregates and loss | [292]
function.
TRPV1 activation by capsaicin reduced sodium reabsortion in the kidney by
oENaC o ) ) [293]
inhibiting ®ENaC expression and function.
oll-spectrin - [272]
TRPV1 interacts with OS-9 potentially by a predicted binding domain on
059 the N terminus of the channel. OS-9 functions in the ER as an auxiliary (244]

protein for TRPV4 maturation and a similar role has been proposed for
TRPV1.
TRPV1 and P2RX3 interact with each other by a motif located at the C-

P2RX3 terminal end of the P2RX3. TRPV presence and interaction promotes an | [294]
inhibitory effect on P2RX3 activity.

PACS-1 [295]

PEX10 ¢ [271]

PI3K-p8501 [271]

PI3K-p850 [271]

Noxious heat and capsaicin currents in PIRT deficient DRG neurons are
significantly attenuated. Heterologous expression of PIRT enhances TRPV1
mediated currents. This potenciation of TRPV1 activity is determined by | [296]
the binding of PIRT C-terminus to TRPV1 and the recruitment of several
phosphoinositides, such as PIP2

PKA reduces TRPV1 desensitization by directly phosphorylating Ser 116 of

PIRT

PKA TRPV1 N-terminus. (193]
PKARIlG PKARII binding site on AKAPS is necessary for PKA enhancement of TRPV1 (297]
activity. Forms a complex with TRPV1, AKAP5 and PKA.
TRPV1 is directly phosphorylated by PKC at the S502, T704 and S800
PKC residues. TRPV1 PKC mediated phosphorylation does not activate the | [194]
channel but sensitized it to activation by TRPV1 agonist such as capsaicin.
TRPV1 directly binds to PKC-B, leading to the activation and translocation
PKC B of PKC-B. Activated PKC-B significantly increases the responsiveness of | [298]
TRPV1 to heat by phosphorylating T704.
TRPV1 first intracellular loop and carboxyl terminus, S502 and S800, were
PKCp phosphorylated by PKCepsilon. This phosphorylation is involved in the | [299]
potentiation of the capsaicin-evoked currents by PMA and ATP.
PLAGL1 [271]
TRPV1 and PLC gamma are predicted to interact though pH domains in the
N-terminus of the channel in a similar way to TRPC3. PLC regulates PIP2
PLCail ) . - ) [49]
levels by cleaving them, modulating channel activity through changes in
lipid composition.
POLR2G [271]
POLR3D [271]
PPARG PPARo activation by specific agonists in CHO cells induced the activation of (300]
TRPV1 with a higher degree of desensitization of the channel.
PRKD1 phosphorylates TRPV1 N-terminus (S116) and enhances its activity
in DRG neurons. The expression levels of PRKD1 influence TRPV1 channel | [301]
PRKD1/PKCT A . . o
activity in a positive way, developing and maintaining inflammatory heat | [302]
hypersensitivity.
RAB26 [271]
RAB8b [272]
RANBP9 [271]




Annex

Annex table 2 continued

INTERACTOR

SCREEN

Ribosomal
protein L9

RPL12

RyR1

SGT

SMA3

SNAPIN

snRNP 70

Src

Synaptotagmin
land 4

TAK1

TGS1

Thrombospondi

n-3

TMEM115

TrkA

TRPA1

TRPV2

TRPV3

Tubulin

UBP5
ZBTB17

Z0-1

VALIDATION Functional consecuence
vitro vivo
[272]
[271]
TRPV1 forms part of the RyR1 complex in the triad junctions, where it may
suffer similar functional crosstalk as TRPC3. TRPC3 and RyR1 interaction (303]
coordinates their calcium mediated influx and regulates muscle cell
differentiation and contraction.
[271]
[271]
SNAPIN, a protein of vesicle SNARE complex, does not alter TRPV1 channel
function but inhibit PKC mediated TRPV1 potentiation. PKC potentiation (205]
seems to be mediated by recruitment of TRPV1 to the plasma membrane
through SNARE dependent exocytosis.
[272]
Src binds and phosphorylates TRPV1 at the Y200 residue, which results in
an increase in the recruitment of TRPV1 channels to the plasma | [304]
membrane.
Synaptotagmin, proteins from SNARE complex, interacts with TRPV1 N-
terminus and colocalizes with TRPV1 vesicles in DRG neurons. (205]
Synaptotagmins mediate TRPV1 recruitment to the plasma membrane
upon PKC activation, leading to a potenciation of TRPV1 activity.
TAK/INK1 are downstream effectors of TRPV1 activity, leading to increases (279]
in pro-inflammatory and chemoattractant interleukin IL-6 and IL-8 release.
[271]
[271]
[271]
NGF, acting on the TrkA receptor, activates PI3 signalling pathway and
promotes downstream effectors such as Src kinase binding and (202]
phosphorylation of TRPV1, potentiating channel activity. Furthermore, (304]
recruitment of PLC-gamma to TrkA is essential for NG-mediated
potentiation of TRPV1 activity.
TRPV1 can form heterotetramers with TRPA1l in a calcium dependent
manner. TRPV1 heterotetramerization leads to a decrease in total current (305]
and lower shift in capsaicin voltage dependent gating. The presence of
TRPAL1 exerts an inhibitory effect on TRPV1 function.
TRPV1 and TRPV2 co-localize and interact in neurons from DRG and [89]
cerebral cortex. They constitute heterotetrameric channels that providing | [306]
further functional diversity to TRPV subfamily. [307]
TRPV3 is co-expressed in dorsal root ganglion neurons with TRPV1. When
heterologously expressed, TRPV3 is able to associate with TRPV1 and may | [115]
modulate its responses.
Microtubules physically interact with the C-terminus of TRPV1 at the cell
membrane of osmosensory neurons and provide a pushing force that | [308]
drives channels activation during shrinking.
[271]
[271]
[272]

Annex table 2. List of interactor partners for TRPV1 according to www.TRPchannels.org.
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TRPV2 known interactors have been mainly determined by the validation of already described
homologous interactions for TRPV1 [196], although some yeast two hybrids have yield new potential

TRPV regulators [309][310]. All TRPV2 partners are listed in Annex table 3.

INTERACTOR SCREEN VALIDATION Functional consecuence ‘ Ref.

in in
vitro vivo

ACBD3 interacts with TRPV2 in mast cells and mediates the recruitment of

the channel to PKA and PKARII complex. [196]
AKAP are scaffolding proteins that are able to bind to several TRPVs,
AKAP5/AKAP15
/0 TRPV2 among them. In the case of TRPV2 interaction functional | [191]
implications remain to be elucidated.
Calmodulin is bound to the C-terminus of TRPV2 channel (654-683) but not (58]
Calmodulin in the N-terminus as in TRPV1 or TRPV4. The binding is dependent on basic (197]

aminoacids within this region, mainly R679 and K681.

PKA mediates in vitro phosphorylation of TRPV2. In mast cells PKA
phosphorylation of TRPV2 occurs in resting conditions, although it may be | [196]
enhanced by cAMP mobilization.

PKARII potentially binds to ACBD3 and, together with AKAPS5, recruits PKA
to the proximity of TRPV2 channel.

RGA associates with TRPV2 within intracellular stores in rat mast cells upon
glycosylation event. RGA plays a chaperone or targeting role for TRPV2 | [309]
during the maturation of the channel, promoting TRPV2 recruitment to the | [311]
plasma membrane.

SYNE1 is a member of the spectrin family that play a role in the
maintenance of Golgi structure and mediates protein trafficking, | [310]
potentially involved in TRPV2 recruitment to the membrane.

PKARIlo

[196]

RGA/RAG1AP1

TRPV1 and TRPV2 colocalize and interact in neurons from DRG and [89]
o . o . [306]

cerebral cortex, providing further functional diversity to TRPV subfamily. (307]
. . . " . [312]
Ubiquitin proteome-wide studies identified TRPV2 as potential partner. (313]

Annex table 3. List of interactor partners for TRPV2 according to www.TRPchannels.org.

TRPV3 is one of the least characterized TRPV in terms of protein interactions. Similarly to TRPV2,
interaction with calmodulin and AKAP5 have been screened by inference and homology with TRPV1,
which is also able to form TRPV1-TRPV3 heterotetramers [198][191][115]. All known TRPV3 interactors

are listed in Annex table 4.

INTERACTOR SCREEN VALIDATION Functional consecuence ‘ Ref.
in in
vitro vivo
TRPV3, as other TRPV channels is able to bind the scaffolding proteins
AKAPS/(')AKAPIS AKAP. The functional relevance of this interaction in the case of TRPV3 still | [191]
remains unclear.
X TRPV3 binds calmodulin on its N-terminal ARD domain in a calcium | [197]
Calmodulin
dependent manner. [198]
Activation of EGFR leads to increased TRPV3 channel activity, which
EGFR stimulates TGF-alpha release and ultimately influences hair morphogenesis | [120]
and skin barrier formation.
TRPVL TRPV} is abl.e to form heterotet.ramers with TRPV3, increasing the (115]
functional variability of TRPV subfamily.

Annex table 4. List of interactor partners for TRPV3 according to www.TRPchannels.org.




Annex 217

TRPV4 partners have been determined by yeast two hybid assays, Co-IP coupled to mass
spectrometry or inference by other close related proteins such as TRPV1. The functional relevance of
TRPV4 interactions have been detailed analysed in most cases, figuring out very specific functional

implications for those interactors. Annex table 5.

INTERACTOR SCREEN VALIDATION Functional consecuence ‘ Ref.

in in
vitro vivo

80K-H [273]

Muscarinic receptor mediate activation of TRPV4 depending on protein
kinase C (PKC) and the PKC-anchoring protein AKAP150, which bridges PKC | [314]
to TRPV4 in myoendothelial projections of endothelial cells.

Astrocytes contain a TRPV4 AQP4 complex that acts as osmosensor and
constitutes a key element in regulatory volume decrease (RVD) within the | [315]
cell and the brain's volume homeostasis.

Exposure to hypotonocity promotes calcium entry through TRPV4 and
regulation of cell volume (RVD) in the salivary gland. AQP-5 TRPV4 complex
formation is enhanced upon hypotonic shock and is needed for calcium | [316]
entry and RVD. Thus, TRPV4 and AQP5 concertedly control RVD in the
salivary gland.

AT1aR (angiotensin receptor) and TRPV4 form a constitutive complex in
the plasma membrane, and angiotensin stimulation leads to recruitment
of beta-arrestin 1 to this complex, which in turn promotes TRPV4
ubiquitination and functional channel downregulation.

TRPV4 associates with Kcal.1 and TRPC1 in smooth muscle cells and upon
TRPV4 activation calcium influx promotes Kcal.l activation. The complex
couples NO and EET metabolism to potassium channel activity, controlling
cell hyperpolarization and relaxation.

TRPV4 activation reciprocally regulates Ca(2+)/calmodulin signaling, and
promotes association of TRPV4 with myosin Ila in osteoclasts. TRPV4 binds | [319]
calmodulin in its N-terminal ARD domain and C-terminal tail, with a | [320]

AKAPS/AKAP15
0

AQP-4

AQP-5

AT1aR [317]

Bkca (Kcal.1) [318]

Calmodulin potentiation effect on channel activity. Nitrosylation of TRPV4 cys853 | [198]
residue in the N-terminus abrogates interaction with camodulin and | [200]
inhibits channel activity.

TRPV4 and TRPC1 colocalize with Caveolin 1 in internal vesicles of HUVEC

Caveolin-1 cells. Upon internal calcium store depletion there is an increase in TRPV4 | [321]
delivery to the plasma membrane mediated by Caveolin 1.

TRPV4 is located where the cell-cell junctions are formed, and the channel (130]

E-cadherin deficiency caused abnormal cell-cell junction structures. TRPV4 activity (322]
was crucial for barrier formation and recovery.

TRPV4 interacts with Src kinases such as FYN by their SH2 domain.
FYN Hypotonicity promotes Src family tyrosine kinase dependent tyrosine | [323]
phosphorylation of TRPV4 at residue Tyr-253.
TRPV4 interaction with F actin fibers is mediated by Ser824 and crucial for (324]
a-actin channel location and activity. F actin reorganization and TRPV4 activity are (325]
linked and cooperate to mediate in RVD during hypotonic shock.
B-arrestin 1 is recruited to AT1laR TRPV4 complex upon angiotensin

B-arrestin 1 .stimulat.ion. and mediat.es TRPV4 ubiquiFination anc.:l subsequently (317]
internalization and functional down-regulation. B-arrestin 1 acts as an
adaptor of AIP4

B-arrestin 2 [326]
In keratinocytes TRPV4 is recruited to the adherent junction complex

Ql-catenin through B-catenin, promoting the increase of cytosolic calcium in the | [322]

vicinity of adherent junctions, which in turns regulate complex formation | [130]
and skin barrier formation and maturation.
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Annex table 5 continued

INTERACTOR SCREEN VALIDATION Functional consecuence

vitro vivo

TRPV4 colocalizes and interacts with proteins of the cytoskeleton such as
Ql-tubulin-5 tubulin beta 5, although modulation of channel activity by this partnership | [327]
remains to be addressed.
Member of Src kinase family that interacts with TRPV4 and potentially

HCK phosphorylates TRPV4 at residue Tyr-253. (323]
IP3 receptor interacts with TRPV4 C-terminal domain, within the same
region of calmodulin binding. Binding of IP3R sensitizes TRPV4 and (185]
IP3R3 connects extracellular calcium influx to intracellular calcium stores in order (328]

to initiate and maintain the oscillatory calcium signals triggered by
hypotonicity.
AlIP4 ubiquitinates TRPV4 and this modification promotes the channel
endocytosis, decreasing its amount at the plasma membrane and by | [329]
instance the basal channel activity.
Member of Src kinase family that interacts with TRPV4 and potentially
phosphorylates TRPV4 at residue Tyr-253.
Member of Src kinase family involved in mechanical transduction that | [323]
interacts with TRPV4 and in vitro phosphorylates TRPV4 at residue Tyr-253. | [330]
MAP7 is a microtubule associated protein that interacts with TRPV4 C-
terminal domain (798-809) and co localize with the channel in kidney and | [331]
lung cells. The interaction increases the TRPV4 membrane expression.
Myosin is an essential player in contractility that associates with TRPV4 C-
terminus in a calcium/calmodulin dependent manner and sensitized the
channel to specific agonists. Deletion of calmodulin binding site, which is | [319]
overlapped with Myosin binding site; reduces TRPV4 response to agonist in
osteoclast.
PDZ containing protein that interacts with TRPV4 C terminus and acts as
scaffolding protein exerting a potential regulation of channel assembly and | [332]
localization at the plasma membrane.
02-integrin is implicated in mechanical transduction together with Src
tyrosine kinases and exerts an important role for the development of
mechanical hyperalgesia. TRPV4 direct interaction to o2-integrin is
required in this process.
0S9 interacts with the N-terminus of TRPV4 and impedes the release of
TRPV4 from the ER, decreasing TRPV4 plasma membrane levels. 0S-9
functions as an auxiliary protein for TRPV4 maturation, binding TRPV4
monomers and immature variants.
PACS-1, a sorting protein that recognizes acidic clusters, interacts with the
N-terminal domain of TRPV4. This interaction may direct the localization of | [333]
TRPV4 to distinct subcellular compartments.
Pacsinl is implicated in synaptic vesicular membrane trafficking and
Pacsinl regulation of dynamin mediated endocytotic processes. Pacsinl interacts | [245]

with TRPV4 N-terminal proline rich domain, upstream of ARD.

Pacsin2 as its close homolog Pacsinl interacts with the N-terminal proline

ITCH/AIP4

LCK [323]

LYN

MAP7

MYH9
MYH10
Myosin-HIIA

NHERF4

02-integrin [330]

0s-9 [244]

PACS-1

Pacsin2 rich domain of TRPV4. Functional consequences of these two interactions g:i}
remain elusive.
Pacsin3 binds to the N-terminal proline rich domain of TRPV4 This
interaction enhances the relative amount of TRPV4 in the plasma
membrane, inhibits the basal activity of TRPV4 and its activation by cell (245]
pacsin3 swelling and heat with no affection of agonist mediated activation. (334]
Mutations on the Pacsin binding pocket of TRPV4 revert the Pacsin3 (243]

mediated inhibition of the channel. Pacsin3 inhibitory effect is mediated
by restriction access of TRPV4 to PIP2, which lead to a TRPV4 tails
rearrangement that insensitize the channel to heat and hypotonicity.

RPS27A [319]




Annex table 5 continued

INTERACTOR SCREEN VALIDATION Functional consecuence

vitro vivo

SRC directly phosphorylates TRPV4 at the N- and C-terminal Tyr 110 and
Tyr 805 residues. N-terminal phosphorylation does not play a role in
Src channel trafficking but sensitizes the channel and affects activation of
TRPV4 by heat, mechanical stress and hypotonic cell swelling. C-terminal
phosphorylation does not affect either channel trafficking or function.
TRPV4 and ANO1, a chloride channel, interact in choroid plexus epithelial
cells. TRPV4 calcium evoked influx mediates ANO1 activation and ANO1
mediated chloride currents. This ANO1 activity is able to regulate water | [336]
transport in the choroid plexus and mediate in cell volume decrease upon
hypotonic shock.

Heteromeric TRPV4-C1-P2 complexes are formed in primary cultured rat
mesenteric artery endothelial cells (MAECs). Functional characterization
suggests that the 3 TRPs contribute to the ion permeation pore of the

[323]
[335]

TMEM16A
ANO1

337

heteromeric channels. TRPV4 TRPC1 complex plays a key role in flow {338}

TRPC1 induced endothelial calcium influx by changing channel gating properties. (321]
TRPV4 TRPC1 channels were slightly more permeable to calcium and had a (339]

reduced sensitivity to calcium dependent inhibition. Furthermore,
heterotetramers are easier to traffic to the plasma membrane than
homotetrameric forms, increasing calcium influx in response to flow.

TRPP1 and TRPV4 form heterotetramers with a 2:2 stoichiometry. | [337]
Heterotetramers mediate the flow induced entry of calcium into collecting | [340]

TRPP1 duct cells and form a mechanical and thermosensitive molecular sensor in | [341]
the cilium of renal cysts, playing a role in ciliogenesis. [342]
Ser 824 residue of TRPV4 is phosphorylated by SGK1, which elicits the

Tubulin formation of the TRPV4 F-actin complex. This interaction links TRPV4 with | [343]

the cytoskeleton.
Ubiquitination is one of the main processes regulating TRPV4 membrane

244
UBC expression levels. Ubiquitination of TRPV4 is mediated by AIP4 and [244]
) : ) [329]
impeded by Os-9 interaction.
VES Member of Src kinase family that interacts with TRPV4 and potentially (323]
phosphorylates TRPV4 at residue Tyr-253.
Annex table 5. List of interactor partners for TRPV4 according to www.TRPchannels.org.
Disease Name Disgenet score Ref. Gene name % of shared disease
Hyperalgesia 0.310 [210] TNF 74
Inflammation 0.315 [211] IL6 70
Pain 0.213 [69] PTGS2 66
Obesity 0.213 [217] IL1B 60
Heartburn 0.21 [344] VEGFA 58
Pancreatitis 0.21 [345] IL10 56
Neoplasm 0.21 - TGFB1 55
Epilepsy, temporal lobe 0.21 [346] TP53 54
Liver cirrhosis 0.21 [347] IFNG 51
Esophageal diseases 0.21 [348] ILIRN 50

Annex table 6. Disgenet (www.disgenet.org) summary of top 10 TRPV1 associated diseases (left side of the table)
and top 10 related genes in pathological conditions (on the right), with the number of shared diseases as measure
of gene pathological interconnectivity (on the right). Disgenet score is a correlation index, being a more significant
protein-disease correlation with values closer to 1.
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Disease Name Disgenet score Ref. Gene name % of shared disease
Neoplasm, malignant 0.001 [349] IL6 21
Primary malignant neoplasm 0.001 [349] TP53 21
Malignant neoplasm of bladder 0.001 [350] VEGFA 21
Malignant neoplasm of prostate 0.001 [350] MIR21 19
Prostate carcinoma 0.001 [350] PTGS2 19
Muscular dystrophies 0.001 [220] TNF 19
Glioma 0.001 [349] CXCL8 19
Dystrophic cardiomyopathy 0.001 [66] CDKN2A 18
Cardiomyopathies 0.001 [66] CSF2 18
Carcinoma of bladder 0.001 [350] HPGDS 18

Annex table 7. Disgenet (www.disgenet.org) summary of top 10 TRPV2 associated diseases (left side of the table)
and top 10 related genes in pathological conditions (on the right), with the number of shared diseases as measure
of gene pathological interconnectivity (on the right). Disgenet score is a correlation index, being a more significant
protein-disease correlation with values closer to 1.

Disease Name Disgenet score Ref. Gene name % of shared disease
Olmsted syndrome 0.412 [221] IL6 7
Dermatitis, atopic 0.1 VEGFA 6
Ganglion cysts 0.003 HLA-DRB1 5
Dermatitis 0.003 IL1B 5
Skin diseases 0.001 IL17D 5
Skin diseases, genetic 0.001 TNF 5
Migraine disorders 0.001 PTGS2 5
Migraine with aura 0.001 VIP 5
Pruritus 0.001 EDN1 5
Headache disorders, primary 0.001 GJB6 4

Annex table 8. Disgenet (www.disgenet.org) summary of top 10 TRPV3 associated diseases (left side of the table)
and top 10 related genes in pathological conditions (on the right), with the number of shared diseases as measure
of gene pathological interconnectivity (on the right). Disgenet score is a correlation index, being a more significant
protein-disease correlation with values closer to 1.

Disease Name Disgenet score Ref. Gene name % of shared disease
Metatropic dwarfism 0.622 [229] TNF 29
Spondylo'metaphyseal dysplasia 0621 (230] 16 24
Kozlowski type

Brachiolmia Type3 0.621 [227] IL10 21
Parastremmatic dwarfism 0.421 [230] VEGFA 20

Spinal muscular atrophy, 0491 (232] soD1 19
scapuloperoneal

Hereditary motor and sensory 0491 (232] IL1B 19

neuropathy

Brachiolmia Type2 0.41 [230] AGT 18




Annex 221

Digital arthropathy-brachydactyly 0.41 - GSTT1 18

Pulmonary disease, chronic

R 0.213 [135] APOE 18
obstructive

Hyponatremia 0.212 [226] BCL2 18
Annex table 9. Disgenet (www.disgenet.org) summary of top 10 TRPV4 associated diseases (left side of the table)
and top 10 related genes in pathological conditions (on the right), with the number of shared diseases as measure

of gene pathological interconnectivity (on the right). Disgenet score is a correlation index, being a more significant
protein-disease correlation with values closer to 1.
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