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1. Summary

Transient receptor potential vanilloid 4 (TRPV4) is a polymodal channel important for
mechanotransduction in a variety of cells and tissues (Nilius et al. 2004, White JP et al.
2016). Interestingly, TRPV4 channels are specifically gated by movements of the
membrane attached to the extracellular matrix when applying substrate deflection
stimuli, but are insensitive to mechanical stimuli like membrane stretch or indentation
(Servin-Vences et al.,, 2017). This suggests that TRPV4 channels may possess an
unknown deflection-sensitive domain. By using the pillar arrays technique, a method
that combines whole-cell patch clamp recordings and elastomeric pillar arrays, we
sought to determine the minimal mechanosensing domain of TRPV4 that allows this
channel, but not other TRP channels, to be gated by membrane deflection. We
generated chimeric channels (TRPV4/TRPV1) in which protein domains from the
mechanosensitive TRPV4 channels were substituted by the homologous domains of the
non-mechanosensitive TRPV1 channel. We studied these chimeric channels by
expressing them in N2afe1/ cells, which lack endogenous mechanosensitive currents
(Moroni et al. 2018). We found that the minimal TRPV4 molecular segment essential for
gating substrate deflection currents in TRPV4 is constituted by the 6th transmembrane
and C-terminal domain of the channel. Moreover, since a series of mutations in TRPV4
located within the mechanosensitive domains have been linked to different
pathophysiological conditions, we inserted point mutations in the TRPV4 clone to study
their biophysical properties. We observed that mutations in L709M, A716S, and T740I
modified mechanosensitivity and kinetics of TRPV4 currents. Thus, changes in the
biophysical properties of TRPV4 variants present in the mechanosensing domain, might
modify the interaction between the TRPV4 and the extracellular matrix. Thus, specific
deficits in channel mechanosensitivity rather than other modes of gating could lead to

TRPV4-related human diseases such as skeletal dysplasias and sensory neuropathies.






1.1. Zusammenfassung

Der Transiente Rezeptor-Potential-Kationenkanal, Unterfamilie V, Mitglied 4 (TRPV4) ist
ein polymodaler Kanal, der fiir die Mechanotransduktion in verschiedenen Zellen und
Geweben wichtig ist (Nilius et al. 2004, White JP et al. 2016). Interessanterweise werden
TRPV4 Kanale spezifisch durch Bewegungen der Membran, die mit der extrazellularen
Matrix verbunden ist, gesteuert, wenn Reize, die zur Deformation des Substrates fuhren,
angewendet werden. Sie sind jedoch unempfindlich gegenliber mechanischen Reizen
wie Membranstreckung oder Eindringen (Servin-Vences et al., 2017). Dies legt nahe,
dass TRPV4 Kanale moglicherweise liber eine unbekannte deformationsempfindliche
Domane verfiigen. Unter Verwendung der Saulenarray Technik, einer Methode, die
Patch-Clamp-Aufzeichnungen der gesamten Zelle und elastomere Sdulenarrays
kombiniert, versuchten wir, die minimale mechanosensitive Domane von TRPV4 zu
bestimmen, die es diesem Kanal ermoglicht, aber nicht anderen TRP Kanalen, durch
Membrandeformation gesteuert zu werden. Wir erzeugten chimare Kanale
(TRPV4/TRPV1), bei denen Proteindomanen der mechanosensitiven TRPV4 Kanale
durch die homologen Domanen des nicht mechanosensitiven TRPV1 Kanals ersetzt
wurden. Wir studierten diese chimaren Kandle, indem wir sie in N2afe®'/ Zellen
exprimierten, welche keine endogenen mechanosensitiven Strome aufweisen (Moroni
et al. 2018). Wir fanden heraus, dass das minimale TRPV4 Molekiilsegment, welches fir
fir die Steuerung von Substratdeformationsstromen in TRPV4 wesentlich ist, aus der 6.
transmembranen und der C-terminalen Domane des Kanals besteht. Dartiber hinaus
haben wir, da eine Reihe von Mutationen in TRPV4, die sich innerhalb der
mechanosensitiven Domanen befinden, mit verschiedenen pathophysiologischen
Zustanden in Verbindung gebracht wurden, Punktmutationen in TRPV4 Klone
eingefugt. Dies diente zur Untersuchung ihrer biophysikalischen Eigenschaften. Wir
beobachteten, dass Mutationen in L709M, A716S und T740l die mechanosensitive
Reaktion und die Kinetik von TRPV4 Stromen veranderten. Somit konnten

Veranderungen in den biophysikalischen Eigenschaften von TRPV4 Varianten, welche in



der mechanosensitiven Domane vorliegen, die Interaktion zwischen TRPV4 und der
extrazellularen Matrix modifizieren. Spezifische Defizite in der mechanosensitiven
Eigenschaft des Kanals konnten also eher als andere Steuerungsmechanismen zu
TRPV4 bezogenen menschlichen Krankheiten wie skelettalen Dysplasien und

sensorischen Neuropathien fiihren.



2. Introduction

2.1. Mechanically activated ion channels

Many cell types are capable of detecting mechanical forces. Mechanotransduction is the
conversion of physical forces into biochemical signals. Cells convert mechanical stimuli
into chemical or electrical signals via mechanically activated ion channels (MA) (1,2).
These ion channels form pores in the plasma membrane and are able to respond to a
diverse range of physical forces such as vibration, stretch, or sound waves (3). When a
mechanical force is exerted, the ion channels open, and a membrane current is
generated by the passive diffusion of charged ions across their electrochemical
gradient. This process itself is fundamental for a broad spectrum of biological and
physiological processes such as touch, pain, pressure, vibration, or proprioception (4-

6).

Since 1994, when it was first described that the bacterial MscL (mechanosensitive
channel large conductance) can be directly gated by mechanical forces (7), a growing
number of inherently mechanosensitive ion channels have been identified, such as the
two-pore potassium channels; TREK-1, TREK-2, and TRAAK (8), the Piezol and Piezo2
channels, (9) and more recently TRPV4 (10). Although the gating of ion channels by
mechanical stimuli has been studied in the last couple of decades, understanding how
mechanical force is transduced, and the continuous dynamic modifications of the

microenvironment surrounding MA ion channels is still incompletely understood (1,11).

In general, two models of activation for mechanically gated ion channels have been
proposed, a membrane delimited “force-from lipids model” and the one that force is
transmitted through auxiliary proteins defined as “force-from-filament model”, also

known as “the tether model” (2,4).



2.1.2. Force-from lipids model

The force-from-lipids model has been proposed since the early discovery of MscL. In
this model, the gating force arises from the channel-lipid interaction due to membrane
deformation, excluding any putative associated proteins (7,12,13). In this case,
mechanical forces are transmitted to MA ion channels via the lipid bilayer in the form of
changes in tension, or through the action of stiffened lipid platforms that rearrange in
response to forces delivered to transmembrane structures (Figure 2.1A) (13-15). The
purpose of the lipid platforms is to suppress mechanical noise and drive
conformational changes to the membrane-embedded MA which are subjected to a

“push and pull effect” that promotes the open state of the channel (14-16).

To prove that MA ion channels are activated by this model, channels are reconstituted
into an artificial lipid bilayer or expressed in heterologous systems, and then challenged
to local membrane curvature or membrane tension. An increase in the open probability
of the MA ion channels that the force applied to the channel via interactions with the
surrounding lipids is sufficient to activate the channel (4,15). lon channels like the
bacteria MscL (12), TREK-2, TRAAK, and Piezol (17) have been shown to be activated by
this mechanism, suggesting that this mode of activation is well conserved across

evolution (18).

2.1.3. Force-from-filament model

In the force-from-filament model, the forces are transmitted to the mechanosensitive
ion channels via connecting structures (“filaments”) from either intra or extracellular
components or both (4). These components (also called accessory proteins or tethers)
are generally coupled to the extracellular matrix (ECM) or the cytoskeleton acting as a
gating linker connected to the MA ion channel (Figure 2.1B) (1,6). In this model. the

physical manipulation of the tethering contact points opens the channel through the



displacement of a channel gating domain, also known as mechanosensitive domain

(19,20).

Force-from-lipids model Force-from-filaments model

nsion i / ECM
Extracellular O wD Tensio Extracellular\ °q

/G\\ 2
Intracellular Intracellular / \

Cytoskeleton

0

Figure 2.1. Cartoon representation of the two models of activation for mechanically gated ion
channels.

(A) Force-from-lipids model. A mechanically activated ion channel (blue) is embedded in the lipid bilayer
(yellow). When the lipid bilayer is stretched by mechanical forces (black arrows), the bilayer is deformed
by tension producing an open conformation of the channel. (B) Force-from-filaments model. Intra or
extracellular components (orange) are linked to the channel. When forces (black arrows) act in the
cytoskeleton or ECM (Extracellular matrix), the channel is driven to an open conformation.

A well-studied example of direct activation of a mechanosensitive ion channel by EMC
and cytoskeleton is the Drosophila channel NOMPC (no mechanoreceptor potential C)
(4,21). This ion channel contains 29 ankyrin domain repeats (ARD) in the N-terminus
which act as a tether that contacts microtubules attached to the cell plasma
membrane. Thus, NOMPC is gated by mechanical forces pulling on microtubules via the
ankyrin tether acting as a spring-like gating. When the ARD is shortened or removed, the
ion channels do not respond to mechanical stimuli suggesting that microtubule
association is required for NOMPC mechanogating (22,23). On the other hand, it has
been shown that NOMPC can be directly gated by lipid bilayer forces (24), giving the
potential relevance of a force-from-lipids for NOMPC gating, proposing that the two

models are not mutually exclusive (21). Indeed, it has been shown that ion channels like



Piezol are activated by both types of models (10,25). Piezol can be activated by
membrane tension (26), but in the presence of the Stomatin-like protein-3 (STOML3)
acting as a tether, the channel becomes more sensitive and the tension required to gate

it decreases (27-29).

Another tether mechanism described is for the auditory hair cells. A bundle of
stereocilia is localized at the apical surface of the hair cells. The stereocilia are
connected to each other by extracellular tip-link filaments acting like tethers. The tip-
links are composed of cadherin 23 (CDH23) and protocadherin 15 (PCDH15). (2,30,31).
When mechanical forces deflect the stereocilia, it is thought that tip links transmit
tension force to MA ion channels forming a mechano-electrical transduction (MET)
channel complex. This MET complex is also formed by the transmembrane channel-like
proteins 1 and 2 (TMC1 and TMC2) as the pore-forming subunits (32-34). It is unclear
whether the tip link directly tethers the channel, local lipid environment, or another

linker protein (35).

Some other examples of MA ion channels reported to be activated by a force-from-
filament model are Piezo2 (36), MEC-4/10 (37), and TRPV4 (10,38). The molecular
identity of such filaments or tethers being able to gate those MA ion channels is still
unknown. Integrins for example, are well known to mediate focal adhesions, which
mechanically couple the intracellular cytoskeleton with the ECM and have been
suggested as possible candidates (2,11,39,40). A model of Myosin Il mediated traction
force along actin filaments tethered to integrin-based focal adhesion regions that
generates an increase in local membrane tension for Piezo 1 has been proposed. These
findings suggest that integrins could gate directly certain types of MA ion channels or
associate with macromolecular complexes and indirectly interact with them (40-42).
However, there is not enough evidence of the interaction between integrins and MA ion
channels. The stomatin-domain family has been also proposed. The membrane

scaffolding protein STOML3 increases the sensitivity of PIEZO1 and PIEZO2 to



mechanical stimuli when the ECM is stimulated, suggesting a possible regulatory

mechanism as a tether (27).

To address mechanosensitive channel dynamics while interacting with accessory
proteins has been challenging. Nevertheless, approaches to be able to study those
interactions have been developed in the last decade, in the next chapter we are going to

describe some of them in detail.

2.2. Experimental approaches in vitro to study MA channel activation

Mechanically activated ion channels can respond to a diverse range of physical forces
(3). In order to study the functionality and channel activation, experimental strategies
that can mimic mechanical inputs whilst simultaneously measuring channel activity

have been developed (43).

In general, ion channel activity is usually recorded by directly measuring channel-
mediated ionic flux across the lipid bilayer of the membrane using patch clamp
electrophysiology (2). While for applying mechanical force to specific locations of a cell,
several methods have been developed based on the type of mechanical stimulus
desired. This is due to the precise control of the stimulation parameters is crucial for

studying channel gating (5).

The most commonly used techniques have been high-speed pressure clamp (HSPC) and
cellular indentation also known as “poking”. In the HSPC, rapid changes in pressure are
locally applied to a patch-clamped membrane within the same pipette leading to
changes in the curvature, tension, and stretch in the membrane (Figure 2.2B) (44).
Those changes in pressure are normally performed with excised patches containing
channels either in “outside-out” or “inside-out” configurations. In this case the
membrane integrity is disturbed. The channel activity is measured exclusively to the

mechanical changes in the membrane, in a context lacking mechanical elements linked



to the cell cytoskeleton and ECM. Therefore, this technique has been used to
characterize the MA ion channel activity in the context of the force-from-lipids-model

(5,45).

In cellular indentation, whole-cell patch-clamp configuration is used to monitor
channel activation throughout the cell membrane, this approach allows to record a
larger amount of MA ion channels due to the ionic flux obtained comes from the entire
plasma membrane (46). The mechanical stimulus is applied by indenting (poking) the
cell with a heat-polished glass pipette leading to a compression of the cell, which
deforms and stretches the membrane (Figure 2.2A). In these experiments it is likely
that the forces are exerted onto the underlying cytoskeleton and potentially
propagating to the ECM components. Nevertheless, it is difficult to define exactly where
in the cell the activating force transferred to MA ion channels is produced. (43,47).
Therefore, cellular indentation has been used just to characterize MA ion channels that

are more likely to be activated by Force-from-lipids model.

Both techniques; HSPC and indentation, have been used to characterize novel
mechanical activated ion channels like the Piezo proteins and their biophysical
properties, but as mentioned, these classic techniques are limited the propagation of
mechanical stimulus directly to the lipid bilayer of the membrane but not from the
propagation of the force from extracellular structures (9,27,43). In order to be able to
study the force-from-filament model, a technique where ECM can be stimulated directly

was developed; the pillar array technique (27).
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Figure 2.2. Techniques used to characterize Mechanosensitive ion channels.

Cartoons of the different mechanical stimuli. (A) Indentation. Stimulus is applied by indenting (poking)
the cell with a MS leading to a compression of the membrane. (B) HSPC (High-speed pressure clamp).
Rapid changes in pressure are locally applied to the membrane. (C) Pillar arrays. Mechanical stimuli are
applied by deflecting an individual pilus subjacent to the cell. RE, recording electrode, MS, mechanical
stimulator.

Pillar
1-1000 nm deflection

2.2.1. Pillar array technique

The pillar array technique is a method developed to quantitatively study
mechanoelectrical transduction at the cell-substrate interface for those MA ion
channels activated by the force-from-filament model (27). In this assay, cells are seeded
on an array of cylindrical structures (the pillars) that have specific dimensions and are
modeled from an elastomeric polymer with established mechanical properties. Whole-
cell patch-clamp is used to monitor channel activity, and mechanical stimuli are
applied by deflecting an individual pilus subjacent to the cell with a heat-polished glass
probe (43,48,49). Thus, the deflection stimulus is applied to spatially defined regions of
the cell-substrate interface and locally activates MA ion channels at the stimulated pilus

interface (Figure 2.2C) (10,27).

In this technique, by precisely stimulating defined areas of the membrane-substrate
interface, the transmembrane force-sensing structures incorporating the substrate
including ECM, cell attachments and intracellular components are intact. Therefore

such structures are still able to gate MA ion channels (29,48).
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The use of pillar arrays to study how accessory proteins modulate channel activity in
intact force-sensing complexes has been used to characterize mechanical properties of
ion channels such as Piezol and Piezo2 (25,27,29), TACAN (50), Elkinl (51) and TRPV4
(10,38,52).

2.3. Transient receptor potential vanilloid type 4

Transient receptor potential (TRP) channels are a large family of ion channel proteins
that include 28 members (27 in humans) (53,54). These polymodal channels can be
activated by both physical and chemical stimuli such as temperature, voltage, pressure,
tension, and drugs (55,56). When activated, TRP channels conduct cations and
depolarize cells initiating diverse cellular responses (53). According to the amino acid
sequence homology, TRP channels have been classified into seven subfamilies named
as TRPA (ankyrin), TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPN (NO-
mechano-potential, NOMP), TRPP (polycystin) and TRPV (vanilloid) (57-60).

The Transient Receptor Potential Vanilloid type 4 (TRPV4), is a non-selective cation
channel that belongs to the vanilloid (TRPV) subfamily (61,62). Like many other TRP
channels, TRPV4 is a polymodal channel that can be activated by several stimuli
including moderate temperature (~27 °C) (61,63), hypoosmotic conditions (62),
mechanical forces (10,64), endogenous agonists such as anandamide and arachidonic
acid (65), exogenous chemicals such phorbol derivatives (i.e., 4a-phorbol 12,13-
didecanoate or 4aPDD) (66) and the widely used synthetic agonist GSK1016790A (67).
The modulation of TRPV4 by several stimuli, the capability to regulate intracellular
calcium concentration levels, together with its widespread expression throughout the
body, enables TRPV4 to regulate several cellular functions such as mechanosensing,

volume regulation, and osmosensing (68,69).
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TRPV4 is a transmembrane protein consisting of 871 amino acids with an homodimeric
tetramer structure, normally assembled as a homotetramer (62,68). Each TRPV4
monomer has six transmembrane spanning a-helices (S1-S6) (68). The first 4 subunits
(S1-S4 domain) assemble to form a functional TRPV4 channel to constitute an agonist-
binding pocket, while the S5-S6 domains and the interconnecting loop form the central
cation-permeable pore (70,71). In addition to the transmembrane domains, TRPV4 has
an intracellular N- and C-terminus domains facing the cytoplasm. The N-terminus
domain consists of six ankyrin repeats and a proline-rich domain which are essential for
oligomerization, trafficking, and protein-protein interactions (72,73). The C-terminus
module contains domains such as a TRP box, a calmodulin-binding domain (CBD), and

a binding site for cytoskeletal proteins (70,74-76).

A B C

S$1-S4 domain Pore domain

Post-TRP helix

C-terminal
domain

Post-TRP helix g

C-terminus C-terminus

C-terminal
hook

&
C-terminal
domain

N-terminus

Figure 2.3. Overall structure of human TRPV4.

(A) Subunit topology diagram showing structural organization including RhoA. (B) Cartoon
representation of the different subunits of human TRPV4. (C) Cryo-EM density map of the Human TRPV4-
RhoA complex in the apo state at 3.0 A. Human TRPV4 (green), lipid densities (purple), and RhoA (blue).
Modified from Nadezhdin et al. (2023) (78).

The Xenopus tropicalis (3.8 A resolution) and human (3.0 A resolution) Cryo-EM
structures of TRPV4 have been resolved (Figure 2.3) (77,78). Both, the human and

Xenopus tropicalis proteins revealed structural features and arrangements that allow
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TRPV4 to have a unique structure among related TRPV channels. In the next part of this
work, we are going to address such structural features, highlighting the interaction and

arrangement within the structure and with other cellular components.

2.3.1 TRPV4 transmembrane domains

The human and Xenopus tropicalis CryoEM structure revealed that the transmembrane
domains of TRPV4 comprises six membrane-spanning segments S1 to S6. The first four
helices form a bundle called the S1-S4 domain, which is analogous to the voltage-
sensor domain of VGICs (voltage-gated ion channels). The S1-S4 domains surround the
central ion conduction pore which is formed by S5, the pore loops and S6. While relative
positioning of S1-S4 and the S5-S6 of the human structure is similar to the closely-
related TRPV1, the Xenopus tropicalis structure showed a 90°C rotated counterclockwise
packing interface between S1-S4 and the pore domains different from other members

of the TRP family including TRPV1 (77,78).

The S1-S4 domain assemble to form a functional TRPV4 channel to constitute an
agonist-binding pocket that influences channel gating. Drug binding sites, like 4a-PDD
and the inhibitors HC-067047 and GSK1016790A, have been identified at the base of the
S1-S4 bundle (70).

The S5-S6 of TRPV4 domains and the interconnecting loop form the central cation-
permeable pore. This pore-forming loop has characteristic moderate-high permeability
to Ca*" (PCa/PNa=6-10) with two important aspartate residues, Asp672 and Asp682,
determinants of the Ca?* selectivity of the pore (79,80). As a non-selective cationic
channel is also permeable (but lower) to Mg* and Na* (66,70,71). The Cryo-EM
structures have shown that the ion conduction pore contains an intracellular gate
formed by the inner helices but lacks an extracellular gate. The structure of Xenopus
tropicalis described in a close state, shows the narrowest point in the glycine residues

G675 with a diameter of 10.6 A while M714 defines the narrowest point of 5.3 A. This
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filter is exceptionally wide compared to other TRPV channels, such as the 7.6 A diameter
of TRPV1 in the open conformation(22). While the structure of the human TRPV4
showed two constriction points, in the closed pore state the upper selectivity filter
constriction is formed by G679 with a distance of 6.6 A, and the narrowest point of the

gate region is formed by 1715.

2.3.2. TRPV4 N-terminus

The Cryo-EM structures have shown that TRPV4 has an extensive cytoplasmic N-
terminus that contains an N-terminal region preceded by an ankyrin repeat domain-
containing six ankyrin repeats, followed by a linker domain composed of two 3-strands,
B1 and 2, and a helix-turn-helix motif resembling a seventh ankyrin repeat and the

pre-S1 helix, connecting the linker domain to the transmembrane domains (77,78,81).

The N-terminus appears to be involved in the modulation of the channel activity due to
its sites for functional regulators, including both sensitizers and desensitizers of
channel function (82). The interconnection among other cellular components is
essential for oligomerization, trafficking, and protein-protein interactions (72,73).
Several studies have proposed the interaction of the N-terminus with intra- and
extracellular components. It has been shown that the ankyrin repeats can potentially
bind intracellular components of TRPV4 to the cytoskeleton. Indeed, imaging and
functional studies demonstrate interaction of the N-terminus with F-actin when
hypotonicity stimulus is applied (74,83). Additionally, co-localization of the N-terminus
with cytoskeletal components such as actin, tubulin, and microfilaments was reported,
suggesting that this interaction could contribute to the mechanical properties of the
channel upon cell swelling (74,84,85). On the other hand, one report showed that TRPV4
gating was independent of cytoskeletal rearrangements, but the N-terminus of TRPV4 is
required for cell swelling activation. Further studies are needed to clarify such results

(86).
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Extracellular components like B1 integrins of the ECM have also been implicated in the
modulation of the channel by the N-terminus. Forces applied to 31 integrins result in
activation of TRPV4 in endothelial cells, and the transmembrane solute carrier family 3
member 2 (CD98hc) has been also implicated in this process (87). One study
demonstrated that 31 integrin, CD98hc, and TRPV4 associate and colocalize in focal
adhesions. When mechanical stimuli are applied to 1 integrin, forces are transmitted
from its cytoplasmic C-terminus via the CD98hc cytoplasmic tail to the ARD of TRPV4,
which activated TRPV4 within the focal adhesion.(88).

In addition, the TRPV4 N-terminus contains a proline reach domain (PRD) that interacts
with all three members of the PACSIN protein family (Protein kinase C and casein kinase
substrate in neurons), a family of proteins involved in the regulation of cell
cytoskeleton, intracellular trafficking and signaling endocytosis (72,82,89). The N-
terminus has also a binding site for phosphatidylinositol-4,5-biphosphate (PIP2) and a
CaM-binding site that are important for the general regulation of the channel and

interaction with other proteins (90,91).

Proteomics studies have demonstrated that the small GTPase RhoA directly binds the
ARD of TRPV4 and modulates channel activity (92). RhoA is an important regulator of
cytoskeletal dynamics which controls stress fiber formation and actomyosin
contraction. This GTPase plays an important role in cell division, differentiation, and
proliferation (93-95). Co-expression of TRPV4 and RhoA inhibits TRPV4-mediated
calcium influx under basal conditions and during GSK1016790A activation, which
suggests a role of TRPV4 in the regulation of the cytoskeleton (92). Besides, the human
TRPV4 Cryo-EM structure was resolved in a TRPV4-RhoA complex demonstrating the
structural RhoA interactions with the membrane-facing surface of the TRPV4 ankyrin
repeat domains (Figure 2.3). RhoA consists of a six-stranded [3-sheet surrounded by
seven short helices connected by loops. The Cryo-EM structure showed that the
interface between human TRPV4 and RhoA is formed by five loops connecting six

ankyrin repeats of TRPV4 and 31, 32, 33, and a2 regions of RhoA. Interestingly, TRPV4-
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RhoA complex contact interface reveals residues that are mutated in neuropathies such
as R232, R237, D263, R269, and R315, suggesting a possible role of the structural

arrangements of Rhoa in TRPV4-related diseases pathogenesis.

2.3.2. TRPV4 C-terminus

The C-terminus module contains domains such as a TRP box (a domain shared by all
TRP members), a calmodulin-binding site, and a binding site for cytoskeletal proteins
(70,74-76). The human and Xenopus tropicalis Cryo-EM structure (78) revealed that once
the transmembrane domains end with the amphiphilic TRP helix running parallel to the
membrane surface close to the S4-S5linker, which connects the S1-S4 and pore
domains. The polypeptide forms a short post-TRP helix and a loop structure named “C-
terminal hook”, which continues with a third B-strand that tethers the linker domain
and forms a three-stranded 3-sheet, and together with the C-terminal hook participates
in intersubunit interactions with the ARDs forming an important subunit-subunit

assembly interface (77,78).

The Cryo-EM structure also described the arrangement of the C-terminal TRP helix (also
known as TRP box), a highly conserved sequence motif among the TRP channel family
that follows the inner helix S6. The TRP helix is strategically placed between the
cytosolic and transmembrane domains, where distinct physical or chemical stimuli
exert their forces (77,96). It has been demonstrated that this motif is critical for efficient
coupling of stimulus sensing and gate opening (97). Additionally, other important
features in the C-terminal are a calmodulin-binding domain, and PDZ binding-like
sequence, which is found in the final four amino acid residues of the TRPV4 C-terminus

and is involved in protein-protein interactions (75,98).

The C-terminal domain has been shown to interact with several intra- and extracellular

modulatory proteins that regulate channel activity and surface expression. Studies
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where the C-terminus has been truncated resulted in complete endoplasmic reticulum
retention, indicating a disruption in the oligomerization process of the channel (99). In
addition, immunocytochemistry and calcium imaging studies have found that the C-
terminus of TRPV4 interacts directly with actin and microtubule cytoskeletal
components and co-localized with actin-enriched structures, such as focal adhesion
points, filopodial and lamellipodial structures (74). The modulation of components
such as tubulin could affect the mechanical responses of TRPV4 when shear stress
stimulation (100). However, It also has been reported that the disruption of these TRPV4
cytoskeletal structures does not affect the channel activation when mechanical

deflection stimuli is applied with pillar arrays experiments (48).

The microtubule-associated protein 7 (MAP7) has also been implicated as an interactor
with the C-terminus of TRPV4. MAPT7 regulates polymerization, dynamics, and
trafficking of microtubules (101). Pulldown and electrophysiology approaches have

demonstrated that deformity in the cell when hypoosmotic stimuli are applied, could
transmit the signal to actin and then activate TRPV4 through MAP7 (76). Additionally,

shortly after the first TRPV4 characterization it was proposed that internal
Ca* increases potentiate TRPV4 activity through Ca?-CaM binding to the C-terminal
CaM binding domain (75,91). Subsequently, electrophysiology experiments
demonstrated that the CaM binding domain of the C-terminus is an autoinhibitory
domain, which maintains the closed state of TRPV4 through electrostatic interactions.
When Ca*-CaM binds it, interferes with the autoinhibition potentiating the activity of
theion channel (102).

The single transmembrane-spanning Ca?-binding protein STIM1 (Stromal interaction
molecule 1) is a Ca** sensor that controls intracellular calcium stores in the endoplasmic
reticulum (103). A confocal microscopy analysis and GST pull-down assay study
reported that STIM1 is able to affect TRPV4 channel function through a protein-protein

interaction by negatively regulating TRPV4 channel activity. This regulation is mediated
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by phosphorylation on TRPV4 serine 824 residues located in the C-terminus. This

interaction seems to facilitates functional membrane localization (104,105).

Together all these structural arrangements, the packing interactions between subunits,
and the possible alternative gating mechanism of TRPV4, including the regulation by
other cellular components, could explain the ability of the large number of stimuli to

activate this channel.

2.4 Mechanosensitive TRPV4

In the past couple of decades TRPV4 has been implicated as a cellular mechanosensor,
responding to mechanical forces such as shear stretch, osmotic swelling, shrinking, and
membrane stiffening (105-109). Given the mechanosensitive nature of this ion channel,
the activation of TRPV4 has been implicated in various biological processes where
responses to the biophysical changes are needed. These responses allow cells to adopt
their structure and functions according to the external stimuli, and to be able to

regulate crucial cellular functions (110).

Mechanical-related responses of TRPV4 have been implicated in many physiological
processes. Shortly after the first TRPV4 characterization, electrophysiology recordings
and behavioral experiments of TRPV4"/ mice showed a reduced sensation of pressure
and a higher threshold for the response to noxious mechanical stimuli in vivo (111).
Additionally, patch clamp recordings from skeletal muscle isolated from TRPV47 mice
failed to respond to mechanical stimulation (112). A more recent rat TRPV47/ model
where patch clamp and behavioral experiments were performed, showed that
mechanical pain behaviors and increased mechanical allodynia in osteoarthritis disease

might be mediated by TRPV4 (113).

Furthermore, studies have revealed that TRPV4 is highly expressed in the kidney where

it plays an important role in renal mechanosensitive signaling (62,114,115). Collecting
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duct cells are constantly exposed to changes in osmolarity, and TRPV4 regulates cell
volume in an aquaporin-2 and cytoskeleton-structure-dependent manner (116). TRPV4
is also expressed in chondrocytes where it plays a role in bone and cartilage
homeostasis. In this case, TRPV4 acts as a transducer of mechanical loading to regulate
cartilage extracellular matrix biosynthesis (10,117). Moreover, TRPV4 is expressed in
cardiac fibroblasts (118). The siRNA knockdown of TRPV4 has shown that TRPV4
channels mediate cardiac fibroblast differentiation by a process which integrates
mechanical signals from ECM stiffness and TGF-B1 (119). Studies in cardiomyocytes
have shown that TRPV4 contributes to a stretch-induced increase of Ca* and cardiac
hypercontractility leading to dysfunction in the aged heart (120). Besides, TRPV4 is
expressed in artery endothelial cells, and two mouse models have demonstrated that
endothelium-dependent vasodilation is impaired in arteries isolated from TRPV4/- mice
due to TRPV4 mediates endothelial Ca** influx and vasodilation in response to shear

stress generated by blood flow (107,121).

TRPV4 has been implicated in urothelium-mediated transduction of intravesical
mechanical pressure. TRPV47 mice have shown a significantly reduced amplitude of
spontaneous smooth muscle contractions in explanted bladder experiments. In
addition, intravesical stretch-evoked ATP release is decreased in bladders from the
same model (122). Studies have also demonstrated that urothelial cells sense
mechanical stretch stimuli via TRPV4 channels via Ca?* influx which is converted to an

ATP signal (123).

Furthermore, TRPV4 is expressed in lung epithelial cells where it plays a role in stretch-
induced differentiation during development, and is a transducer of mechanical signals
by modulating the stretch-induced release of pro-inflammatory cytokines during
mechanical stress (124,125). In addition, TRPV47 deficient mice showed an increase of
edema formation probability, which reflects an essential role of TRPV4 channels in

regulating alveolar epithelium permeability (126).
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The precise mode of activation of TRPV4 in these diverse physiological scenarios is
currently not completely understood. The polymodal nature of the channel, suggests

that TRPV4 can be gated by diverse stimuli.

2.4.1. Inherently mechanosensitive TRPV4

Despite this growing evidence that suggest that TRPV4 is directly involved in
mechanotransduction processes, it has been challenging to characterize that TRPV4 is
gated directly by mechanical forces. Many reports explain their findings based on the
assumption that the deformation (stretch) of the plasma membrane's lipid bilayer
promotes the opening state of the channel (see 2.1.2 Force-from-lipids). Nevertheless,
studies have shown that TRPVA4 fails to respond to mechanical activation when local
stretch to the cell membrane was applied with high-speed pressure clamp or cellular
indentation (10,127). However, it was reported that when mechanical stimuli are
applied directly to the cell-substrate interface, TRPV4-mediated currents are activated
(see 2.2.1. Pillar arrays technique) (10,38,48). These so called deflection-evoked
currents exhibit kinetics that fulfill the criteria that have been used to determine
whether a channel isinherently mechanically gated: latencies below 5 ms and
activation time constants faster than 1 ms (10,128). Additionally, this activation does
not depend on phospholipase 2 (PLA2) whereas swelling-activated currents do,
supporting the idea that TRPV4 is directly activated by the mechanical stimulus
(10,109).

A recent study demonstrated that manipulating the mechanical properties of the
substrate (such as roughness and stiffness) does not modulate TRPV4 deflection-
evoked currents in a heterologous system. In addition, these TRPV4-mediated currents
are not dependent on cytoskeletal structures such as actin and microtubules. The
authors also showed that TRPV4-G270V, R271P, and F273L mutations did not change

the mechanical gating of the channel when substrate deflection is applied, this is
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relevant as drug activation and hypotonic cell swelling fail to activate the same mutant
channel. Together, this suggests that these two distinct types of mechanical stimuli are

separable processes (38).

Even though there have been advances in the understanding of how TRPV4 can be
mechanosensitive, there is still a lot of gaps concerning structural and molecular

features that may contribute to its direct gating by mechanical stimuli.

2.5. Closely related TRPV1 ion channel

Transient receptor potential vanilloid 1 (TRPV1), analogous to TRPV4, is also a member
of the vanilloid subfamily (TRPV) of polymodal nonselective cation channels (58,129).
TRPV1 is predominantly expressed in the peripheral nervous system, in the nociceptive
sensory neurons (130-132). However it is also found in non-neuronal tissue such as
skeletal muscle, epithelial and immune cells, adipocytes, and pancreatic cells (133).
This polymodal channel can be activated by many physical and chemical stimuli
including vanilloid compounds such as capsaicin and resiniferatoxin (RTX), noxious
heat (>43°C), and low extracellular pH, among many others (129,131,134,135). TRPV1
forms a tetramer, the protein structure contains an N-terminus, six transmembrane
domains (S1-S6), and the N-terminus shared by all the TRP family including TRPV4
(136,137).

TRPV1 and TRPV4 are comparable due to their structural similarity. Indeed, as shown in
Figure 2.4, the similarity between the sequences and the highly conserved residues in
different species, exhibit that TRPV1 and TRPV4 share ~50% sequence homology
(55,138,139). In the following part of this work, we will discuss some of the interesting

structural features they share.

The CryoEM structure of TRPV1 was resolved at a 3.4 A resolution in 2013 (140). The

TRPV1 structure revealed an N-terminus compound of ankyrin domain repeats followed

22



by a linker that is conserved among TRPV family subtypes including TRPV4. This linker
connects the ARD to the pre-S1 helix forming a packed domain containing B-strand and
a-helical elements. The linker is packed between the sixth ankyrin repeat, the pre-S1
helix, and the TRP domain. Additionally, an antiparallel B-sheet from the linker region
and a 3-strand from the C-terminus make contact with the N-terminus from an adjacent
subunit. Following the pre-S1 helix, the transmembrane domains (S1-S6) are organized
into two distinct clusters that include the central ion-conducting pore formed by
tetrameric assembly of S5-S6 domains, and surrounding four S1-S4 voltage-sensing

domains (140,141).

Similarly to TRPV4, the structure of TRPV1 adopts a domain-swapped arrangement
between the S1-S4 domain and the pore domain S5-S6 forming a pinwheel-like
structure. Within each TRPV1 subunit, the S1-S4 and S5-S6 units are connected by the
S4-S5 linker. In contrast to TRPV4, this linker adopts an a-helix rather than an ordered
loop. The relative positioning of S1-S4 and pore domains of TRPV1 is similar to the
human TRPV4 but differs from that observed in the structure of Xenopus

tropicalis TRPV4 which is rotated ~90° counterclockwise (77,78,81,140).

The pore domain of TRPV1 shows interesting differences to TRPV4. The pore profiles in
the closed and open state of TRPV1 reveal that when activated, both the upper and
lower gates undergo conformational changes suggesting a dual gating mechanism
(140). While the TRPV4 Xenopus tropicalis structure in the closed state suggests the
absence of any upper gate, thus lacking a dual gating mechanism. Furthermore, the
narrowest point of TRPV1 is smaller than TRPV4. While in TRPV1 it is defined by G643
carbonyl oxygens with a diameter of 7.6A in the open state, the TRPV4 is defined by
G675 with a diameter of 10.6 A in the closed state (77,141).

Additionally, a more recent full-length CryoEM structure of squirrel TRPV1 was resolved
revealing interesting new features. TRPV1 also contains an extracellular cap domain
formed by the S5-loops and the C-terminus that wraps around the three-stranded 3-

sheet connecting elements of the TRPV1 intracellular skirt. This extracellular cap
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domain shapes an entrance to the channel pore and is essential for channel
conductance and ion selectivity. This feature has not been found in any other TRPV

channel, including TRPV4 (142).

Although the structure of TRPV1 and TRPV4 share so many similarities, their
physiological functions, expression pattern, and the different molecular gating
mechanisms are diverse (133,143). While there has been significant progress regarding
both TRPV1 and TRPV4 channel structural characterization, the structural basis of

channel gating remains less still understood.
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Figure 2.4. Sequence Alignment of TRPV1 and TRPV4.

Alignment of amino acid sequences of human TRPV4, mouse TRPV4, human TRPV1, and mouse TRPV1.
Structure elements are shown above the sequence, N-terminus (green), transmembrane domains (TM) in
blue, and C-terminus (purple). Conserved residues are shaded in grey scale. Black shading indicates
identical residues. Gray shading indicates biochemically similar residues. The alignment was generated
using BLAST.
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2.6. TRPV4 disease-causing mutations

Mutations in the TRPV4 gene, also known as TRPV4 channelopathies, underlie a wide
spectrum of human diseases. These mutations are mostly autosomal dominant with
highly variable phenotypes (70). In general, affected individuals show either
neuromuscular disorders (neuropathies) or skeletal manifestations (skeletal
dysplasias), and in more severe cases they show overlapping presentation of the
diseases (144,145). The amino acid residues affected in these disease-causing
mutations are localized throughout all the different domains of TRPV4 independently of
the underlying phenotype (Figure 2.5). Nevertheless, some structure-phenotype
correlations have been proposed. Most of the neuropathy-causing mutations are
interspersed throughout the ARD in the cytosolic N-terminal domains. While the
skeletal dysplasias are more widespread and mainly localized in the S4-S5 linker, the

pore domain S5-S6 and cytoplasmic assembly interface between subunits (77,145).

The surprisingly large set of disease-causing mutations associated with a single ion
channel, make to TRPV4 an exceptional, channel amongst the TRP family. More than 70
mutations have been characterized (68,146). Individual disease phenotypes and clinical
manifestations are listed in Table 2.1 and Table 2.2. Shortly, the most common
neuromuscular disorders caused by TRPV4 mutations include 1) Charcot-Marie-Tooth
disease type 2C (CMT2C), an axonal neuropathy which is characterized by progressive
muscle weakness with diaphragmatic and vocal cord paresis (147,148). 2)
Scapuloperoneal spinal muscular atrophy, a progressive lower motor neuron loss
disease that produces muscle weakness and atrophy of the shoulder girdle area
(scapula) and peroneal muscles (144,149). 3) Congenital distal spinal muscular atrophy
whichis a lower motor neuron disease with prenatal onset clinical manifestations

include muscle weakness of lower extremities and knee contractures (150).
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Figure 2.5. Diseases-causing mutations in TRPV4 structure.

Cartoons showing different mutations in the domains of TRPV4. Skeletal dysplasias are shown in blue
while Neuromuscular disorders are shown in orange. * Mutations producing both types of diseases. NT;
N-terminus; S1, S2, S3, S4, S5 and S6, transmembrane domains; CT, C-terminus

While the most common skeletal dysplasias are;1) Familial digital arthropathy-
brachydactyly, which is characterized by arthropathy and progressive shortening of the
middle and distal phalanges of feet and hands (151). 2) Autosomal dominant
brachyolmia type 3, with a clinical presentation of short stature, platyspondyly, and
scoliosis (152). 3) Spondylometaphyseal dysplasia, Kozlowski type, in which primary
clinical features are postnatal short stature and significant scoliosis leading to
progressive deformity (153,154). 4) Spondyloepiphyseal dysplasia Maroteaux type
defined by spondylar dysplasia, mild epiphyseal dysplasia of large joints, and
brachydactyly. Individuals affected by this disease are born with long trunks but
develop progressive spinal changes to a short trunk dwarfism (70,155). 5)

Parastremmatic dysplasia, a congenital syndrome in which patients develop
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progressive scoliosis, severe limb deformities, and contractures of large joints (70,156).
6) Metatropic dysplasia, a disease that can occur in mild, severe, and lethal forms, is
characterize by limbs that are disproportionately short compared to the trunks with

severe joint disease and scoliosis (144,157,158).

Studies have proposed a strong correlation between the basal activity of TRPV4
mutants and the severity of individuals carrying those mutations (159,160). The
identification of amino acid residues affected in these disorders has been challenging
and there is still not a clear understanding of the physiopathological mechanism

underlying these diseases caused by a single point mutation.

Furthermore, TRPV4 knockout is not lethal in mice, and TRPV4”/ models have shown
few and relatively mild phenotype characteristics similar to those diseases caused by
single point mutations (70,161). TRPV4/ results in increased trabecular bone volume
due to defects in osteoclast differentiation (162), more susceptibility to obesity-induced
osteoarthritis (165), and an increase in the development of osteoarthritis-induced pain
(113), which are characteristics fitting with the skeletal dysplasias phenotype. In
addition, TRPV47” mice have shown characteristics indicative of neuromuscular
disorders such as impaired pressure sensation (111), attenuated inflammatory and
thermal hyperalgesia (163), reduction of mechanical hyperalgesia (164), and abnormal
lower urinary tract function with altered responses to noxious stimuli in the bladder
(165). However, the phenotype of TRPV4 knockout models does not fully recapitulate

any of the severe clinical human phenotypes caused by single point mutations.

The effects of these mutations on the channel activity are commonly assessed with
different experimental approaches in heterologous systems or mouse models while
using techniques such as calcium imaging or electrophysiology. By using these
methods, a few studies have characterized different gain-of-function or loss-of-function
mutations. Due to the purposes of this work, in the following part we are describing

some of these in detail.
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Table 2.1. Clinical manifestations of TRPV4 neuromuscular disorders.
Clinical description of the most common autosomal dominant neuromuscular disorders caused by TRPV4

mutations.

Autosomal Dominant TRPV4 Disorders

Neuromuscular
disorders

Phenotype

Clinical Description

Charcot-Marie-Tooth
disease type 2C

Distal amyotrophy
Diaphragm paralysis
Vocal cord paralysis
Muscular

weakness of distal
limbs

Sensory loss
Absent tendon
reflexes

Bilateral
sensorineural
hearing loss
Bladder urgency
and incontinence.
Joint contractures

(144,166-168)

Scapuloperoneal spinal
muscular atrophy

Progressive
scapuloperoneal
atrophy and
weakness.

Vocal cord paralysis
Scoliosis
Arthrogryposis.
Congenital absence
of muscles

Bone abnormalities

(144,149,169)

Congenital distal spinal
muscular atrophy

Muscle weakness
(lower limbs)
Neurogenic muscle
weakness
Arthrogryposis
Vocal cord paralysis
Contractures of the
knees

Talipes equinovarus

(70,144,150,170)
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Table 2.2. Clinical manifestation of TRPV4 skeletal dysplasias.

Clinical description of the most common autosomal dominant Skeletal dysplasias caused by TRPV4

mutations.

Autosomal Dominant TRPV4 Disorders

Skeletal
dysplasias

Phenotype

Clinical Description

Familial digital
arthropathy-
brachydactyly

Progressive
brachydactyly of the
middle and distal
phalanges of the
hands and feet.
Painful
osteoarthritis.

Non developmental
skeletal dysplasia.

(151,171,172)

Autosomal
brachyolmia type 3

dominant

Short stature with
short trunk
Platyspondyly
Chronic painin the
extremities and
spine

Paresthesia
Kyphoscoliosis
Short limbs.

(70,144,152,173)

Spondylometaphyseal
dysplasia, Kozlowski type

Significant scoliosis
Mild metaphyseal
abnormalities in the
pelvis.
Platyspondyly
Extremely short
stature
Degenerative joint
disease

(70,153,154)

Spondyloepiphyseal
dysplasia, Maroteaux type

Spondylar dysplasia
Mild short stature
Long trunk and
short limbs age
depending
Progressive spinal
changes to a short
trunk dwarfism
Brachydactyly
Genu valgum

(70,155,174,175)
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e  Osteoporosis.
e  Kyphoscoliosis

e Severelimb (70,156,176)
deformities
e Joint malalignment
and contractures
e Short stature
kyphoscoliosis
e Progressive disease
with age-dependent
evolution

Parastremmatic dysplasia

Short limbs (157,158,177)
Kyphoscoliosis
Short trunk
Prominent joints
with poor motion
and contractures

e Metaphyseal
enlargement

e Tail-like coccygeal
appendage

e Sensorineural
hearing loss.

e  Broadrange of
clinical severity
including lethal form

e Age-dependent

evolution

Metatropic dysplasia

2.6.1. TRPV4-T701l mutation

Substitution of the threonine 701 with isoleucine (T701l) was identified as a cause of
Charcot-Marie-Tooth disease type 2C on a screen performed in TRPV4 gene in 422
British patients with inherited neuropathy (178). This mutation is localized near the
vanilloid-binding site in the S6 transmembrane domain (77,179). One single functional
study in 2019 has been reported showing the pathogenicity of this mutation. By using
an immunofluorescence analysis, the study reports that T7011 does not cause
cytotoxicity when expressed in HEK293. It also reports a perinuclear expression pattern
compared to the membrane localization of the wild type TRPV4 channel, suggesting

that the mutation altered cellular localization of TRPV4 protein from the plasma
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membrane to the perinuclear area. These findings together suggest that T701l is a

TRPV4 loss-of-function mutation. (179).

2.6.2. TRPV4-L709M mutation

A PCR-direct sequencing study from genomic DNA in 20 individuals affected by
Spondylometaphyseal dysplasia Kozlowski type identified a substitution of the Leucine
709 with a Methionine (L709M) as a cause of the disease (177). The study also found that
L709M mutation also leads to brachyolmia type 3 (70,180). This mutation is localized in
the pore region in the S6 transmembrane domain, in a hot spot region for skeletal
dysplasia mutations. No functional studies have been performed on this mutant

(77,181).

2.6.3. TRPV4-A716S mutation

Substitution of the Alanine 716 with a Serine (A716S) in TRPV4 was first reported in one
single patient affected by Spondylometaphyseal dysplasia Kozlowski type (SMDK) (153).
This mutation is located in the cytoplasmatic region of the S6 transmembrane domain
of TRPV4 (77,182). A functional characterization using patch clamp and calcium imaging
experiments, reported that A716S has similar basal Ca* intracellular activity as TRPV4
wild type channels when overexpressed in HEK293T cells. Additionally, the study
reported a completely abolished response of A716S to stimulation with 4aPDD, cell
swelling, or arachidonic acid. Thus the study suggests that the lack of response to these

different stimuli in this mutant could underlie the pathology of SMDK (153).

Moreover, TRPV4 is localized in chondrocytes where it plays an important role in
responses to hypoosmotic stimuli under physiological conditions (183). Skeletal
dysplasias caused by TRPV4 mutations are characterized by irregular chondrocyte
growth (158). A study using fluorescence ratio imaging, reported that A716S mutation
does not alter Ca** dynamics in chondrocytes in a humanized porcine model, but it up-

regulates follistatin expression (183,184). Follistatin plays an essential role in skeletal
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patterning, chondrogenesis, and bone formation (185). This indicates that A716S
mutation could be critical for Ca?" influx through TRPV4 to drive follistatin up-regulation

which prevents proper bone formation and could result in skeletal dysplasia (184).

2.6.4. TRPV4-T7401 mutation

Substitution of Threonine 740 with an Isoleucine (T740l) was first reported in two
fetuses from a twin pregnancy with a diagnosis of metatropic dysplasia with fetal
akinesia, the most severe presentation of the disease. Interestingly, the authors
describe that an ultrasound showed absence of fetal movements with arthrogryposis in
both cases, suggesting that the T7401 mutation of TRPV4 can produce both skeletal and
neuropathy phenotypes (186,187). T740l is located in the C-terminus of TRPV4 and no

functional characterization of this mutation has been reported so far (77,145,179).

2.6.5. TRPV4-R775K mutation

Substitution of Arginine 775 with a Lysine (R775K) is a mutation localized to TRPV4 the
C-terminus. R775K was first identified in 2 patients by PCR-direct sequencing from
genomic DNA in a cohort of 22 patients with Metatropic dysplasia. The two individuals
reported in the study showed characteristic phenotype of the disease such as a narrow
thorax, a long trunk, and short limbs with redundant skin folds. No functional

characterization of the R775K mutation have been reported (77,177).

2.6.6. TRPV4-C777Y mutation

Substitution of Cysteine 777 with a Tyrosine (C777Y) was first reported in one individual

within a cohort of 20 probands having spondylometapyseal dysplasia Kozlowski type. In
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this case, the patient showed clinical features such as short trunk with platyspondyly
and metaphyseal dysplasia of the long bones. C777Y is localized in the C-terminus. No

functional studies have been reported (77,177).

2.6.7. TRPV4-E797K mutation

Substitution of Glutamic acid 797 with a Lysine (E797K) was first found as a cause of
spondylometapyyseal dysplasia Kozlowski type within the same cohort of 20 probands
having the disease (177). Additionally, it was also reported that E797K also leads to
spondyloepimetaphyseal dysplasia Maroteaux pseudo-Morquio type 2 (176),
metatropic dysplasia(158) and parastremmatic dysplasia (188). This mutation is located
in the C-terminus within the MAP7 binding region (176,177). Several studies in
heterologous systems have reported E797K as a gain of function mutation. Watanabe et
al. 2003 reported that patch-clamp experiments performed in HEK293 cells
overexpressing E797K mutant showed higher activation with application of the
4alphaPDD agonist compared to TRPV4 wild type (80). Additionally, a study performed
in Xenopus oocytes expressing the E7T97K mutant used a two-electrode voltage clamp
technique to show that E797K has higher basal open probability compared to TRPV4
wild type. This increase in the open probability limits the activation by agonists such as
GSK1016790A or hypotonicity. The study proposes that the over-activity of TRPV4 leads
to developmental skeletal defects by providing a sustained Ca* influx in osteoclasts.
This increase of Ca** promotes the expression of osteoclast-specific genes, and possibly

also in a blockage of apoptosis (189).

The E797K mutation is immediately upstream from the CaM binding site, which is
located within Q806-E831 in the C-terminus of TRPV4. As previously mentioned in this
work, the CaM binding domain is an autoinhibitory domain, and Ca? encourages TRPV4
opening through CaM in the absence of added chemical or physical stimuli (75,102). By
using electrophysiology tools in oocytes overexpressing E797K mutant, Loukin et. al.

2015 reported a reduced activation of Ca*-CaM in E797K mutant channels compared to
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wild type TRPV4. Additionally, the study found an increase in the open probability of the
E797K mutant. The authors attribute their findings to the proximity of the mutation to
the CaM binding site, due to other TRPV4 mutants that were not in close proximity did
not modifying Ca?-CaM activity. Additionally, the study shows a higher basal current
density with relatively small increases after GSK1016790A exposure. Taken together,
the loss of an autoinhibition mandated by Ca%*-CaM makes E797K a gain of function

mutation (102).

Interestingly, a recent report shows that reactive oxygen species (ROS) could play a role
in the physiopathology of the diseases caused by E797K mutations. This study uses
immunocytochemistry and immunoprecipitation performed in fibroblasts to explain
that locally produced ROS (extra- and/or intracellular) are sensed by TRPV4. In the
presence of the E7T97K mutation, the channel exhibits a decrease in sensitivity to ROS
(190). ROS production plays a role in both the pathophysiology of neurodegenerative
diseases and bone remodeling (191). Thus, regulation of ROS in E797K mutants could be
the key to explaining why this single point mutation can produce different types of

diseases.

2.6.8. TRPV4-P799A/L/S/R mutations

Substitution of the proline 799 by a different amino acid (Leucine in this case) was first
described in two individuals with metatropic dysplasia (P799L). Subsequently, serine
(P799S), arginine (P799R), and alanine (P799A) substitutions were found
(70,153,174,177). However, P799 appears to be a hot spot for TRPV4 causing different
types of skeletal dysplasia. Individuals with the P799L and P799R mutations are
affected by spondylo-epimetaphyseal dysplasia Maroteaux pseudo-Morquio type, while
P799A, P799S, and P799L mutants are also affected with Metatropic dysplasia (180,192).
Interestingly, individuals having the leucine and arginine variants also show
neuromuscular disorder phenotypes such as Charcot-Marie-Tooth disease type 2C

(180).
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Functional studies have been performed only on the Leucine variant (P799L). A study
performed in oocytes overexpressing P799L mutant used two-electrode voltage clamp
technique to show that the mutant has higher basal open probability compared to
TRPV4 wild type channels. This would limit the further increase of open probability by
different stimuli such as agonists or hypotonicity. Thus the study concludes that P799L

is a loss of function mutation (189).

P799L is also localized immediately upstream to the CaM binding site similarly to the
E797K mutation. In the study of Loukin et. al. 2015 previously described (see TRPV4-
E797K mutation), reduced activation of Ca?*-CaM was also reported in P799L mutants
compared to wild type TRPV4 but also an increase in the open probability, which
suggests a gain of function mutation. Furthermore, in this study the authors proposed
that E797-P799 region functions as an autoinhibitory domain promoting channel
closure, thus mutations in this domain (P799L and E797K) destabilize the closed state

and participate in the pathophysiology of related diseases (102).

Taken together, TRPV4 point mutations cause a spectrum of human diseases affecting
mostly the nervous system, connective tissue, and bones. Mutations studied in
heterologous systems showed constitutive basal activity and increased or decreased
responses to different stimuli, but it is difficult to elucidate how those ion channel
properties lead to a diverse disease phenotype. Furthermore, as a polymodal channel,
TRPV4 regulation at the molecular level is diverse. Overall, the studies mentioned above
speculate that different stimuli could lead to different structural adaptations, channel
gaiting, and molecular pathways generating tissue-specific alterations which finally
could be translated into different phenotypes. Functional characterization of different
mutations considering structural features, possible interactors, different tissues, and
physiological contexts are needed to understand the underlying mechanisms of TRPV4

disease-causing mutations.

37



38



3. Description of the study

The conversion of physical forces into electrical signals is essential to many biological
processes in different cell types. A major mechanism to sense external forces is the
initiation of ion flux via the gating of mechanosensitive ion channels. As mentioned
above, two main modes of force gating have been shown: a force-from-lipids model and
a force-from-filament model. (4). In the force-from-lipids model, the channel undergoes
conformational changes by the expansion of its transmembrane domains to promote
its opening, the surrounding lipid membrane thins via membrane stretch (13,193,194).
This model is a classic mechanism, first described for bacterial channels, such as MscL
(195,196); however, it has more recently been extended to mammalian ion channels
such as the two-pore potassium channel (197) and the PIEZO1 mechanosensitive
channel (17). In the force-from-filament model, the ion channel is gated by mechanical
force that is transferred to the channel via tethers that connect the channel to either
intracellular cytoskeletal elements and/or extracellular matrix components; in this case
the channel is not itself responsive to membrane stretch. Piezo2, MEC-4/10, and TRPV4
are examples of this mode of activation (4,10,23,38,198). In this work we examine how

the mechanosensitive ion channel TRPV4 is activated by the force-from filament model.

3.1. Statement of the problem and hypothesis

The molecular mechanism that allows TRPV4 activation by mechanical forces is
currently not completely understood. Previous studies have shown that this channel
can lead to mechanically activated currents when activated by substrate deflection
with the pillar array method (10,38). Moreover, TRPV4 is the only TRPV channel that can
be robustly activated by substrate deflection. These findings would indicate that TRPV4
is specifically localized domains containing as yet unknown molecular components
allowing force applied from the substrate to open the channel. Therefore, we
hypothesized that TRPV4 has mechanosensing domain(s) and is regulated via accessory

proteins. These components are likely scaffolds that link the channel to the
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extracellular matrix, the molecular nature of these putative scaffolds remains to be
defined. Moreover, an exceptionally high number of disease-causing mutations on
TRPV4 have been described. Indeed, mutated TRPV4 is responsible for many diseases
such as skeletal dysplasias and sensory neuropathies (14). Similar to TRPV4, mutations
in mechanically activated ion channels such as PIEZO1 and PIEZO2 are also responsible
for multiple hereditary human diseases due to the impairment of their mechanical
properties (15). Therefore, we also hypothesized that specific deficits in TRPV4
mechanosensitivity could play a role in the pathophisiology of the TRPV4-related

human diseases described above.
Hence, the following aims were defined for this study:

AIM1: To define the minimal mechanosensing domain(s) that confers

mechanosensitivity to TRPVA4.

AIM2: Demonstrate what extracellular components are involved in mechanical gating of

TRPV4 ion channels.

AIM3:  Investigate the impact of TRPV4 disease-causing mutations on

mechanosensitivity.

3.2 Aims

3.2.1 AIM1; Defining the minimal mechanosensing domain (s) of TRPV4

The TRPV4 channel is specifically gated by substrate deflection and it is the only TRPV
channel that can be directly gated by mechanical forces (10). Additionally, in our lab it
has been observed that the closely related capsaicin-gated TRPV1 channel is not
mechanosensitive under the same conditions. We aimed to define the minimal protein
module that confers mechanosensitivity to the TRPV4 channel, as we hypothesized that
these domains mediate protein-protein interactions with molecular scaffolds necessary
for gating. In order to identify these regions, we generated a series of TRPV1/TRPV4
chimeric channels. Since TRPV4 and TRPV1 can be gated by distinct agonists,
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GSK1016790A and Capsaicin respectively, we first performed calcium imaging
experiments in N2a”e/ cells (a neuroblastoma cell line that lacks mechanically
activated currents) (199) to investigate their functionality and the proper localization to
the membrane. Furthermore, we studied their mechanoelectrical transduction at the
cell-substrate interface by performing whole-cell patch-clamp on cells cultured on
elastomeric pillar arrays. Moreover, we demonstrated that the chimeric channels were
expressed at the cellular membrane by carrying out immunostainings. By combining
live cell recordings using calcium imaging, the patch-clamp method, and
immunoassays, we identified the minimal molecular segment from TRPV4 that can

render a TRPV1 channel protein to be gated by substrate deflection.

3.2.2 AIM2; Demonstrating that extracellular components are involved on

mechanical gating of TRPV4 ion channels

The nature of the pillar array technique led us to hypothesize that extracellular
components are involved in the mechanical gating of TRPV4. In the pillar arrays, TRPV4
gating occurs by applying substrate deflection stimuli underneath cells. By using
Subtilisin, a non-specific endopeptidase, we were able to completely abolish substrate
deflection-induced-gating of TRPV4 and demonstrate that putative interacting proteins
might provide the mechanical link between TRPV4 channels with unknown components
from the extracellular matrix. However, further studies are necessary to identify the

partner proteins involved in the mechanical gating of TRPVA4.
3.2.3 AIM3; Impact of disease-causing mutations of TRPV4 in mechanosensitivity

Mutations in TRPV4 have been linked to different pathophysiological conditions such as
skeletal dysplasias and sensory neuropathies. Defining a minimal mechanosensitive
domain allowed us to characterize whether disease-causing mutations in TRPV4
influence substrate-deflection evoked currents. We generated a series of point

mutations in the mechanosensitive module, and we characterized them employing the
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pillar array assay. We showed that some point mutations in the mechanosensitive
domains of TRPV4 led to impaired mechanosensitive properties and conferred different
kinetics to the channel gating. Changes in the biophysical properties of TRPV4 variants
located in the mechanosensing domain, might modify the interaction between the
TRPV4 and the extracellular matrix and/or with partner proteins involved in the
mechanical gating of TRPV4. Thus, specific deficits in channel mechanosensitivity

rather than other modes of gating could lead to TRPV4-related human diseases.
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4. Material and methods

4.1. Preparation of plasmid DNA

DNA constructs containing TRPV4, TRPV1, tdTomato, or TRPV1/TRPV4 chimeric
constructs were purified using a large-scale bacteria culture transformation. Single
colonies from transformed bacteria were picked from LB medium containing ampicillin,
they were grown overnight at 37 ° in a shaker at 225 rpm. DNA extraction was made
according to the manufacturers protocol (50 mL Midiprep, PureYield™ Plasmid Midiprep
System, Promega). DNA concentration was measured using a NanoDrop2000

spectrophotometer (Thermo Fisher Scientific).

4.2, Site-directed mutagenesis

Insertion of TRPV4 mutations were carried out using Q5® Site-Directed Mutagenesis Kit
(NEB, Inc). The procedures were in accordance with the manufacturer's instructions.
Briefly, specific primers for each mutation were designed and used at 0.5 uM (Table
4.1). Exponential amplification was performed with a Polymerase chain reaction (PCR)
containing 5 ng of template DNA and 1X of Q5 Hot Start High-Fidelity Master Mix. PCR
conditions are shown in Table 4.2. PCR products were treated with a KLD reaction mix
(KLD Reaction buffer 1X and KLD enzyme buffer 1X) and 5 ul of KLD reaction product
was used as a template for bacteria transformation. Ampicillin-resistant colonies were
chosen and then grown in a large-scale bacteria culture (as previously described in
Preparation of Plasmid DNA) for DNA purification. All DNA-containing mutations were

verified by sequencing.
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Table 4.1. PCR primers designed to insert TRPV4 point mutations.

TRPV4 construct was used as template DNA. Primer sequences are shown as 5’-3’. Point mutations are highlighted in

bold lowercase.

Mutant Forward primer Reverse primer
T7011 CCTGCTGGTCattTACATCATCCTCACCTTC AGGATGAAGACCACGGGG
L709M CACCTTCGTGatgCTGTTGAACA AGGATGATGTAGGTGACC
AT16S CATGCTTATCtctCTCATGGGTG TTCAACAGGAGCACGAAG
T7401 GTGGGCCACCattATCCTGGACATC TGCAACTTCCAGATGTGC
R775K TCCGGACCGCaaaTGGTGCTTCAG GTGCCATCTGAGCTCTTG
CT77Y CCGCAGGTGGtatTTCAGGGTGG TCCGGAGTGCCATCTGAG
E797K CATCATTAACaaaGACCCTGGCAAG CCCAAGTTCTGGTTCCAG
P799A TAACGAGGACgcaGGCAAGAGTG ATGATGCCCAAGTTCTGG

Table 4.2. Thermocycling conditions for PCR used for insertion of TRPV4

mutations.
Cycling Conditions and temperature used for PCR.

Step Temperature Time
Initial denaturation 98°C 30s

98°C 10s
25 Cycles 50-72°C 10s

72°C 30 seconds/kb
Final extension 72°C 2min
Hold 4-10°C
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4.3. Cell culture

Cultured cell lines N2a”#*!/ cells (Moroni et al., 2018) were used as a heterologous cell
line to overexpress and study TRPV4, TRPV1, tdTomato, and the chimeric channels.
Cells were cultured in 25 cm? flasks containing growth medium: 45% DMEM-Glutamax
(gibco, ThermoFisher SCIENTIFIC), 45% Opti-MEM (gibco, ThermoFisher SCIENTIFIC),
10% fetal calf serum (PAN Biotech GMBH) and 1% penicillin and streptomycin (Sigma-
Aldrich). The cells were maintained in an incubator at 37 °C with 5% CO2. When flasks
containing cells reached 80 % confluence, growth medium was removed, and cells were
washed with 1mL PBS twice. PBS was removed and cells were incubated with 1 mL
Trypsin-EDTA for 2 minutes at 37 °C. Growth medium was added to stop enzymatic
activity and cells were spun down at 1,500 rpm for 2 minutes. Cells were seeded at 1:5

dilution to maintain cultures.

4.4, Transfection

To transiently transfect N2a”=!” cells, cells were plated onto PLL-coated glass
coverslips or pillar arrays in growth medium (see 4.3) and let to attach for at least 5
hours. FuGene6 (Promega, Madison, WI, E231A) was used as per manufacturer’s
instructions. Briefly, a mix of 3 uL FuGene6, 1 pg of DNA, and 100 pL of Opti-MEM was
incubated for 12 minutes and added to N2aPe*!/ cells in 900 uL growth medium
containing serum.  Electrophysiological recordings were made 18-24h post-

transfection. At least five transfections were carried out for each set of experiments.

4.5, Pillar arrays

4.5.1. Preparation of pillar arrays

Pillar arrays were prepared as described previously (Patkunarajah et al., 2020; Poole et

al., 2014; Servin-Vences et al., 2017). Briefly, salinized negative masters were used as
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templates. Negative masters were covered with degassed polydimethylsilozane (PDMS,
syligard 184 silicone elastomer kit, Dow Corning Corporation) mixed with a curing agent
at 10:1 ratio. After 30 min, glass coverslips (thickness 2) were placed on the top of the
negative masters containing 35 um PDMS mix and baked at 110°C for 60 min. After
curing, the pillar arrays were peeled away from the master. The resulting dimensions of
individual pilus within the array was radius= 1.79 um; length= 5.87 um. While the
elasticity was 2.1 MPa and the spring constant was 251 pN-nm as previously described
(Patkunarajah et al., 2020; Poole et al., 2014; Servin-Vences et al., 2017). Before use,
pillar arrays were plasma cleaned (Deiner Electronic GmbH, Germany) and coated with

PLL (20 pg/mL), subsequently cells were allowed to attach.

4.5.2 . Pillar arrays experiments

To generate quantitative data an individual pilus subjacent to a cell was deflected using
a heat-polished borosilicate glass pipette (approx. 2 mm in diameter) driven by a MM3A
micromanipulator (Kleindiek Nanotechnik, Germany) as described in (Poole et al., 2014;
Servin-Vences et al., 2017). Pillar deflection stimuli were applied in the range of 1-1000
nm and the electrical response of the cells was monitored using whole-cell patch-
clamp. A bright-field image (Zeiss Axio Observer Al inverted microscope) was taken
before, during, and after pillar deflection stimuli using a 40x objective and a
CoolSnapEZ camera (Photometrics, Tucson, AZ). The pillar movement was calculated
by comparing the light intensity of the center of each pilus before and after the stimuli
with a 2D-Gaussian fit (Igor Software, WaveMetrics, USA). To quantify and analyze the
data, the stimuli were binned by different magnitudes in the following ranges; 1- 10, 11-
50, 51-100, 101-250, 251-500, and 501-1000 nm. The mean of the current amplitudes

was calculated for every range of the bin. Stimuli larger than 1000 nm were excluded.

4.6. Whole-cell patch clamp

Whole-cell patch-clamp recordings were performed in transfected N2a”e!” cells at

room temperature. Pulled and heat-polished borosilicate glass pipettes were used to
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perform the experiments (Harvard apparatus, 1.17 mm x 0.87 mm). A DMZ puller
(Germany) and a microforge (MF-830, Narishige, Japan) were used to ensure that the
final pipette resistance was 3-6 MQ. The pipettes were filled with a solution containing
110 mM KCl, 10 mM NaCl, 1 mM MgCl2 1 mM EGTA, and 10 mM HEPES. KOH was used to
adjust the pH to 7.3. Currents were acquired with an EPC-10 amplifier with Patchmaster
software (HEKA, Elektronik GmbH, Germany), and with the auto-function of
Patchmaster the pipette and membrane capacitance were compensated. PLL-coated
coverslips or coverslips containing the pillars were bathed in a solution containing 140
mM NacCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 4 mM glucose, and 10 mM HEPES, pH was
adjusted to 7.4 with NaOH. When performing the pillar arrays experiments, currents
were evoked at a holding potential of -60 mV. To determine the current-voltage
relationships (I-V curves), a voltage steps protocol was performed in the whole-cell
configuration. The membrane potential was stepped from -100 mV to 120 mV (A20 mV)
with holding steps of 200 ms. The protocol was carried out in extracellular bath solution
(control) and 15 or 30 s after TRPV4 agonist GSK1016790A (50 nM) application. For the
analysis of |-V curves Patchmaster software was used, and the average values were
normalized as pA/pF. The values measured for drug application were extracted from the

controls and then plotted against voltage.

4.7. Calcium imaging

N2aPez1/ overexpressing TRPV4, TRPV1, or chimeric channels were plated on PLL-
coated glass coverslips in growth medium and loaded with 10 uM Cal-520 (CAL520° AM,
AAT Bioquest, Inc) for 1 h at 37°C. Cells were placed in 200 pL of solution containing: 140
mM NaCl, 4 mM Glucose, 10 mM HEPES, 4 mM KCl, 2 mM CaCl2, and 1 mM MgCl; in a

chamber that allows laminar flow.

Calcium images were acquired with an Olympus BX51WI microscope equipped with a
CoolSNAP ES camera (Visitron). A DG4 fluorescent lamp (Sutter Instruments, Novato,

CA) was used as a light resource. Data was acquired and analyzed with Metafluor
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(Molecular Devices, Sunnyvale, CA) and fluorescent images were acquired every 3 s.
Basal fluorescence (F,) was acquired for 15 cycles then cells were perfused with
GSK1016790A (50 nM) for 15 s to activate TRPV4, washed out for 90 s, and subsequently
perfused with Capsaicin for 15 s (100 nM) to activate TRPV1. lonomycin (1 uM) was
perfused at the end of the experiment and used to normalize the maximum calcium
signaling of Cal-52. Data were normalized according to the formula AF/Fo= (F-Fo)/Fo,
where FO is the basal fluorescence and F is the fluorescence intensity at a determined

time.

4.8. Immunostaining

N2ae1/ cells plated onto PLL-coated glass coverslips were transfected with plasmids
that encode to TRPV4, TRPV1, or chimeric channels tagged with a FLAG epitope . After
24 hours, growth media was removed, and cells were washed with PBS and fixed with
4% PFA for 10 min at room temperature. PFA was removed and cells were washed with
PBS. Subsequently, cells were permeabilized with Triton 0,25% for 10 min and
incubated with Blocking solution (2% BSA, 10% Donkey serum in PBS) for 2 hours.
Primary antibody (ANTI-FLAG M2, Sigma-Aldrich, A8592) was added at 1:1000

concentration, and the cells were incubated in a humid chamber overnight at 4°C.

Coverslips were washed with blocking solution for 5 minutes and secondary antibody
was applied and incubated for 1h in a humid chamber. Cells were washed out again
with blocking solution and subsequently with PBS. DAPI (1:1000) was added for 10 min
and coverslips were rinsed 3 times with PBS. Finally, coverslips were mounted onto
slides using ProLong Gold glue, and cells were visualized with a Zeiss microscope (Axio

Observerz.1).

4.9, Statistical analysis

GraphPad Prism was used for all the plotting and data analyses. All data sets were

tested for parametric or non-parametric distribution. In the case of parametric data, a

48



two-tailed, Student’s t-test was used. When comparing more than two data sets, One-
way ANOVA or Two-way ANOVA were performed. For the current kinetics analysis, a

nested One-way ANOVA was used to avoid variability between groups.

Non-parametric data were compared with Mann-Whitney test or Kruskal-Wallis for

more than 2 groups. Categorical data were compared with chi-squared (x?) test.
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5. Results

5.1. Functional characterization of TRPV4/TRPV1 chimeric constructs

A series of TRPV1/TRPV4 chimeric channels were generated in which different domains
of TRPV4 structure were replaced with their homologous or corresponding regions of
TRPV1 (Figure 5.1. A-B). The TRPV1 channel was chosen since both channels shared
similar structural features (77). Moreover, while TRPV4 has been shown to be a
mechanosensitive channel in pillar arrays experiments, TRPV1 cannot be gated directly

by deflection stimuli.

Since TRPV4 and TRPV1 can be chemically activated by specific distinct agonists, we
first performed calcium imaging experiments to map the functionality of the chimeric
constructs. N2a”%/ cells overexpressing TRPV4, TRPV1, and chimeric channels were
loaded with the Cal520 calcium-sensitive dye and perfused with the TRPV4 agonist
GSK1016790A (50 nM) and subsequently with the TRPV1 agonist Capsaicin (100 nM).
lonomycin was used to normalize calcium influx (Figure 5.2. C-D). We first confirmed
that our TRPV1 and TRPV4 wild type channels were functional. As expected, cell
expressing TRPV4 responded to GSK1016790A with a robust calcium influx but not to
Capsaicin, while TRPV1 expressing cells showed a Ca* increase upon Capsaicin

perfusion but not with GSK1016790A (Figure 5.2. A-B).

We next tested whether agonists of TRPV1 and TRPV4 (Capsaicin and GSK1016790A,
respectively) could activate the chimeric channels. A GSK1016790A-induced cytosolic
Ca? increase was observed in the N2a”»!” cells overexpressing NT V1/TMS V4 and
NT+S1-V1/V (Figure 5.3 A, B). This effect is consistent with the findings that
GSK1016790A binding site is located between the S1/S2 domains of TRPV4 (200).
Additionally, three more chimeric channels NT+S4- V1/V4, NT+S5-V1/V4, and NT+S6-

V1/V4 reacted to Capsaicin with a robust calcium influx, in accordance with the fact that
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the main binding sites of capsaicin are located in the S4-S6 domains of TRPV1 (201)
(Figure 5.3E,F,G).

. TRPV4 TRPV1

B
NT V1/TMS V4 NT+S1-V1/ V4 NT+S2-V1/ V4

Figure 5.1. TRPV4/ TRPV1 chimeric constructs.
(A) Cartoon representation of TRPV4 (blue) and TRPV1 (red) channels. Both channels have six

transmembrane domains represented as S1, S2, S3, S4, S5 and S6. The S5-56 form the pore region of the
channels. The N-terminus is constituted by six Ankyrin repeat domains (ARD) and a Proline-rich domain
(PRD). At the C-terminus, the TRP box and the Calmodulin-binding site (CaM domain) are located. (B)
Cartoons showing the structural regions swapped between TRPV1 and TRPV4 to generate chimeric
channel constructs. V1; TRPV1, V4; TRPV4 NT; N-terminus; S1, S2, S3, S4, S5 and S6, transmembrane
domains; CT, C-terminus.
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The rest of our chimeric channels failed to respond to either capsaicin or GSK1016790A
as compared with TRPV1 or TRPV4 (Figure 5.3 C, D, H, I). Thus, five out of nine of the

chimeric constructs were activated chemically either by GSK1016790A or Capsaicin.
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Figure 5.2 Calcium imaging of N2a”*°! cells overexpressing TRPV1 and TRPV4 channels.

(A-B) Cells overexpressing TRPV1 (red) or TRPV4 (blue) were perfused with GSK1016790A (50 nM) to
activate TRPV4 and subsequently with Capsaicin (100 nM) to activate TRPV1. lonomycin was used to
normalize calcium signaling. Ca* levels were monitored by using Cal520. Data were normalized
according to the formula AF/F= (F-F,)/Fo, where F, is the basal fluorescence. (A) Average trace from all
cells recorded (as mean + S.E.M.; TRPV4 178 cells, TRPV1 162 cells in 3 to 5 independent transfections). In
(B) traces correspond to intensity changes in individual cells. (C) Representative images of N2a”**!" cells
overexpressing TRPV4 or TRPV1 before and after GSK1016790A, Capsaicin and lonomycin perfusion. Scale
bar 20 um (D) Schematic representation of the protocol used. ES; extracellular solution.
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Figure 5.3. Functional activation of TRPV4/TRPV1 chimeric constructs by specific agonist.
(A-1) Cells overexpressing TRPV4/TRPV1 chimeric constructs were challenged with TRPV1 and TRPV4

agonists (Capsaicin 100 nM and GSK1016790A 50 nM, respectively) (A) NT V1/TMS and (B) NT+S1-V1/V
responded to perfusion of GSK1016790A while (E) NT+S4-V1/V4, (F) NT+S5-V1/V4, and (G) NT+S6-V1/V4
reacted to Capsaicin with a robust calcium influx.

5.2. Membrane localization of TRPV4/TRPV1 chimeric constructs

Four out of nine of our constructs failed to react to either agonist of TRPV1 or TRPV4.
One possible explanation could be that the channels are not properly transported to
the plasma membrane and were therefore not functional. To test this hypothesis, we
performed immunostainings on N2a”*!/ cell overexpressing the chimeric channels to

investigate whether the channels are properly localized in the plasma membrane.
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Since TRPV4 and all the chimeric constructs contain a FLAG-tag either in the N- or C-
terminus, the anti-FLAG antibody was used to visualize the protein localization. As
shown in Figure 5.4, TRPV4 overexpressing cells showed strong expression at the
plasma membrane, while tdTomato cells that were used as a control did not show any

fluorescence when visualized with the anti-FLAG.
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Figure 5.4. Membrane localization of TRPV4.

Immunocytochemistry was performed in N2a”e#” cells overexpressing TRPV4, TRPV1, and tdTomato constructs.
tdTomato (red), anti- a-FLAG antibody (green), and DAPI (blue) are shown. For each condition, at least 2 independent
experiments were performed.

55



Merge

tdTomato

PA SWL/LA LN YPAILA-LS+IN  pA /LA-ZS+IN  PATLA-ES+IN VAILAYS+IN  pA [LA-SS+LIN

YA [VN\-9S+IN

LA SWL/YA LN

YANILA 1O

56



Figure 5.5. Chimeric constructs localization in the plasma membrane.
Representative images of chimeric constructs overexpressed in N2a”e!/- tdTomato (red), anti- a-FLAG antibody
(green), and DAPI (blue) are shown. For each condition, at least 2 independent experiments were performed.

Furthermore, immunocytochemistry confirmed that all the chimeric constructs
expressed in N2a”e°!/ cells are efficiently transported to the plasma membrane,
including cellular protrusions. In addition, all the chimeric channels showed different
intensities in the ring-like increase of fluorescence, and all of them exhibited protein
expression inside the cell (Figure 5.5). This pattern of expression is consistent with
previous studies where a fluorescent tag is attached to the C-terminus in TRPV4
constructs (106). Together, these results demonstrate that TRPV4 and all the chimeric

constructs efficiently localized to the membrane.

5.3. Defining a minimal mechanosensing domain in TRPV4

5.3.1. TRPV4 is activated by cell-substrate deflection

In order to define the minimal mechanosensitive domain of TRPV4, elastomeric pillar
arrays were used to apply mechanical stimuli at the cell-substrate interface while
clamping the membrane potential of N2a”» cells in whole-cell patch clamp
configuration (Figure 5.6 A and B). A glass probe was used to apply a series of fine
deflection stimuli to cells directly at the cell-substrate interface (Figure 5.6 A). Cells
were stimulated with a range of deflections from 1 to 1000 nm. An image was taken
before and during deflection, and the magnitude of each stimulus was subsequently
calculated from the difference between the coordinates of the center of the pilus in
successive images by using a 2D Gaussian fit of light intensity values from a bright-field

image (Figure 5.6 B).
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Figure 5.6 Pillar deflection.

(A) Deflection stimuli applied via cell-matrix contact points. Cartoon of pillar array experiments, stimuli are applied
by deflecting a pilus subjacent to a cell that is concurrently monitored using whole-cell patch-clamp, magenta
indicates the stimulator probe (MS) and blue the recording electrode (RE). (B) Bright-field picture of a TRPV4-
transfected N2a”e!/ cell cultured on pillar arrays. Deflection stimuli were applied in the range of 1-1000 nm.
Successive images are taken before and during the stimuli as is shown in the amplification insert. (C) Graphic
representation of current kinetics. Latency in blue, activation time constant (Tat) in magenta, and current decay
(Tinact) in purple. (D) Example traces of deflection-gated currents in N2a”*%/ cells overexpressing TRPV4 in the pillar
array experiments. Based on their kinetics, three types of currents were found: rapidly adapting (RA), intermediate
adapting (IA) and slowly adapting currents (SA).

Tact (ms)

We first confirmed that we could measure TRPV4-mediated currents in accordance with
published data (10,38) and we compared TRPV4 channel activity with cells expressing
TRPV1 or tdTomato as controls. N2a”e#! cells overexpressing TRPV4 exhibited large
currents in response to deflection stimuli in 95.3% of transfected cells tested (20/21
cells) (Figure 5.7 B, Figure 5.6 D). Cells overexpressing TRPV1 and tdTomato also
displayed mechanically activated currents, consistent with previous studies in our lab
where N2a”¢*1/ cells showed endogenous mechanosensitive currents (202,203).
However, the percentage of cells that responded to deflection stimuli was three-fold
less compared to TRPV4. For TRPV1 this was 38.4% (10/26 cells) and for tdTomato
30.4% (7/23 cells) (Figure 5.7 C). We also quantified the percentage of response per

pilus deflection (percentage of triggered currents/the total number of stimuli); TRPV4
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expressing cells responded 31.2 + 3.4 % (S.E.M.) from the total range of stimulations, in
comparison to TRPV1 (5.11 + 1.6%) and tdTomato (4.9 + 1.6%) which are 6-fold less
responsive to pilar deflection (Kruskal-Wallis test p<0.0001). Additionally, we binned
current amplitude data by stimulus size and averaged across cells for each bin within
the 1-1000 nm range as previously described (24,36). The overall response of TRPV4 and

the controls were compared using the deflection-response graph.
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Figure 5.7. TRPV4 is gated efficiently by substrate deflections.

(A). Deflection-current amplitude graph representing the response of N2a”e%/ cells transfected with TRPV4 (blue),
TRPV1 (red), and tdTomato (gray). The overall response of TRPV4 was significantly different from the control groups
(two-way ANOVA ##p<0.0001; 21 TRPV4 cells vs. 26 TRPV1 cells and ****p<0001; 21 TRPV4 cells vs. 23 tdTomato
cells). For stimuli between 10-50, 50-100, 100-250, 250-500, and 500-100 nm, TRPV4 cells exhibit significantly larger
currents compared to TRPV1 and tdTomato (Mann-Whitney test. 10 nm to 50 nm #*#p<0001 for TRPV4 vs TRPV1 and
**p=0.007 for TRPV4 vs tdTomato, 50 nm to 100 nm ##p=0.0006 for TRPV4 vs TRPV1 and **p=0.002 for TRPV4 vs
tdTomato, 100 nm to 250 #*p=0.003 for TRPV4 vs TRPV1 and **p=0.0003 for TRPV4 vs tdTomato, 250 nm to 500 #p=0.03
for TRPV4 vs TRPV1 and ***p=0.007 for TRPV4 vs Td-Tomato. 500 nm to 1000 nm *#<0.,0001 for TRPV4 vs TRPV1 and
****p<0.0001 for TRPV4 vs tdTomato). (B) Percentage of cells that responded to pillar deflections, 95.3% (20/21) of
TRPV4, 38.4% (10/26) of TRPV1, and 30.4% (7/23) of tdTomato cells. (Fisher’s exact test, *** p<0.0001 for TRPV4 vs
TRPV1 and **** p<0.0001 for TRPV4 vs td-Tomato cells). (C) Comparison to the percentage of response per total
number of stimulations, cells overexpressing TRPV4 responded 31.2 + 3.4 % (S.E.M.) from the total range of
stimulations, in comparison to TRPV1 (5.11 + 1.6) and tdTomato (4.9 + 1.6) which are less responsive (Kruskal-Wallis
test **** p<0.0001).

The current-deflection responses of TRPV4 in comparison to TRPV1 and tdTomato were
significantly larger (Figure 5.7 A) (two-way ANOVA, p<0001; 21 TRPV4 cells vs. 23
tdTomato cells). We also compared the bins in every corresponding pair using a Mann-

Whitney test, and significant differences were found in the TRPV4-mediated currents
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compared to the controls in the range of 10-50 nm, 50-100nm, 100-250 nm, 250-500
nm, and 500-1000 nm. These data confirm that TRPV4 is gated efficiently by substrate
deflections in N2a"%/ cells. We also confirmed that TRPV1 is not mechanosensitive to

substrate deflection.

5.3.2. Chimeric channels lacking N-terminus and S1-S4 of TRPV4 are mechanically
gated

We next tested whether substrate deflection using the pillar arrays assay could activate
the chimeric channels in order to define which domain could be mechanosensitive.
When performing calcium imaging assays, it was found that four out of nine chimeric
channels did not respond to either TRPV1 or TRPV4 agonists. We hypothesized that the
lack of response of the chimeric channels may be due to a folding defect that abrogates
a critical interaction essential for the coupling of agonist binding, or simply due to the
absence of the subunit containing the binding site. However, we observed in our
immunostaining assays that all nine chimeric channels are properly localized at the
plasma membrane. Therefore, chimeric channels that did not respond to agonist

perfusion in the calcium imaging assays were included in this study.

When using the pillar array technique two main parameters are used to characterize if
an ion channel is mechanosensitive or not: (1) comparison of the percentage of
response per total number of stimulations and (2) the percentage of cells that
responded to pillar deflections. As shown in Figure 5.8 the chimeric channels where the
N-terminus, S1, S2, S3, S4 segments of TRPV4 were replaced with TRPV1 domains
maintained mechanosensitivity. Cells expressing TRPV4 responded 31.2 % from the
total range of stimulations, not significantly different from those responses in NT
V1/TMS 23.41%, NT+S1-V1/V4 23.2 %, NT+S2-V1/V4 23.2 14.48 %. NT+S3-V1/V4 27.1 %
and NT+S4-V1/V4 25.45 % (Figure 5.8 A). The percentage of cells that responded to
pillar deflection was also comparable to TRPV4. N2ae!/ cells overexpressing NT
V1/TMS channels exhibited large currents in response to deflection stimuli in 87.5% of

transfected cells, NT+S1-V1/V4 in 90.9 %, NT+S2-V1/V4 in 80%, NT+S3-V1/V4 in 70% for

60



NT+S4-V1/V4 72.7% similar to the 95% response of TRPV4 (Figure 5.8 B). Note that two
chimeras (NT+S2-V1/V4 and NT+S3-V1) that did not show any response to either
capsaicin or to GSK1016790A in the calcium imaging experiments, showed deflection-
gated currents confirming that all the constructs are functional. Thus, these data
suggest that the N-terminus and the S1, S2, S3, and S4 transmembrane domains of

TRPV4 are not essential for the mechanical activation by substrate deflection.
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Figure 5.8. Mechanosensitivity of TRPV1/TRPV4 chimeric channels.

(A) Comparison of the percentage of response per total number of stimulations of the different chimeric channels.
The chimeric channels where the N-terminus, S1, S2, S3, and S4 segments of TRPV4 were replaced with TRPV1
domains maintained mechanosensitivity. TRPV4 responded 31.2 + 3.4 % (S.E.M.) from the total range of stimulations,
similar to those responses in NT V1/TMS 23.41 + 5.3%, NT+S1-V1/V4 23.2 + 4.4%, NT+S2-V1/V4 23.2 14.81 + 3.5%,
NT+S3-V1/V4 27.1 + 7.6% and NT+S4-V1/V4 25.45 + 5.3%: An ordinary One-way ANOVA was used. (B) The percentage
of cells that responded to pillar deflections was also similar to TRPV4 in these chimeric channels. The percentage of
responsive cells overexpressing TRPV4 was 95.3% (20/21), 87% (7/8) for NT V1/TMS, 90.9 % (10/11) for NT+S1-V1/V4,
80% (8/11) for NT+S2-V1/V4, 70% (7/10) for NT+S3-V1/V4 and 72.75% (8/11) for NT+S4-V1/V4.

5.3.3. S6 domain and C-terminus render mechanosensitivity to TRPV4

When pillar arrays experiments were performed with chimeric channels where the N-
terminus, S1, S2, S3, S4, and S5 segments of TRPV4 were replaced with TRPV1 domains
(NT+S5-V1/V4), we could still evoke deflection-gated currents similar to those observed

in the wild type channel (Figure 5.9 A). Indeed, the percentage of responsive cells for
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the chimera NT+S5-V1/V4 was 90.9 % (10/11 cells) and not significantly different to cells
expressing wild type TRPV4 (95%, 20/21 cells) (Figure 5.9 B). The percentage of
response to deflection stimuli in NT+S5-V1/V4 was 23.7 + 3.9% similar to the 31.2 + 3.4%
in TRPV4, and significantly different from tdTomato (4.9 + 1.6%) and TRPV1(5.1 + 1.6%)
expressing cells (Figure 5.9 C).

Thus, no significant differences were observed in the mechanical properties of NT+S5-
V1/V4 compared to TRPV4, suggesting that the S6 and C-terminus domains might be the

regions sufficient to render TRPV4 mechanosensitivity.
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Figure 5.9. Deflection-gated responses in NT+S5-V1 are similar to TRPV4.

(A) Stimulus-response plot of the deflection sensitive currents in TRPV4 and NT+S5-V1/V4 transfected cells. No
statistical differences were found between both chimeric constructs. Each dot represents the value of individual peak
currents. Big circles show the mean + s.e.m of currents. (B) Stacked histogram showing no differences in the
percentage of responsive cells to deflection stimuli. (C) Comparison of the percentage of response per total number
of stimulations showing similar responses in both groups. Both TRPV4 and NT+S5-V1/V4 are different than control
conditions (TRPV1 and tdTomato). Kruskal-Walli’s test ** p<0.001, ****p<0.001.

Next we investigated the mechanosensitivity of the NT+S6-V1/V4 chimeric channel
where the C-terminus domain of TRPV1 was replaced with the corresponding C-
terminus of TRPV4. Surprisingly, this chimeric construct was still able to display large
amplitude currents similar to the wild type TRPV4 channel. When we analyzed the
deflection-current amplitude relationship there was no statistical difference compared
to wild type TRPV4 in the overall response nor in the deflection ranges. (Figure 5.10 A).
Moreover, when calculating the percentage of responsive cells, NT+S6-V1/V4 responded

T77% (7/9 cells) compared to the 95% (20/21 cells) measured in TRPV4 cells (Figure 5.10
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B). Even though the mechanosensitivity of NT+S6-V1/V4 chimeric channel was clearly
conserved, a partial reduction in the percentage of response per stimulation was
observed. Note that the percentage of response of 19.2 + 6.6% from NT+S6-V1/V4
overexpressing cells is slightly decreased but not statistically different compared to the
31.2 + 3.4% of TRPV4, (p=0.2). However, cells overexpressing NT+S6-V1/V4 did not show
any statically difference compared to control conditions (p>0.0.5), (Figure 5.10 C).
Thus, these data suggest that the presence of the C-terminus of TRPV4 is essential and

sufficient to maintain TRPV4 mechanosensitivity.
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Figure 5.10. The C-terminus of TRPV4 is enough to maintain TRPV4 mechanosensitivity.

(A) Stimulus-response plot showing similar deflection sensitive currents from N2a”e!/ cells overexpressing TRPV4
and NT+S6-V1/V4. Each small circle represents the value of individual peak currents. Recordings from each cell were
binned according to the size of the stimuli and the current amplitudes were averaged within each bin, then across
the cells. Big circles are plotted as mean * s.e.m. (B) Fraction of cells that respond to mechanical stimuli
overexpressing TRPV4 (20/21) and NT+S6-V1/V4 (7/9) channels (C) Percentage of response to deflection stimuli. Note
that the percentage of response of cells overexpressing the NT+S6-V1/V4 channel (19.2+6.6%); is not statistically
different than cells overexpressing TRPV4 31.2 + 3.4% (p=0.2), TRPV1 15.1 + 1.6% (p=0.9) and tdTomato 4.9 + 1.6%
(p=0.2). Kruskal-Wallis test, ****p<0.001.

As mentioned above, our data showed the S6 domain and C-terminus render complete
mechanosensitivity to TRPV4 (NT+S5-V1/V4). Furthermore, the C-terminus is sufficient
to maintain the mechanosensitivity of the ion channel even when lacking the S6
domain (NT+S6-V1/V4). To explore the role of the S6 region in the mechanosensitivity of
TRPV4, and as a control to our statement that the C-terminus is inherently

mechanosensitive, pillar arrays experiments in N2a”e/ overexpressing the CT V1/V4

channel were performed. In this chimeric construct, the C-terminus of TRPV4 was
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replaced with the corresponding region of the TRPV1 channel. When analyzing the
deflection-current amplitude relationships, cells overexpressing the CT V1/V4 channel
exhibited large currents that were similar overall to those observed in TRPV4-expressing
cells. However, for stimuli between, 101-250, CT V1/V4-transfected cells displayed
significantly smaller currents compared to TRPV4 (p<0.01) (Figure 5.11 A). Moreover,
when the percentage of responsive cells was calculated, only 60% of cells expressing
the CT V1/V4 chimeric channel responded to mechanical stimuli, a percentage
significantly lower compared to TRPV4 (p<0.01) (Figure 5.11 B). Furthermore, the
percentage of deflection-gated currents per total number of stimulation in CT V1/V4-
transfected cells was also lower and statistically different from the wild type channel
(17.0 + 3.5 and 31.2 + 3.4% for CT V1/V4 and TRPV4, respectively, p<0.01), but
surprisingly was also different to TRPV1 (15.1 + 1.6%,p< 0.05) and tdTomato (4.9 +
1.6%,p<0.01) (Figure 5.11 C). Even though the percentage of responsive cells
expressing the CT V1/V4 channel showed a significant decrease, there is still evidence of
mechanical activation when calculating the amplitudes of deflection-gated currents
and the percentage of response to pilar deflection. Thus, these data suggest that the

TRPV4 S6 domain also plays a role in TRPV4 mechanosensitivity.

A B c S
I 'l s *k : Fekkk
150 = l 'OJ_‘? ., 1009 =g B3 Noresp 9 80 e
é ® TRPVAQ21) . S T B Bl Resp é 60 e
= e CT V1/V4(25) e 2 b
S 100 o = b
2 ) . ® °
a ® 2 50 S 40+ tee o
I &
<E( s =h ‘ é 8 o
& i T | o € 50
5 50 v [ ; ; { s g 20 é E
5 5 ' $
o % ? : : 0 ol =
0 L2 M e B he — T T T T T
1 10 100 1000 ™ v SRR
N & N NN
Deflection (nm) & O«A'\S éo@ & & C:\A'\
b

Figure 5.11. C1 V1/V4 channels partially respond to deflection-gated stimuli.

(A) Deflection-current amplitude graph showing no difference in the overall response of N2a”e!/ cells transfected
with TRPV4 and CT V1/V4 channels. For stimuli between, 101-250 CT V1/V4-transfected cells exhibit significantly
smaller currents compared to TRPV4 (Mann-Whitney test, * p<0.01). Each small circle represents the value of
individual peak currents. Recordings from each cell were binned according to the size of the stimuli and the current
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amplitudes were averaged within each bin, then across the cells. Big circles are plotted as mean + s.e.m. (B) Stacked
histogram showing differences in the percentage of responsive cells to deflection stimuli, 95% (20/21 cells) and 60%
(15/25 cells) for TRPV4 CT V1/V4, respectively; x? test, ** p<0.01. (C) Comparison to the percentage of response per
total number of stimulations. Note that CT V1/V4 responses (17.0 + 3.5%) are statistically different compared to
TRPV4 and also different than control conditions; TRPV1 (15.1 + 1.6%) and to tdTomato (4.9 + 1.6%). Kruskal-Wallis
test, *p>0.05, ** p<0.01 *** p<0.001 **** p<0.0001.

It has been proposed that the mechanosensitive nature of TRPV4 derives from to the
ankyrin repeats (ARDs) located at the N-terminus (86). Deletion of the ARDs dramatically
impairs TRPV4 activity when hypoosmotic stimuli suggesting that this interaction could
contribute to the mechanical properties of the channel to cell swelling stimuli (73).
Additionally, studies have proposed that the TRPV4 N-terminus possibly provides an
intracellular spring that senses forces and acts as a mechanical link for the gating like in
other TRP channels such as NOMPC (22,23,68). In order to assess this hypothesis, and to
further confirm our finding that S6 and C-terminus render mechanosensitivity to TRPV4,
deflection-gated currents were recorded in N2a”¢=’ overexpressing NT V4/ TMS V1
chimeric channel in which the N-terminus of TRPV1 was replaced with the
corresponding region of TRPV4. As shown in Figure 5.12A, differences were found when
plotting the deflection-current amplitude relationship; the NT V4/ TMS V1-evoked
currents were dramatically smaller compared to TRPV4 when plotting the deflection-
current amplitude relationships. In accordance, only 44% of the cells expressing the NT
V4/ TMS V1 channel were responsive to pilar deflection, a significantly lower value
compared to the 95% calculated for the wild-type channel (p<0.001) (Figure 5.12 B).
Additionally, a substantial ~3-fold decrease in the percentage of response to pillar
deflection was observed compared to cells overexpressing TRPV4 channels (12.2 + 3.5%
and 31.2.11 + 3.4% in NT V4/ TMS V1 and TRPV4, respectively; p<0.001) (Figure 5.12 C).
These data demonstrate that the mechanosensitivity of TRPV4 is not conferred by the

N-terminus.
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Figure 5.12. The N-terminus of TRPV4 does not confer mechanosensitivity to the channel.

(A). Deflection-current amplitude graph representing the response of N2a”¢%/ cells transfected with TRPV4 and NT
V4 /TMS V1. The overall response of TRPV4 was significantly lower compared to the control (two-way; *p=0.03, 21
TRPV4-vs. 25 NT V4 /TMS V1-transfected cells. For stimuli between 10-50, 50-100, 100-250, 250-500, and 500-100 nm,
TRPV4 cells exhibited significantly larger currents compared to NT V4 /TMS V1 cells (Mann-Whitney test, ** p<0.001
*** p<0.0001). Each small circle represents the value of individual peak currents. Recordings from each cell were
binned according to the size of the stimuli and the current amplitudes were averaged within each bin, then across
the cells. Big circles are plotted as mean + s.e.m (B) The percentage of cells that responded to pillar deflections is
decreased in cells overexpressing NT V4 /TMS V1 (44%, 11/25 cells) compared to TRPV4 channels (95%, 20/21 cells),
X2 test, ***p<0.001(C) Comparison to the percentage of response per total number of stimulations, cells
overexpressing NT V4 /TMS V1 channels responded less to the total pillar-deflection stimuli than TRPV4-transfected
cells (12.2 £3.5 and 31.2.11 + 3.4%, respectively; Kruskal-Wallis test, *** p<0.001 **** p<0.0001).

5.3.4. Biophysical properties of TRPV4/TRPV1 chimeric constructs

Here we showed that the S6 and the C-terminus domains are necessary to confer
mechanosensitivity to TRPV4 channels. Based on our experimental strategy using
TRPV1/TRPV4 chimeric channels, we did not observe major differences regarding
mechanosensitivity when the S6 and C-terminus domain of TRPV4 was present.
Therefore, we then investigated whether the mechanosensitive currents from cells

overexpressing the chimeric channels showed different biophysical properties.

Kinetic parameters of individual mechanosensitive currents were analyzed. The latency
was quantified as the time delay between the stimulus application and the onset of the
current. The activation time constant (T.«) and inactivation time constant (Tinact) Were
calculated by a mono-exponential fit of the current rise and current decay, respectively

(Figure 5.6 C).
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Figure 5.13 Comparison of the biophysical properties fromTRPV4 and chimeric channels.

(A)The average latency of TRPV4(1.4 £+ 0.1 ms) was significantly different compared with NT V1/TMS V4 (1.7 £ 0.2ms,
**p=0.054), NT+S1-V1/V4 (1.27 + 0.1ms , **p=0.002), NT+S2-V1/V4 (1.22 + 0.2ms , *p=0.02), ), NT+S3-V1/V4 (1.99 +
0.4ms , *p=0.01) NT+S4-V1/V4 (2.1 + 0.2ms, **p<0.007), NT+S5-V1/V4 (1.7 + 0.7ms, *p=0.01), NT+S6-V1/V4 (1.3 +
0.07ms, *p=0.012) and CT V1/V4 (2.9t 0.4 **p=0.002) . (B) The time constant of activation (Tax) of the chimeric
constructs-mediated currents was not different compared to TRPV4 (C) The time constant of inactivation (Tinact) of
NT+S3-V1/V4 (117.2 + 25.6ms #p=0.016) and NT+S5-V1/V4 (141 + 41 ms **p=0.01) was slower compared to TRPV4 (56.3
+ 9.7ms). A Nested t-test was used. # Represent differences in the Overall analysis, * represent differences in the
analysis per current. All data is presented in ms as mean * s.e.m. At least 5 individual different transfections per
group. For TRPV4, 133 currents were measured across 21 cells (133/21), NT V1/TMS V4(48/8), NT+S1-V1/ V4(84/11),
NT+S2-V1/V4(17/10), NT+S3-V1/ V4(56/10), NT+S4-V1/V4(78/11), NT+S5-V1/V4(42/11), NT+S6-V1/V4(32/11), NT V4/TMS
V1(57/19), CT V1/V4(68/26).

Figure 5.13 shows a direct comparison between the latency, Tat, and Tinae Values of the
deflection-evoked currents from cells overexpressing TRPV4 and all our chimeric
channels. The mean latency for a mechanosensitive current in TRPV4 (1.4 + 0.1 ms) was
significantly longer compared to NT+S1-V1/V4 (1.27 + 0.1 ms), NT+S2-V1/V4 (1.22 + 0.2
ms) and NT+S6-V1/V4 (1.3 £ 0.07ms) channels, but significantly smaller compared to NT
V1/TMS V4 (1.7 £ 0.2ms), NT+S3-V1/V4 (1.99 + 0.4ms), NT+S4-V1/V4 (2.1 + 0.2 ms), NT+S5-
V1/V4 (1.7 +0.7 ms), and CT V1/V4 (2.9+ 0.4 ms) channels. However, no differences were
observed when comparing the T.: values (Figure 5.13 B). When calculating the Tinact
kinetics, the NT+S3-V1/V4 and NT+S5-V1/V4 channels showed ~2- and ~3-fold slower
kinetics compared to TRPV4 (117.2 + 25.6, 141 + 41 and 56.3 + 9.7 ms, respectively)
(Figure 5.13 C). We hypothesized that differences in the biophysical properties could be
explained by membrane organization changes, channel folding, channel-protein, or

channel-lipids interactions. However further studies are needed to test these ideas.
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5.4. Evidence of an accessory protein involved in TRPV4
mechanosensitivity

When performing pillar array experiments in cells overexpressing TRPV4, the channel
activity is monitored while stimuli are applied by deflecting an individual pilus
subjacent to intact cell-substrate interface. In fact, the channel responds directly to
mechanical inputs that are propagated to an adherent cell via the physical

surroundings such as extracellular matrix components (48).

The results showed previously indicate that TRPV4 mechanosensitive domains (S6 and
C-terminus) might interact with molecular components allowing force applied from the
substrate to open the channel. To assess the possibility that extracellular component(s)
may be required for TRPV4 mechanogating, N2a"~!/ cells overexpressing TRPV4 were
cultured on elastomeric pillar arrays and the non-specific endopeptidase subtilisin was
used to subjected cells to limited proteolysis. Subtilisin is able to disrupt the
extracellular matrix but maintains cell integrity (204). Cells were treated with subtilisin
(50 mg/ml) 30 minutes before the electrophysiological recordings according to previous
studies performed in our laboratory (204). The binned current amplitude graph showed
that subtilisin abolished the mechanosensitive currents of cells overexpressing TRPV4
(Figure 5.14 A). Accordingly, the percentage of responsive cells was dramatically
decreased in the subtilisin group (15%) compared to non-treated cells (95%).
Furthermore, when analyzing the percentage of response to pillar deflection, cells
treated with subtilisin (8.6 + 7.1%) responded ~3.5-fold less compared to non-treated
cells (30.6 + 4%) (Figure 5.14 B-C). Thus, these data suggest that an extracellular
protein might be involved in the mechanosensitivity of TRPV4. However, further

investigation is needed to identify the possible protein-partners.
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Figure 5.14. Subtilisin abolishes the mechanosensitivity of cells overexpressing TRPV4,
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(A) Stimulus-response plot of the deflection-sensitive currents in TRPV4 and cells treated with subtilisin. Circles show
the mean * s.e.m of currents. (B) Stacked histogram showing a decrease in the percentage of responsive cells to
deflection stimuli (X* test). (C) Comparison of the percentage of response per total number of stimulations. Note that
subtilisin-treated cells respond less than non-treated ones. (D) Cartoon representation of subtilisin distributing
extracellular components linked TRPV4. Kruskal-Wallis test ** p<0.01, ****p<0.001.
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5.5. Impact of disease-causing mutations of TRPV4 on
mechanosensitivity

Point mutations in TRPV4 have been shown to lead to human hereditary disorders
including skeletal dysplasia and sensory neuropathies. These diseases are
characterized by a progressive degeneration of peripheral nerves or by lack of
establishment and development of the hard-skeletal tissues. However, only a few
studies have reported possible physiopathological mechanisms responsible for the
disease’s progression (1,2). Mutations in other mechanically activated ion channels
such as the Piezo family lead to human genetic disorders with similar phenotypes to the
ones caused by mutated TRPV4 (dysplasias for example). Moreover, it has been
reported that the impairment of the mechanical properties could be the causative
entity of those genetic disorders (205). Therefore, we investigated whether TRPV4 point
mutations could influence the physiological properties of substrate-deflection evoked
currents. We generated a series of TRPV4 mutants with point mutations in the S6 and C-
terminus domains of TRPV4 that have been previously linked to pathological conditions
(Figure 5.15). We first verified functionality by performing voltage-step stimulations (I-
V), and subsequently we performed pillar arrays experiments to test whether the point
mutations could affect TRPV4 mechanosensitivity and /or the biophysical properties of

the channel.

Figure 5.15. Domain structure and disease-causing mutations in TRPV4.
Schematic view of the TRPV4 channel indicating pathogenic mutations located in the S6 and C-terminus domains.
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5.5.1. T701l variant showed faster activation kinetics compared to TRPV4
channels.

Located in the S6 domain, TRPV4-T701l single point mutation is responsible for
hereditary motor and sensory neuropathies such as Charcot-Marie-Tooth disease type
2C (CMT2C) (70,206). We tested whether this mutation could affect the

mechanosensitivity and biophysical properties of the channel.
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Figure 5.16. Membrane functional expression of TRPV4-T701l.

(A). Representative traces of GSK101-induced currents in N2a”e!/ cells overexpressing TRPV4 (blue) and T701I
(yellow) in response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential
of =60 mV in a voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating T701I
localization in TRPV4 structure. Lower panel; |-V relationship plot of GSK101-induced currents in cells overexpressing
TRPV4, T701l, and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101
application from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted
against voltage. n=20 cells for TRPV4, 12 cells for T701l and 6 for Tdtomato.

Membrane functional expression in cells overexpressing TRPV4-T701l channel was
verified. A voltage step protocol was used to determine whole-cell currents in N2ae~!/
cells transfected with TRPV4 wild type or TRPV4-T701l. We first determined the reversal
potential (E.) by calculating the membrane potential at the zero current in standard

extracellular solution before application of the TRPV4 agonist GSK1016790A (50 nM).
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The voltage-current relationships from the TRPV4 overexpressing cells showed a E., of -
38.76 + 6.7 mV, indicating properties of a non-selective cation channel as previously
reported (62,63). Interestingly, the T701I variant displayed a E, of -54.87 + 5.5 mV. Even
though, this value would suggest that the mutation evoked a left shift in the E., our
statistical analysis showed no differences (Table 5.1). We then performed the voltage
step protocol while perfusing GSK1016790A. As it is shown in the Current-Voltage
relationship graph, both TRPV4 and TRPV4-T701l responded to GSK1016790A, while
cells overexpressing tdTomato did not respond to the agonist as expected (Figure
5.16). These data demonstrate that TRPV4 and TRPV4-T7011 are successfully gated by
GSK1016790A in N2a”e1/ cells, confirming that the T701l mutation on TRPV4 does not

alter channel functionality.

Table 5.1. Reversal potential comparison of TRPV4 mutants.

Avoltage step stimulation protocol (-100 to +120 mV A20 mV, for 200 ms) was performed in N2aP=°/ cells
overexpressing the different mutants in standard extracellular solution before GSK1016790A application. The
reversal potential was determined by calculating the membrane potential at the zero current. P values are shown for
every mutant compared to TRPV4. Mann-Whitney test, * p<0.01

Mutant Mean + S.E.M. P value
TRPV4 -38.76 £ 6.7

“T7011 | -52,73+2.0 p=0.2701
L709M -53.50+6.1 p=0.1852
A716S -58.25+£2.0 p=0.0141*
T7401 -51.68+ 1.0 p=0.4696
R775K -54.09 + 0.7 p=0.1444
C777Y -56,05+£ 1.6 p=0.0794
E797K -47.10+ 3.0 p=0.971
P799A -50.68 £ 0.85 p=0.7435
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The pillar array technique was used to characterize deflection-gated currents from
N2a”el/ cells overexpressing TRPV4-T701l. When the recordings were binned, the
overall current-deflection responses were comparable with those in TRPV4 and higher
than the cells overexpressing tdTomato (two-way ANOVA, *** p<0.001 **** p<0.0001)
(Figure 5.17 A). Consistently, the percentage of responsive cells of the mutated
construct was also not different from TRPV4, the percentage for TRPV4 was 88% (16/18
cells) and for TRPV4-T701l was 91% (11/12 cells) (Figure 5.17 B). When calculating the
percentage of response per stimuli, similar percentages were also observed in TRPV4-
T7011 (27.8 £ 5.9%) and TRPV4 (32.5 + 3.7%) (Figure 5.17 C). These data show that the

T7011 mutant does not affect the mechanosensitivity of TRPVA4.

Nevertheless, evoked mechanosensitive currents in TRPV4-T7011 displayed different
biophysical properties compared to TRPV4. When pooling all deflection-sensitive
currents, a delay in the latency of TRPV4-T701l (3.7+ 0.6%) was observed. The nested
analysis showed statistical differences in both the overall and per-current calculation
compared to TRPV4 (2.5 + 0.2 ms) (Figure 5.17 D). Additionally, the time constant of
activation was faster in the mutant (1.0 + 0.5 ms) compared to TRPV4 (2.9 + 0.5 ms), and
no difference was found in the time constant of inactivation; TRPV4 79.8 + 16.5 ms was
comparable with the 99.9 + 34.7 ms for TRPV4-T701I (Figure 5.17 E, F). Thus, TRPV4-
T701I single point mutation is sufficient to change the activation kinetics of TRPV4 in

response to mechanical stimuli.
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Figure 5.17. TRPV4-T7011 evoked deflection-gated currents similar to TRPV4.

(A) Amplitude-current-deflection graph representing the response of N2aPe*!/ cels transfected with TRPV4 (blue),
T7011 (yellow), and tdTomato (gray). The overall response of TRPV4 and T701l were significantly different from
tdTomato. Each small dot represents the value of individual peak currents. Big circles show the mean + s.e.m of
currents. (B) Percentage of cells that responded to pillar deflections. TRPV4 88% (16/18 cells) was similar to the T701I
variant, 91% (11/12 cells). x? test, ** p<0.01. (C) Comparison of the percentage of response per total number of
stimulations showing similar responses in both groups. Both TRPV4 (32.5 + 3.7%) and T701l channels (27.8 + 5.9%)
evoked similar responses. Kruskal-Walli’s test ** p<0.001, ****p<0.001. (D) The average latency of TRPV4 (2.5 + 0.2 ms)
showing statistical differences between group and per current compared to T701l (3.7+ 0.6 ms). (E) The time
constant of activation (Tac) was faster for the T701l variant (1.0 + 0.5 ms) compared to TRPV4 (2.9 + 0.5 ms). (F) The
time constant of inactivation (Tinact) showed similar responses. For TRPV4 was 79.8 + 16.5 ms and for T7011 was 99.9 +
34.7 ms. A Nested t-test was used. # Represent differences in the Overall analysis, * represent differences in the
analysis per current, ** p<0.01, ## p<0.01. All data is presented mean +s.e.m.

5.5.2. TRPV4-L709M is a loss of function mutation

A mutation that causes a substitution of the Leucine 709 with a Methionine (L709M) in
TRPV4 leads to severe skeletal dysplasia (177). The spectrum of these types of diseases
is often associated with degenerative joint disease. It has been shown that the

mechanosensitive properties of TRPV4 play an important role in the physiopathology of
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joint disease and bone formation. Trpv4/ mice show severe osteoarthritic changes,
including cartilage fibrillation and subchondral bone mass increase. Additionally,
chondrocytes from Trpv4/ mice failed to respond to the TRPV4 agonist 4a-PDD
(207,208). Therefore, we tested whether the mechanosensitive properties of TRPV4-
L709M were altered. Functional expression was tested in N2a”¢*%/ cells with a voltage
step stimulation protocol while perfusing GSK1016790A (50 nM). The |-V curve
relationship showed that both TRPV4 and L709M mutant mediated similar large
currents when the TRPV4 agonist was applied (Figure 5.18). In addition, no differences
were found when we calculated the reversal potential. (Table 5.1). These data
demonstrate that the L709M variant is successfully expressed in N2a” cells and is

gated by the GSK1016790A ligand.
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Figure 5.18. Membrane functional expression of TRPV4-L709M.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and L709M (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from =100 up to +120 mV. (B) Upper panel: Cartoon representation indicating L709M localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, L709M,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 30s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n= 16 cells for TRPV4, 13 cells for L709M and 6 for Tdtomato.
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To characterize the mechanical properties of the mutant, pilar deflection experiments
were carried out in N2a”!” cells overexpressing TRPV4-L709M. As shown in Figure
5.19A, when analyzing the deflection-current amplitude relationships, L709M exhibited
a drastic decrease in the overall response and significantly smaller currents compared
to cells overexpressing TRPV4 channels. Accordingly, when calculating the percentage
of responsive cells, only half of the cells expressing the L709M variant showed
deflection responses (5/10 cells) compared to the 88% observed in TRPV4-transfected
cells (16/18 cells) (Figure 5.19 B). Moreover, the percentage of response per total
number of stimulations of the TRPV4-L709M was less compared to TRPV4 (20.3 + 8.9%
and 32.5 = 3.7%, respectively). Even though the L709M mutant showed a higher
percentage of response compared to tdTomato (1.7 + 1.0%), those differences were not
statistically significant in the Kruskal-Wallis test (Figure 5.19 C). When analyzing the
biophysical properties of deflection-sensitive currents, the nested analysis showed
statistical differences per current in the latencies and T.« kinetics; L709M evoked-
current latencies (1.7 0.5 ms) were faster compared to those from TRPV4 channels (2.5
+ 0.2 ms). The time constant of activation of L709M-evoked currents (3.6 + 0.8 ms) was
slower than TRPV4 mechanosensitive currents (2.9 + 0.5 ms). No changes were observed
when comparing the Tiac. (79.8 £ 16.5 ms and 118.6 + 34.3 ms for TRPV4 and L709M,
respectively) (Figure 5.19 D, E, F). Thus, according to the mechanosensitive properties,
L709M is a loss of function mutation. Regarding changes in the mechanosensitive
currents, it is possible that the differences observed in the latencies and T, properties

are due to the expression of endogenous mechanosensitive currents in N2a”** cells.
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Figure 5.19. Characterization of mechanosensitive currents of the TRPV4-L709M mutant showing a
decrease in the mechanoelectrical responses compared to TRPV4 channels.

(A). Deflection-current amplitude graph showing no difference in the overall response of N2a”#! cells transfected
with TRPV4 (blue) L709M (yellow) and tdTomato (gray). Note that L709M evoked smaller deflection gated currents
compared to TRPV4. Each small circle represents the value of individual peak currents. Big circles show the mean +
s.e.m of binned currents. Kruskal-Wallis test * p<0.05, ****p<0.001. (B) Stacked histogram showing a decrease in the
percentage of responsive cells to deflection stimuli in L709M 50% (5/10 cells) compared to TRPV4 88% (16/18 cells)
and tdTomato 27.2% (3/11). x* test * p<0.05. (C) Comparison to the percentage of response per total number of
stimulations, cells overexpressing L709M responded 20.3 + 8.9 % from the total range of stimulations, in comparison
to the 32.5 + 3.7% of TRPV4 and 1.7 + 1.0 % of tdTomato (Kruskal-Wallis test, **** p<0.0001). (D) The average latency
of L709M (1.7+ 0.5 ms) was faster compared to TRPV4 (2.5 + 0.25 ms). (E) The time constant of activation (Tac) of
L709M (3.6 + 0.8 ms) was statistically different compared toTRPV4 (2.9 + 0.5 ms). (F) The time constant of inactivation
(Tinact) showed similar responses. For TRPV4 was 79.8 + 16.5 ms and for L709M was 118.6 + 34.3 ms. A Nested t-test
was used. * Represent differences in the analysis per current, *p<0.05, ****p<0.001. All data is presented in ms as
mean +s.e.m.
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5.5.3. TRPV4-A716S is a loss of function mutation

A716S is a frequent mutation of TRPV4 which produces Spondylometaphyseal
dysplasias (SMDs), a group of diseases characterized by abnormalities in the vertebrae
and the metaphyses. Previous patch clamp and calcium imaging experiments have
shown a diminished channel activity to 4aPDD, cell swelling, or arachidonic acid (AA),
which suggests a possible mechanism producing disease (70,153). We then wanted to

investigate the response of this mutant to substrate deflection stimuli.

We first confirmed that TRPV4 and TRPV4-A716S were functional by gating the channel
with the agonist GSK1016790A. A voltage step protocol was used to determine whole-
cell currents in TRPV4 and TRPV4-AT716S expressing cells. Interestingly the TRPV4-A716S
mutant showed a left shift in the E.., compared to the control (E=-58.25 + 2.0 vs -38.76
+ 6.7 mV, respectively; p=0.0141*) (Table 5.1). Exposure to GSK1016790A (50 nM)
evoked similar large currents in cells overexpressing TRPV4 and TRPV4 A716S channels
(Figure 5.20). Thus, the pharmacological activation of A716S indicates a successful
expression in N2a”%/ cells. Changes in the reversal potential of TRPV4-A716S suggest
that this mutation would result in changes in the ion selectivity of the channel.

Subsequently, pillar array experiments were performed on cells overexpressing TRPV4-
A716S channels. As shown in Figure 5.21. A, a dramatic decrease in the amplitude of
the evoked deflection-gated-currents in the mutant was found compared to cells
overexpressing TRPV4 channels. Kruskal Wallis analysis showed that the overall
response was statistically different between groups (***p<0.01,). Consistently, the
stacked histogram of the percentage of responsive cells shows that only 60% (9/15
cells) of cells overexpressing the A716S variant responded to deflection stimuli. This
value was lower compared to the 88% (16/18 cells) of TRPV4 but not statistically
different (Figure 5.21 B). In accordance, when the percentage of response per pilus
deflection was quantified, A716S-transfected cells responded ~2-fold less and

statistically different compared to TRPV4 (17.57 + 5.2 and 31.2.11 + 3.4%, respectively).
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Both percentages of response were different compared to tdTomato-transfected cells

(2.5 +0.2%) (Figure 5.21 B).
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Figure 5.20. A716S functional expression.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and A716S (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating A716S localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, AT16S,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n=20 cells for TRPV4, 10 cells for A716S and 6 for Tdtomato.

Furthermore, when measuring the current kinetics, the Nested per-current analysis
showed differences in the latency and t.: between the mutant and the wild-type
channel. The mechanosensitive currents from the A716S mutant showed a latency of
2.6 £ 0.7 ms compared to the 2.5 + 0.2 ms latency in TRPV4. While the T, of the
deflection-gated currents in the A716S variant was slower compared to TRPV4
mechanosensitive currents (3.06 £ 0.9 ms and 2.9 + 0.5 ms, respectively). The time
constant of inactivation of the mechanically gated currents showed similar responses in
the mutant compared to wild type channels (Figure 5.21 D, E, F). Thus, the drastic
decrease of mechanosensitivity in cells overexpressing TRPV4-A716S indicates that

A716S is a loss of function mutation in regard to mechanosenstivity.
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Figure 5.21. A716S decreases deflection-gated responses compared to TRPV4 wild-type.

(A). Deflection-current amplitude representing the response of N2af®!- cells transfected with TRPV4(Blue), A716S
(yellow), and tdTomato (gray). A716S evoked smaller currents compared to TRPV4. Each small circle represents the
value of individual peak currents. Big circles show the mean + s.e.m of binned currents. Kruskal-Wallis test ***p<0.01,
****p<0.001. (B) The Percentage of cells that responded to pillar deflections is decreased, x* test.C) Comparison of
the percentage of response per total number of stimulations, cells overexpressing A716S (17.57 + 5.2 %) responded
less from the total range of stimulations, in comparison to TRPV4 (31.2.11 + 3.4%). (Kruskal-Wallis test, * p<0.05 ****
p<0.0001). (D) The average latency of A716S (2,6 + 0.7 ms) was statistically different in the analysis per current
compared to TRPV4 (2.5 + 0.2 ms). (E) The time constant of activation (Ta«) of A716S (3.06 + 0.9 ms) was increased
compared to TRPV4 (2.9 + 0.5 ms). (F) The time constant of inactivation (Tinact) showed similar responses. For TRPV4
was 79.8 + 16.5 ms and for A716S ms was 75.90 + 23.59. A Nested t-test was used. * Represent differences in the
analysis per current, *p<0.05, ****p<0.001. All data is presented in ms as mean = s.e.m.
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5.5.4. T7401 decreases mechanosensitivity and modifies the biophysical properties
of TRPV4

Substitution of a Threonine 740 with an Isoleucine (T740I) leads to lethal metatropic
dysplasia, one of the most severe TRPV4-related diseases(186). This form of metatropic
dysplasia is often associated with fetal akinesia, joint contractures, and lung
complications leading to perinatal lethality. Due to the severe phenotype caused by
T7401, we investigated whether this mutation could affect the mechanosensitivity of
TRPV4 channels. We first used voltage step stimulation protocol combined with
GSK1016790A (50 nM) agonist application to verify membrane functional expression in
cells overexpressing the TRPV4-T7401 mutant. As shown in Figure 5.22 A, the |-V
relationship showed large currents in both TRPV4 and T740I-transfected cells. In
addition, no changes in the reversal potential were observed (Table 5.1) These data
demonstrate that the T740l variant is successfully expressed in N2a”*=!” cells and is

gated by GSK1016790A.
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Figure 5.22. Functional expression of TRPV4-T740I.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and T740I (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from =100 up to +120 mV. (B) Upper panel: Cartoon representation indicating T740l localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, T740I,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n= 20 cells for TRPV4, 12 cells for T401l and 6 cells for Tdtomato.
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Interestingly, when performing pillar array experiments, the deflection-gated currents
evoked in TRPV4-T740I cells were similar to the ones measured in TRPV4-expressing
cells (Figure 5.23 A). Consistently, the percentage of responses was also similar in the
two conditions where 25.3 + 8.3% responses were measured in TRPV4-T740I, while 32.5
+ 3.2% in TRPV4 overexpressing cells (Figure 5.23 C). In contrast, the percentage of
responsive cells to the mechanical stimuli was only 58.3% (7/12 cells) in TRPV4-T740I
overexpressing cells compared to the 90.9% (20/22 cells) in TRPV4 ones (Figure 5.23 B).
We further analyzed the biophysical properties of the currents evoked and we found
that the latency of TRPV4-T740l1 (2.3+ 0.4 ms) was faster and statistically different
compared to TRPV4 (2.5 + 0.2 ms) one. The time constant of activation of TRPV4-T740I
(3.8 £ 0.5 ms) was slower compared to the wild type channel (2.9 + 0.5 ms). No
differences were observed in the time constant of inactivation (TRPV4 79.8 + 16.5 ms;
L709M 83.1 + 19.5 ms) (Figure 5.23 D, E, F). Slower activation time constants suggest
that the transfer of force to the set of activated channels is inhibited (48) which could
explain why some cells are less responsive. Thus, T740l mutant decreases partially the
mechanosensitivity of TRPV4. Further studies are needed to explain how the kinetics

are regulated in this mutant.
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Figure 5.23. T7401 decreases deflection-gated responses compared to TRPV4 wild-type.

(A) Deflection-current amplitude graph representing the response of T740I (yellow), TRPV4 (blue), tdTomato (grey) to
pillar deflections. The response of T7401 was similar to TRPV4, both were different than tdTomato. Kruskal-Wallis test
**p<0.01, ****p<0.001. Big circles show the mean + s.e.m of binned currents. (B) Percentage of cells that responded
to pillar deflections. T7401 responded 58.3% (7/12 cells) compared to the 90.9% (20/22 cells) of TRPV4. x? test
*p<0.05.(C) Comparison of the percentage of response per total number of stimulations, T740I responded 25.3 + 8.3
while TRPV4 responded 32.5 + 3.2, both were statistically different from the 1.7 + 1.0 of tdTomato. (D) The average
latency of T7401 (2.3+ 0.4 ms) was faster compared to TRPV4 (2.5 + 0.2 ms). (E) The time constant of activation (Tac) of
T7401 (3.8 + 0.5 ms) was slower compared toTRPV4 (2.9 + 0.5 ms). (F) The time constant of inactivation (Tinact) Showed
similar responses. For TRPV4 was 79.8 + 16.5 and for L709M was 83.1 + 19.5. A Nested t-test was used. * Represent
differences in the analysis per current, **p<0.01, ****p<0.001. All data is presented in ms as mean +s.e.m.

5.5.5. R775K mutation is sufficient to modify the activation kinetics of TRPV4

The TRPV4 point mutation R775K also leads to metatropic dysplasia in mild and severe
forms. We next tested whether this mutation could affect the mechanosensitivity of the
channel. We first used voltage step stimulation protocol and GSK1016790A (50 nM)
TRPV4 agonist was applied to verify the functional activity of the TRPV4-R775K
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overexpressed in N2a”¢!/ cells. The I-V curve relationships plot showed that TRPV4 and

R775K mutant mediated large currents activated by GSK1016790A (Figure 5.24).
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Figure 5.24. TRPV4-R775K functional characterization.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and R775K (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating R775K localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, R775K,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n=20 cells for TRPV4, 9 cells for R775K, and 6 for Tdtomato.

Additionally, no changes in the reversal potential were observed (Table 5.1). Thus, the
pharmacological activation of TRPV4-R775K indicates a successful and functional
expression in N2a”e!" cells.

Deflection-gated currents were recorded in N2aPe»!” cells overexpressing either TRPV4
or TRPV4-R775K with the pillar arrays technique. When binning the recordings, the
overall current-deflection responses were comparable with those in TRPV4 (Figure 5.25
A) (Kruskal Wallis **** p<0.0001). Consistently, the percentage of responsive cells
expressing the mutant (66,6%,8/12 cells) was also not different from that in TRPV4
expressing cells (88%, 16/18 cells) (Figure 5.25 B). The percentage of response per

stimuli was also similar in the two conditions (32.5 + 3.7% in TRPV4; and 28.2 + 7.8% in
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TRPV4-R775K (Figure 5.25 C). These data demonstrate that R775K mutation does not
modify the mechanosensitivity of TRPVA4.
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Figure 5.25. R775K evoked deflection-gated currents similar to TRPV4 channels.

(A) Deflection-current amplitude graph representing the response of N2aPew! celis transfected with TRPV4 (blue),
R775K (yellow), and tdTomato (gray). The overall response R775K was similar to TRPV4. Both were significantly
different from tdTomato. Kruskal-Wallis test ****p<0.001. Each small dot represents the value of individual peak
currents. Big circles show the mean + s.e.m of currents. (B) Percentage of cells that responded to pillar deflections.
TRPV4 88% (16/18 cells) was similar to 66,6% (8/12 cells) of R775K responsive cells. x? test ** p<0.01. (C) Comparison
of the percentage of response per total number of stimulations showing similar responses. Both TRPV4 (32.5 + 3.7%)
and R775K (28.2 + 7.8%) evoked similar responses. Kruskal-Wallis test, ***p<0.001, * p<0.05. (D) The average latency
of TRPV4 (2.5 + 0.2 ms) showing statistical differences in the per current sub-analysis compared to R775K (3.7+ 0.6
ms). (E) The time constant of activation (Tac) was faster for R775K (1.9 + 0.5 ms) compared with TRPV4 (2.9 + 0.5 ms).
(F) The time constant of inactivation (Tinact) Showed similar responses. For TRPV4 was 79.8 + 16.5 ms and for R775K
was 68.0 + 35.7 ms. A Nested t-test was used. * Represent differences in the sub analysis per current, ** p<0.01,
****p<0.001. All data is presented in ms as mean + s.e.m.

Nevertheless, evoked mechanosensitive currents in R775K displayed different kinetics

compared to TRPV4. When pooling all deflection-sensitive currents, a statistically

different delay in the latency in TRPV4-R775K was observed compared to TRPV4 (3.7+
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0.6 ms and 2.5 + 0.2 ms respectively). Additionally, the time constant of activation was
faster in the mutant (1.9 + 0.5ms) compared with TRPV4 (2.9 + 0.5 ms), and R775K
currents showed a time constant of inactivation similar to TRPV4 (68.0 + 35.7 ms and
79.8 £ 16.5 ms respectively) (Figure 5.25 D, E, F). Thus, R775K single point mutation is

sufficient to change the activation kinetics of TRPV4.

5.5.5. C777Y mutation changes the biophysical properties of TRPV4

Another naturally occurring TRPV4 mutation producing metatropic dysplasia is the
substitution of a Cystein 777 with Tyrosine (C777Y). We performed pillar arrays
experiments with this mutant to study how the mechanosensitivity of TRPV4 could be
affected. We first used a voltage step stimulation protocol while GSK1016790A (50 nM)
agonist application in order to verify the channel functionality. As shown in Figure 5.26
A, the IV relationship showed that both TRPV4 and C777Y mutant mediated similar large
currents when the TRPV4 agonist was applied (Figure 5.26). In addition, no changes in
the reversal potential were observed (Table 5.1). Thus, the pharmacological activation
of both channels demonstrates that TRPV4 and TRPV4-C777Y are functional in N2afe!-

cells.

We then performed pillar arrays experiments to investigate whether the
mechanosensitivity of mutated TRPV4 was affected. No differences in the amplitude-
deflection relationship between the mutant and TRPV4 were observed (Figure 5.27 A).
Accordingly, the percentage of responsive cells was similar in cells overexpressing
either TRPV4 (90.9%, 20/22 cells) or TRPV4-CT77Y (70%, 7/10 cells) (Figure 5.27 B). The
percentage of response was also not statistically different compared to TRPV4. Cells
overexpressing TRPV4-C777Y responded 24.6 + 7.9% from the total range of
stimulations, while TRPV4 responded 32.5 + 3.7% (Figure 5.27 C). Even though the
mechanosensitivity of the channel was not modified by C777Y mutation, we found a
difference in the kinetics of the evoked currents between the two conditions. The

latency of TRPV4-C777Y expressing cells was faster (1.7+ 0.5 ms) compared to cells
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overexpressing TRPV4 (2.5 + 0.2 ms) while the time constant of activation was slower
(TRPV4 2.9 + 0.5 ms; C777Y 3.6 + 0.8 ms). We did not see any differences in the time
constant of inactivation (Figure 5.27 E, F, G). Taken together these results suggest that

the expression of C777Y changes the kinetics of TRPV4-mediated currents.
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Figure 5.26. Membrane functional expression of TRPV4-C777Y.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and C777Y (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating C777Y localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, CT77Y,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n=20 cells for TRPV4, 12 cells for C777Y and 6 cells for Tdtomato
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Figure 5.27. TRPV4-C777Y mutation modifies the biophysical properties of TRPV4 deflection-gates
currents.

(A). Deflection-current amplitude graph showing no difference in the overall response of N2a"=/ cells transfected
with TRPV4(blue) CT77Y (yellow) and tdTomato (gray). Each small circle represents the value of individual peak
currents. Big circles show the mean * s.e.m of binned currents. Kruskal-Wallis test * p<0.05, ****p<0.001. (B) Stacked
histogram showing no differences in the percentage of responsive cells to deflection stimuliin C777Y 70% (7/10 cells)
compared to TRPV4 90.9% (20/22 cells) and tdTomato 27.2% (3/11cells).X? test. (C) Comparison to the percentage of
response per total number of stimulations, cells overexpressing in C777Y responded 24.6 + 7.9% from the total range
of stimulations, similar to the 32.5 + 3.7% of TRPV4 and 1.7 + 1.0 of tdTomato (Kruskal-Wallis, *p<0.05 **** p<0.001).
(D) The average latency of C777Y (1.7+ 0.5 ms) was faster compared to TRPV4 (2.5 + 0.2 ms). (E) The time constant of
activation of C777Y (3.6 + 0.8 ms) was statistically different compared toTRPV4 (2.9 + 0.5ms). (F) The time constant of
inactivation (Tinact) Showed similar responses. For TRPV4 was 79.8 + 16.5 ms and for C777Y was 118.6 + 34.3 ms. A
Nested t-test was used. * Represent differences in the analysis per current, *p<0.05, ****p<0.001. All data is presented
in ms as mean s.e.m.
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5.5.6. ET97K modifies the activation kinetics of TRPV4

Substitution of a Glutamic acid 797 with Lysine (E797K) in TRPV4 leads to severe
skeletal dysplasias (177). Previous studies have shown that E797K is enough to render
TRPV4 channel constitutively open while agonists activation, which could possibly
explain the physiopathology of the disease (68,106). To our knowledge, the mechanical
properties of TRPV4-E7T97K have never been characterized. Therefore, pillar array
experiments were performed on cells overexpressing either TRPV4 or TRPV4-E797K to

evaluate whether the mechanosensitivity of the channel has been modified.
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Figure 5.28. TRPV4-E797K functional characterization.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and E797K (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating E797K localization in
TRPV4 structure. Lower panel; I-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, E797K,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 15s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n=20 cells for TRPV4, 13 cells for E797K and 6 cells for Tdtomato.

We first verify membrane functional expression in cells overexpressing either TRPV4 or
TRPV4-E797K. A voltage step stimulation protocol was used while GSK1016790A
stimulation. The reversal potential was calculated before the agonist application and

no changes were observed (Table 5.1). Both cells overexpressing TRPV4 and TRPV4-
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E797K responded to GSK1016790A as shown in the current-voltage relationship graph
(Figure 5.28). Thus, TRPV4 and E797K express functional in N2aP'/ cells.
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Figure 5.29. E7T97K mutation modifies the deflection-gated current kinetics of TRPV4.

(M) Deflection-current amplitude graph showing no difference in the overall response of N2a"¢!/ cells transfected
with TRPV4(blue) E797K (yellow) and tdTomato (gray). E797K evoked similar deflection gated currents compared to
TRPV4. Each small circle represents the value of individual peak currents. Big circles show the mean + s.e.m of binned
currents. Kruskal-Wallis test * p<0.05, ****p<0.001. (B) Stacked histogram showing no differences in the percentage
of responsive cells to deflection stimuli in E7T97K 75% (9/12 cells) compared to TRPV4 90.9% (20/22 cells). X test. (C) A
decrease in the percentage of response was found in ET97K (17.73 + 4.3%) from the total range of stimulations, in
comparison to the 32.5 + 3.7% of TRPV4 and 1.7 + 1.0% of tdTomato (Kruskal-Wallis test, **** p<0.0001, ** p<0.01). (D)
The average latency of E797K (2.08 + 0. ms) was faster compared to TRPV4 (2.5 + 0.2 ms) in the nested sub-analysis.
(E) The time constant of activation of E797K (3.4 + 0.6 ms) was statistically different compared to TRPV4 (2.9 + 0.5 ms)
in the nested sub-analysis. (F) The time constant of inactivation was larger for E7T97K (129.5 + 53.7 ms) compared to
TRPV4 (79.8 + 16.59 ms) in the overall nested analysis. A Nested t-test was used. * Represent differences in the
analysis per current, *p<0.05, ****p<0.001. # Represent the overall analysis # p<0.05. All data is presented in ms as
mean +s.e.m.
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Interestingly, when binning the current-amplitude relationship, the deflection-gated
currents evoked by TRPV4-E797K were similar to TRPV4 expressing cells (Figure 5.29
A). The percentage of responsive cells observed in TRPV4-E797K overexpressing cells
was lower (75%,9/12 cells) compared to the number of responsive TRPV4 ones (90.9%,
20/22 cells) (Figure 5.29 B). Moreover, a statistically significant decrease in the
percentage of response per stimulation was found in TRPV4-E797K compared to TRPV4
expressing cells (17.73 +4.3% and 32.5 + 3.7% respectively) (Figure 5.29 C).

We also measured the biophysical properties of the currents evoked, the latency of
TRPV4-E797K (2.08 + 0.4 ms) was faster compared to TRPV4 (2.5 + 0.2 ms) and the time
constant of activation of TRPV4-E797K (3.4 + 0.6 ms) was statistically different
compared to TRPV4 (2.9 + 0.5 ms) in the nested sub-analysis (Figure 5.29 D, E, F). Thus,

single-point mutation E797K is enough to change the kinetics of TRPV4.

5.5.7. P799A modifies the biophysical properties of TRPV4.

P799A is one the most commonly mutated sites in TRPV4 causing skeletal dysplasias
and it has been proposed to be a gain of function mutation (174). Deflection-gated
currents were recorded in N2a”%” cells overexpressing either TRPV4 or TRPV4-P799A
with the pillar arrays technique in order to evaluate if the mechanosensitive properties
of the mutated receptor were modified. We first used voltage step stimulation protocol
while GSK1016790A agonist application to verify membrane functional expression in
cells overexpressing the P799A mutant. As shown in Figure 5.30 both TRPV4 and P799A
could evoke large GSK1016790A-dependent currents. Additionally, no changes in the
reversal potential were observed (Table 5.1). Thus, these data demonstrate that the

P799A variant is successfully expressed in N2a”e!/ cells and GSK1016790A -gated.
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Figure 5.30. TRPV4-P799A functional characterization.

(A). Representative traces of GSK101-induced currents in cells overexpressing TRPV4 (blue) and P799A (yellow) in
response to a voltage strep protocol during 200 ms test pulses of 20 mV steps from a holding potential of -60 mV in a
voltage range from -100 up to +120 mV. (B) Upper panel: Cartoon representation indicating E797K localization in
TRPV4 structure. Lower panel; |-V relationship plot of GSK101-induced currents in cells overexpressing TRPV4, P799A,
and tdTomato. GSK101-induced currents were obtained by subtraction of the currents before GSK101 application
from the currents at 30s GSK101 response. The average values of normalized currents (pA/pF) are plotted against
voltage. n=20 cells for TRPV4, 13 cells for P799A and 6 cells for Tdtomato.

We then characterized TRPV4-P799A mutant in the pillar arrays. When binning the
recordings, TRPV4-P799A evoked currents were as large as the ones found in TRPV4 wild
type (Figure 5.31 A). No differences were observed in the percentage of responsive
cells between TRPV4-P799A and TRPV4 (84.3% (10/12 cells) and 90.9% (20/22 cells)
respectively) (Figure 5.31 B). Accordingly, the percentage of response per stimulation
was comparable between the two groups of cells (P799A 27.19 + 8.1%; TRPV4 32.5 +
3.2%) (Figure 5.31 C). Interestingly, when calculating the biophysical properties, the
latencies of TRPV4-P799A (4.4 + 1.8 ms) were drastically slower and statistically
different compared to TRPV4 (2.9 + 0.5 ms). The time constant of activation of TRPV4-
P799A (6.2 £ 2.9 ms) was ~2-fold longer compared to TRPV4 (2.9 + 0.5 ms). The time
constant of inactivation showed similar responses (TRPV4 79.8 + 16.5ms, P799A 75.90 +
23.59 ms) (Figure 5.31 D, E, F). Thus, P799A does not change the mechanosensitive
properties of TRPV4 but modifies the activation kinetics of the channel to mechanical

stimuli.
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Figure 5.31, Characterization of mechanosensitive currents of the P799A mutant compared to
TRPV4 channels.

(A). Current amplitude-deflection graph representing the response of N2af=!/ cells transfected with TRPV4(Blue),
P799A (yellow), and tdTomato gray. P799A evoked comparable currents compare to TRPV4. Each small circle
represents the value of individual peak currents. Big circles show the mean * s.e.m of binned currents. Kruskal-Wallis
test ***p<0.01, ****p<0.001. (B) The Percentage of cells that responded to pillar deflection for PT99A was 84.3%
(10/12cells) which is similar to TRPV4 90.9% (20/22 cells). (C) Comparison to the percentage of response per total
number of stimulations, no differences were found in cells overexpressing P799A (27.19 + 8.1 ms) compared to TRPV4
(32.5 £ 3.2 ms). (Kruskal-Wallis test, *** p<0.001 **** p<0.0001). (D) The average latency of P799A (4.4 + 1.8 ms) was
slower and statistically different in the analysis per current compared to TRPV4 (2.5 + 0.2 ms). (E) The time constant
of activation (Ta«t) of P799A (6.2 + 2.9 ms) was longer compared to TRPV4 (2.9 + 0.5 ms). (F) The time constant of
inactivation (Tinact) showed similar responses. For TRPV4 was 79.8 + 16.5 and for P799A was 75.90 + 23.59. A Nested t-
test was used. * Represent differences in the analysis per current, ****p<0.001. All data is presented in ms as mean +
s.e.m.
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6. Discussion

6.1. TRPV4, a unique mechanosensitive channel among the TRP
vanilloid subfamily

TRP channels are polymodal, meaning they can transduce, receive, and integrate
multiple inputs, including mechanical forces. Many TRP channel members have been
suggested to be involved in mammalian mechanotransduction under different
physiological and pathological conditions such as TRPC1, TRPC3, TRPC6, TRPM3,
TRPM4, TRPM7, TRPN1(NompC) TRPP2, TRPV1, TRPV2, and TRPV4 (14,209). However, it
has been challenging to differentiate between inherently MA ion channels that act as a
force sensors themselves, and channels that are gated by second messengers
downstream of the true force sensor. Criteria to establish inherently MA ion channels
have been proposed such as 1) latencies faster than 5 ms; 2) activation kinetics must
depend on the amplitude of the stimulus (the larger the stimulus, the faster the channel
opening); 3) There must be a mechanical correlate of channel gating. This implies that
some specific domains of the channel and/or associated subunit have to move in
response to force (209). The TRP channel member NOMPC has been shown to fulfill
such criteria. As mentioned above (see 2.1.3 Force from filament model) NOMPC has
been shown to be gated by mechanical forces via a tether mechanism and by lipid
bilayer stretching (22,23). It is controversial whether TRPAl is inherently
mechanosensitive. While a study showed that mouse TRPAL1 is insensitive to membrane
stretch (127), more recently it was shown that human TRPA1 reconstituted in artificial

lipid bilayers is mechanosensitive using also membrane stretch (210).

From the vanilloid subfamily, TRPV4 has been the only inherently mechanosensitive ion
channel that accomplishes all the criteria. This work and previous studies have shown
direct mechanical activation of TRPV4 when deflecting the extracellular matrix with the
pillar array technique (10,38). Nevertheless, the mechanism on which TRPV4 is specially

activated by substrate deflection remained unknown. Therefore, we assumed that
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within the different TRPV4 domains, some specific regions sense the force and control
gating for mechanical activation of the channel. In addition, previous studies have
shown that TRPV4 fails to respond to mechanical activation when direct membrane
stretch (HSPC) or indentation stimuli are applied (10). Thus, TRPV4 only responds to
substrate deflection stimulation suggesting a specific mode of gating compared to
other MA-ion channels. The nature of the pillar array technique used in this work leads
us to hypothesize that TRPV4-specific domains must be interacting with ECM
components. Indeed, when the deflection is applied directly in the cell-substrate
interface all transmembrane force-sensing structures that are incorporated into the
substrate, ECM, or cell attachments remain preserved (48). In accordance, here we
demonstrated that TRPV4 mechanical activation depends on a Subtilisin-sensitive
extracellular matrix component(s). Additionally, we show that point mutations that
cause human disorders modify the mechanosensitive properties of TRPV4 suggesting a

role in the pathology of the human disease.

6.2. The S6 and C-terminus are the force-sensing domains of TRPV4

The present work provides experimental evidence that TRPV4 ability to sense
mechanical forces depends on structural features located in the S6 and C terminal
domains. By using a chimeric approach in which different domains of TRPV4 structure
were replaced with their homologous or corresponding regions of TRPV1, we were able

to define the minimal structural region that allows TRPV4 to be mechanosensitive.

We first confirmed that the chimeric constructs were functional by performing calcium
imaging experiments. N2a"e/- cells overexpressing TRPV4, TRPV1, and the chimeric
channels were perfused with the TRPV4 agonist GSK1016790A and subsequently with
the TRPV1 agonist Capsaicin. A GSK1016790A-induced cytosolic Ca?* increase was
observed in cells overexpressing TRPV4, NT V1/TMS V4, and NT+S1-V1/V4. The structure

of these channels contains the first two transmembrane domains of TRPV4 (S1 or S2, or
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both) where the agonist binds. The binding site configuration of GSK1016790A has been
predicted to be within residues S470, F524, and F549, which are located in the S1 and S2
domains (81,200,211). Additionally, TRPV1 and three more chimeric channels NT+S4-
V1/V4, NT+S5-V1/V4, and NT+S6-V1/V4 reacted to Capsaicin with a robust calcium influx.
In these chimeric constructs, the structure of TRPV4 was mostly replaced with TRPV1,
where the capsaicin-binding pocket is located. Indeed, the Cryo-EM structure of TRPV1
has demonstrated that the binding sites of capsaicin are located within the S3, S4
domains and S4-S5 linker, in residues such as Y511, S512, and T550. (140,201,212,213).
The chimeric constructs NT+S2-V1/V4, NT+S3-V1/V4, NT/TMS V1, CT V1/V4 failed to
respond to either capsaicin or GSK1016790A. In some of these chimeric constructs
(NT+S2-V1/V4, NT+S3-V1/V4) none of the corresponding domains containing the
binding sites for GSK1016790A or capsaicin were present within the structures, which
could explain the absence of calcium increase when performing the experiments.
Additionally, the chimeric nature of the channels could potentially affect the structure
and function, producing a folding defect that abrogates a critical interaction essential
for the coupling or trafficking to the membrane (15). Therefore, we performed
immunocytochemistry experiments to verify membrane localization and we were able
to confirm that all the constructs were efficiently transported to the plasma membrane.
This pattern of expression is consistent with previous studies where a fluorescent tag is
attached to the C-terminus in TRPV4 constructs in other heterologous systems such as

HEK293 and CHO cells (106).

We then addressed the mechanosenstive properties of TRPV4 by performing pillar array
experiments in N2APel/ cells. The ~95% of TRPV4 overexpressing cells exhibited
mechanically gated currents consistent with previous findings where HEK297 cells
overexpressing TRPV4 were stimulated with the same technique (10,38). Cells
overexpressing TRPV1 and tdTomato also displayed mechanically activated currents. In
this case, the amplitude size and the amount of responsive cells were three-fold less

compared to TRPV4. However, it has been shown previously that N2a”¢! cells evoke
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endogenous currents in pillar array experiments (202). Thus, the mechanosensitive
currents evoked by TRPV1 and tdTomato cells are mediated by other endogenous MA
ion channels which are expressed in the N2a”*%” cells. Previous studies have also

demonstrated that TRPV1 fails to respond to mechanical stimuli in neurons (50).

In order to define which domain of TRPV4 could be mechanosensitive, we next tested
whether substrate deflection in the pillar arrays assay could activate the chimeric
channels. We found that the N-terminus, S1, S2, S3, S4, and S5 transmembrane
domains of TRPV4 are not essential for the mechanical activation by substrate

deflection.

Surprisingly, when we performed experiments in NT+S6-V1/V4 where the only
remaining part of the TRPV4 structure was the C-terminus domain, we were still able to
evoke mechanical activated currents similar to the wild type TRPV4 channel.
Nevertheless, a partial reduction in the percentage of response per stimulation was
observed. However, NT+S6-V1/V4 did not show any statistically difference compared to
control conditions (p>0.05). We cannot exclude that these statistics findings are due to
the endogenous currents of N2a”** which limits this analysis. Nevertheless, these
findings indicate that the presence of the C-terminus of TRPV4 is essential and sufficient
to maintain TRPV4 mechanosensitivity. It has been previously proposed the C-terminus
is an autoinhibitory domain, which maintains the closed state of TRPV4 by electrostatic
interactions and potentiates its activity in a Ca*-CaM binding manner (102).
Furthermore, the C-terminal region of other MA ion channels like the Piezo proteins has
been shown to critically determine the mechanosensitive properties of the ion channels
(214). In addition, it was demonstrated that the C-terminal region of Piezol forms a
discrete pore module that might function as a bona finde mechanotransduction module

of Piezol (215,216).

Interestingly, when we performed experiments in cells overexpressing CT V1/V4 where
the C-terminus of TRPV4 was replaced with the corresponding region of the TRPV1

channel, we were still able to evoke currents similar to those observed in TRPV4-
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overexpressing cells. However, the percentage of responsive cells decreased to 60%
compared to the 90% of TRPV4 and the percentage of response was also lower and
statistically different compared to the wild type channel (17.1 vs 31.2 % respectively),
but surprisingly was also statistically different to TRPV1 and tdTomato (15% and 4.1 %
respectively). Thus, this suggests S6 domain also plays a role in TRPV4

mechanosensitivity. We base this conclusion on the following findings.

1) Even though the percentage of responsive cells expressing the CT V1/V4 channel
showed a significant decrease, we were still able to evoke mechanically activated

currents.

2) The CT V1/V4 is the only chimeric channel from all our constructs containing the S6

domain of TRPV4 with the C-terminus of TRPV1.

3) The only chimeric channel that maintained integrity in all the mechanosensitive
parameters measured was NT+S5-V1/V4. In this construct, the only parts remaining of

TRPV4 were the S6 and C-terminus domains.

Taken together, S6 and C-terminus domains render mechanosensitivity to TRPV4. In
order to confirm this interpretation, we performed pillar array experiments in NT V4/
TMS V1, a construct lacking the S6 and C-terminus domains of TRPV4. In the structure of
this chimeric channel, the N-terminus domain was the only remaining part of TRPV4.
The N-terminus of TRPV4 accounts for more than 50% of the total length of the channel
(see Figure 2.4) and it has been proposed to be the mechanosensitive module of
TRPV4 (86). Deletion of the ARDs dramatically impairs TRPV4 activity when hypoosmotic
stimulus is applied suggesting that the N-terminus contributes to the mechanical
properties of the channel relevant to cell swelling stimuli (73). However, TRPV4
activation by hypoosmotic stimulus takes place in seconds and is dependent on
secondary messengers such as phospholipase 2 (PLA2) and its subsequent

metabolization to 5',6'-epoxyeicosatrienoic acid (10,109). Additionally, the N-terminus
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mediated mechanotransduction in other TRP channels such as NOMPC or Piezo family

supports this idea (22,23,68,215,217).

When we recorded deflection-gated currents in N2a”¢1/ overexpressing NT V4/ TMS V1
we observed a dramatic decrease in all the parameters in the mechanically activated
currents compared to TRPV4. These data demonstrate that the mechanosensitivity of
TRPV4 is not conferred by the N-terminus and confirm that the S6 and C-terminal
domains are the mechanosensitive modules of TRPV4. Future experiments with a
construct where the S6 and C-terminal domains of TRPV4 are replaced with TRPV1

would be ideal to further support this conclusion.

Even though all the progress in the current knowledge about how MA ion channels
effectively convert mechanical force into selective cation permeation, it has been
challenging to characterize the structure-function relationships. Mechanosensitive ion
channels exist in every living system and belong to many different protein families(218).
Mechanical forces are manifested in many different forms, therefore evolution
developed different mechanisms to adapt to such forces. As a consequence, non-
specific force-sensing structural features, in this case mechanosensitive domains, have
been conserved by evolution (21,218). Successful determination of all the key structural
and functional components of the machinery significantly advances our understanding
of the pathophysiological relevance of MA ion channels. In this work, we present for the
first time evidence that the S6 and C-terminus domains of TRPV4 mediated channel

activity to directly gate the channel by force.

TRPV4 is the only inherently mechanosensitive ion channel from the TRPVs subfamily,
therefore TRPV4 must have structurally characteristic features and arrangements
located in S6 and C-terminus domains different from the vanilloid subfamily.
Remarkably, the Xenopus tropicalis Cryo-EM structure of TRPV4 described that the S6
domain intimately contacts the S3 domain for its entire length, and bulky hydrophobic
side chains from S3 and S6 interdigitate like a zipper, which is a unique feature of TRPV4

compared to other members of the TRPV family, this raises a possible novel mechanism
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of channel gating (77). In addition, the TRP helix which is located in the C-terminus is
strategically placed between the cytosolic and transmembrane domains, where

different intracellular components could exert their forces (77,78,96).

Furthermore, the C-terminus domain mediates several intracellular processes such as
protein folding and trafficking (99). This domain has been shown to interact with
several intra- and extracellular modulatory proteins that regulate channel activity and
surface expression. Studies have found that the C-terminus of TRPV4 interacts directly
with actin, microtubule cytoskeletal components, and associated proteins such as
MAP7. Additionally, it was proposed that the modulation of components such as tubulin
could affect the mechanical responses of TRPV4 when shear stress stimulation was
used (74,100). Moreover, it also has been reported that the disruption of actin and
microtubules does not affect TRPV4 channel activation when deflection stimuli are
applied with pillar array experiments (48). MA ion channels such as PIEZO1 are
dependent on an intact actin cytoskeleton to be able to be activated by substrate
deflection (25). However, the different mechanical stimuli being able to activate TRPV4

suggests that this ion channel displays different modes of activation.

Regardless, more research is needed to address different structural arrangements, the
packing interactions between subunits, and the possible mechanism in which the S6
and C-terminus domains are mediating mechanical forces. Studies with TRPV1/TRPV4
chimeric constructs with more localized site-specific replacements within the S6 and C-
terminus domains, deletions in the C-terminal domain, or double mutations in places of

interest could clarify how TRPV4 is gated directly by substrate deflections.

6.3. A tether-like protein is involved in TRPV4 mechanosensitivity

TRPV4 can be gated by substrate deflections when pillar stimuli are applied. In this
technique stimuli are applied subjacent to an intact cell-substrate interface. This means
that TRPV4 responds directly to mechanical inputs that are propagated to an adherent

cell via the physical surroundings such as extracellular matrix components (10,48).
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In this work, we assessed the possibility that extracellular component(s) may be
required for TRPV4 mechanogating. We performed pillar array experiments in N2aPfezt /-
overexpressing TRPV4 while applying the non-specific endopeptidase subtilisin to
subject cells to limited extracellular proteolysis. Subtilisin is able to disrupt the
extracellular matrix, but preserves cell integrity (204,219). This approach has been
previously a useful tool to characterize tether involvement in mechanotransduction
(204). When performing the experiments subtilisin abolished the mechanosensitive
currents of cells overexpressing TRPV4. The percentage of responsive cells was
dramatically decreased to 15% and the percentage of response was ~3.5-fold less

compared to non-treated cells.

These findings suggest that TRPV4 mechanosensitive domains (S6 and C-terminus)
might interact with molecular components that transmit force applied from the
substrate to open the channel. These components called here tethers are generally
coupled to the ECM or the cytoskeleton acting as a gating linker connected to the MA
ion channel. This mechanism has been described for other TRP mechanosensitive ion
channels like NOMPC which is gated by mechanical forces pulling on microtubules via

the ankyrin tether acting as a spring-like gating(23).

Similar to NOMPC, TRPV4 might be linked to the tether-like protein or a complex of
proteins. The tether-like protein must be subtilisin-sensitive, and a protein synthesized
by N2afeo or HEK293T cell lines. Mechanical activation by substrate deflection of
TRPV4 has been also demonstrated successfully in HEK293T in previous studies (10,48).
The tether-like protein is more likely a molecular component coming from the ECM
surrounding the cell or from the immediate lipid bilayer surrounding the channel. MA
ion channels activated by “force-from-filaments” could be also dependent on
intracellular structures such as cytoskeleton components, but as previously mentioned,
disruption of actin and microtubules does not affect TRPV4 activation by substrate
deflection (25). However, the S6 and C-terminal domains of TRPV4 could also interact

with non-cytoskeletal structures, but with other intracellular components. In fact, the
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C-terminus of TRPV4 is completely intracellular localized. Thereby, we cannot exclude

the possibility that subtilisin cleaves directly TRPV4 and abolishes mechanic sensitivity.

However, we show here for the first time evidence that tether-like protein might be
involved in the mechanosensitive machinery of TRPV4. Nevertheless, the question
remains, which tether-like protein modulates the mechanosensitive properties of
TRPV4? Based on other MA ion channels and already known interactors of TRPV4, some
assumptions could be made. ECM is a connecting structure, serving as external
scaffolding, cells are able to transmit mechanical forces by direct physical interaction
between the ECM components and MA ion channels (40). Integrins are other possible
explanation. Integrins act as receptors for ECM proteins, such as collagen, laminin, and
fibronectin (11). It has been shown that forces applied with magnetic beads to 1
integrins resulted in an ultrafast activation of TRPV4 in endothelial cells (87). In
accordance, a recent study demonstrated that TRPV4 may play a critical role in the
regulation of PB1 integrin expression and function. Additionally, the same study
demonstrated that the aV, 33, and a2 integrins are also regulated by TRPV4, suggesting
that TRPV4 influences matrix structure by regulating integrins (220).

The dystrophin-glycoprotein complex that connects with the ECM could play a role in
TRPV4 mechanical activation. This complex regulates other members of the TRP family
such as TRPV2 when it is activated by agonists, or TRPC1 in mechanotransduction
processes (221,222). In addition, the already known TRPV4 C-terminus interacting
proteins such as STIM1, MAP7 or CaM could play a role by forming a
mechanotransduction complex with ECM components (101,102,223). However, the use
of more specific endopeptidase, pull-down approaches, and proteomics experiments

could help to reveal the nature of functionally relevant tether-like protein(s).
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6.4. Disease-causing mutations affect TRPV4 mechanosensitivity

Point mutations in TRPV4 have been shown to lead to human hereditary disorders
including skeletal dysplasia and sensory neuropathies. More than 70 mutations have
been characterized (68,146). The amino acid residues affected in these disease-causing
mutations are localized throughout all domains of TRPV4 with no apparent correlation

with the disease phenotype.

The surprising number of disease-causing mutations together with the catastrophic
underlying phenotypes associated with a single ion channel, make TRPV4 an
exceptional channel among the TRP family (70). In addition, the ability of TRPV4 to be
gated by mechanical stimulus is a unique property among all the TRPV channels.
Therefore, we here investigated whether TRPV4 point mutations could influence the
mechanosensing properties of TRPV4. We generated a series of TRPV4 mutants with
point mutations specifically localized in the mechanosensitive domains of TRPV4. The
TRPV4 mutated variants generated in the S6 domain were T701l, L709M, and A716S,
while in the C-terminus they were T740l, R775K, C777Y, E797K, and P799A. These
specific mutations have been previously reported to be associated with pathological

conditions (Figure 5.15).

We first verified functionality by performing voltage-step protocol while opening the
channel with GSK1016790A (50nM). All the mutants responded to agonist stimulation,
confirming that the ion channels are functional and membrane-localized. Previous
studies in Xenopus oocytes have demonstrated that E797K and P799A mutations limit
activation by 1pM GSK1016790A compared to TRPV4 wild type. However, cells
expressing TRPV4 mutants still responded to agonist application in that study (189).
The difference in the concentration of the agonist used might explain why we were not

able to observe a decrease in GSK1016790A activation in the same mutant channels.

We also calculated the reversal potential before GSK1016790A application.
Interestingly, the only mutant that display a shift in the reversal potential was TRPV4-
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AT716S. The A716S mutation is located in the S6 domain within the pore forming
domains. It has been shown that mutations in the pore domains such as D672A and

D682A can change the ion selectivity of TRPV4 (79).

We then overexpressed the mutants in N2a”*%/ cells and pillar array experiments were
performed to test whether the point mutations could affect TRPV4 mechanosensitivity.
When calculating the main mechanosensitive parameters, the variants TRPV4-T701l,
TRPV4-RT75K, TRPV4-CT77Y, TRPV4-ET97K, and TRPV4-P799A evoked similar deflection
gated currents compared to TRPV4. To our knowledge no previous characterizations in
a heterologous system of T701l, R775K, and C777Y mutations have been reported. This
work shows for the first time, that those mutations do not modify the

mechanotransduction properties of the TRPV4 channel.

Furthermore, TRPV4-E797K and TRPV4-P799A also showed similar responses to wild
type TRPV4 in contrast to previous studies that have reported that both mutations are
gain-of-function mutations. P799 is a hot spot for TRPV4 causing different types of
skeletal dysplasias. Different variants have been reported including serine (P799S),
arginine (P799R), and leucine (P799L) substitutions. All the characterization in
heterologous systems have been performed with the leucine variant, assumptions can
be made when comparing with P799A. Patch clamp experiments performed in HEK293
cells overexpressing E797K and P799L mutant evoked higher activation when
application of the 4alphaPDD agonist compared to TRPV4 wild type (80). In addition,
studies in Xenopus oocytes overexpressing E797K and P799L mutants have shown
higher basal open probability which limits the sensitivity to stimulation with
GSK1016790A or hypotonicity (189). E7T97K and P799L mutations are immediately
upstream from the CaM binding site. As previously mentioned in this work, the CaM
binding domain is an autoinhibitory domain, and Ca? promotes TRPV4 opening
through CaM. It has been reported that both mutations reduced activation of Ca* -CaM
which produces the loss of an autoinhibition mediated by Ca* -CaM suggesting that

E797K and P799L are gain of function mutations (102,102).
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The differences between our results and previous studies can be explained by the
natural polymodality of the channel, different modes of activations lead to different
gaiting pathways. The different agonist binding sites are located throughout the TRPV4
channel protein. For instance, it has been reported that single point mutations in the S5
domain of TRPV4 (F617L and Y621L) elicited opposing gating effects in response to
different stimuli while the sensitivity to 4a-PDD is decreased but sensitivity to hypotonic

stimulation is increased (160).

In the variants TRPV4-L709M, TRPV4-A716S, and TRPV4-T740l were performed, a clear

decrease in the mechanosensitive properties of TRPV4 was observed.

Mutations in L709M lead to skeletal dysplasias (70,180). This mutation is localized in the
pore region in the S6 transmembrane domain of TRPV4. When performing pillar array
experiments, we found that TRPV4- L709M exhibited a drastic decrease in the overall
response and significantly smaller currents compared to cells overexpressing wild type
TRPV4 channels. Accordingly, the percentage of responsive cells was 50% compared to
the 88% observed in TRPV4-transfected cells. Thus, for the mechanosensitivity the

L709M is a loss-of-function mutation.

A716S mutations are located in the S6 domain within the pore of TRPV4, near the
narrowest point of the gate region which is formed by isoleucine 1715 (78). A716S is a
frequent mutation that produces Spondylometaphyseal dysplasias. Pillar array
experiments performed on the mutant TRPV4-A716S showed a dramatic decrease in the
amplitude of the deflection-gated currents compared to cells overexpressing wild type
TRPV4 channels. Consistently, just 60% of the cells responded, and the percentage of
response per pilus deflection was ~2-fold less and statistically different compared to
TRPVA4. Thus, A716S is a loss-of-function mutation. These findings are consistent with a
previous study that reported TRPV4-A716S as a loss of function mutation. In such a
study, calcium imaging experiments were performed in TRPV4-A716S mutant
overexpressed in HEK29 and the mutant was completely insensitive to stimulation with

4aPDD, cell swelling, or arachidonic acid(153).
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The T7401 mutation is located in the C-terminus of TRPV4, directly in the TRP helix. This
mutation leads to lethal metatropic dysplasia, one of the most severe TRPV4-related
diseases. Interestingly, when performing pillar array experiments, the deflection-gated
currents evoked in TRPV4-T7401 and the percentage of response per total number of
stimulations were similar to the one measured in TRPV4 wild type expressing cells.
Nevertheless, the percentage of responsive cells to the mechanical stimuli was only
58.3% in TRPV4-T7401 overexpressing cells compared to the 90.9% found in TRPV4 ones.
The Xenopus tropicallis cryo-EM structure of TRPV4 describes that conceptually,
conformational perturbations in the TRP helix where the T7401 mutation is located

could directly influence the S6 gate.

Together, these data show evidence for the first time, that TRPV4 diseases-causing-
mutations localized in the S6 domain (L709M and A716S) are loss-of-function mutations
and that mutations in the C-terminus domain (T7401) change the mechanosensitivity of
the ion channel. Thus, the loss of mechanosensitivty of TRPV4 could be directly causing
the physiopathology of the diseases associated by these mutations. Sianati et al. 2021
performed pillar array experiments in cells expressing either TRPV4-S824D or TRPV4-
S824A. Mutations in S824 do not produce human diseases, but S824 is an important
phosphorylation site that enhances the activation of TRPV4 in response to different
stimuli such as 4-aPDD or heat (224). The study demonstrated that both mutations were
more sensitive to mechanical stimuli, while TRPV4-S824D mimicked constitutive

phosphorylation, S824A prevented the phosphorylation of TRPV4.

Our findings that mutations in L709M, A716S, and T740I localized in the S6 and C-
terminus domains of TRPV4 change the mechanosensitivity of the ion channels, support
the idea that these domains are the force-sensing domains of TRPV4. One of the
limitations of this work is that we did not examinate point mutations localized in other
domains of TRPV4. However, the previous report of Sianati et al. 2021 also

demonstrated that arthropathy-associated mutations located in the N-terminus of
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TRPV4 such as -G270V, -R271P, and -F273L did not change the mechanosensitivity of
TRPV4.

6.5 Physiopathological implications of TRPV4 mutations in skeletal
dysplasias

An interesting finding of this work is that both TRPV4 mechanosensitivity loss-of-
function mutations, L709M and A716S, lead to Spondylometaphyseal dysplasia
Kozlowski type (177). In addition, A716S is also associated with Brachyolmia type 3,
another type of dysplasia (70,180). Many of the TRPV4 mutations that cause skeletal
dysplasia are gain-of-function mutations. Studies have suggested that the
pathophysiology related to many skeletal dysplasias might be mediated by TRPV4-
induced Ca? overload and toxicity. Indeed, many skeletal dysplasias-causing mutations
also have a gain-of-function phenotype (70,153,180). Nevertheless, studies have shown
no apparent correlation between channel activity after overexpression and disease
pattern or severity (70). For instance, this work and previous studies have
demonstrated that mutations producing Brachyolmia such as A716S are loss-of-
function mutations (153) Furthermore, mutations producing arthropathies such as
Familial digital arthropathy-brachydactyly (FDAB) cause a decrease in channel function

by preventing normal trafficking of TRPV4 to the membrane (171).

Additionally, in this work we found that the T7401 mutation decreased the
mechanosensitivity of TRPV4. Mutations in T7401 lead to metatropic dysplasia with fetal
akinesia. This finding is consistent with a previous study performed in an iPSC line
differentiated into chondrocytes where the TRPV4 mutation V620I, which also leads to
metatropic dysplasia, decreases mechanosensing properties of cartilage matrix in
chondrogenesis (225). Thus, it is questionable that Ca?*-induced cytotoxicity is a general

pathophysiological mechanism leading to skeletal dysplasias.

The disease-causing mutations of TRPV4 are complex. A fundamental issue is whether

the mutant channels are loss-of-function or gain-of-function to be able to understand
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the origin of skeletal dysplasias remains unknown. Humans carrying those mutations
often develop catastrophic phenotypes. On the other hand, the TRPV4 knockout mice
develop only minor phenotypes (161). For instance, TRPV4" mice develop joint
degradation which leads to osteoarthritis, but an increase in bone density which
suppresses osteoporosis. Individuals carrying TRPV4 mutations causing skeletal
dysplasias can often develop degenerative joint disease and osteoporosis
(207,225,226). Thus, it seems that the deletion of TRPV4 could be compensated by other
components, possibly ion channels, that modulate the phenotype in the knockout. This
is simply supported by the fact that TRPV4 knockout models survive. The global
knockout of other MA ion channel-causing diseases (including dysplasias and
arthropathies) such as Piezol leads to embryonic lethality (227,228). Furthermore, the
polymodality of the TRPV4 channel raises the possibility that several signaling

pathways affected by the mutations are involved.

Together, the lack of correlation between localization of the mutation, the causing
diseases, and the severity of the phenotype, together with the fact that two or more
TRPV4 mutations are often found within the same patient, suggest that the
physiopathology of TRPV4-related diseases are tissue-type specific and context-

dependent.

In this work, we show for the first time that the mutations L709M, A716S, and T740I
which cause skeletal dysplasias, lead to a decrease in the channel function in the
context of mechanosensitivity. While the specific details on the mechanisms of how
mutated TRPV4 activity leads to Skeletal dysplasia caused by mutations are still being

elucidated, the role of TRPV4 mechanosensitivity has not been explored until this work.

It is difficult to translate how the mechanical properties of TRPV4 could lead to such
specific phenotypes in humans. However, mutations in other MA ion channels like
Piezol and Piezo2 that impair mechanosensitive properties leads to human diseases.
Interestingly, those diseases in general share many similarities in the clinical

presentation to those caused by TRPV4. For example, joint contractures, scoliosis, short
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stature, ocular abnormalities, and atrophy predominantly of the distal lower limbs,
among others. (202,228-230). Thus, the mechanosensitivity of MA ion channels, when

mutated, plays a role in developmental human diseases.

However, one important question remains. How do single point mutations decrease the
mechanosensitivity of TRPV4? One possibility is that the mutation is affecting an
important interaction within subunits essential for proper channel function. The
mutations affected in this work L709M, A716S, and T740I, are relevant localized near the
narrowest point of the gate within the pore, and in the TRP helix which could explain
the loss of function. These two regions are positioned to orchestrate conformational
changes between subunits which could be affecting the mechanosensitivity of the

channel (77).

Our results demonstrated that a tether-like protein modulates the mechanosensitive
properties of TRPV4. Another possibility is that mutations disrupt the functional
interplay between TRPV4 and the tether-like protein(s). Recently it was shown that
most residues involved in the interactions between TRPV4 and the small GTPase Rhoa
are subject of disease-causing mutations in TRPV4, and when mutated disrupt normal
TRPV4-RhoA functional interactions (78,92). Thus, it is likely that L709M, A716S, and
T7401 mutations affect directly or indirectly the interactions with tether-like protein and
disrupt the ion channel-dependent scaffolding function of TRPV4. The possibility that
mutations directly affect the interface with the interacting tether-like protein could also
explain the differences between the biophysical properties of the mutants
characterized in this work. Most of the mutants showed differences in the latencies and
T.e compared to TRPV4. Changes in the latencies indicate either inhibition or
facilitation of the force transfer to the channel to activate it or suggest a physical
rupture of channel domains in the membrane(48,231). Slower activation time constants
suggest that the transfer of force to the channel is inhibited (48). Thus, disruption of the
force transferred from the tether-like protein to TRPV4 could modify the biophysical

properties. However further studies are needed to test this idea.
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The possible explanation mentioned above highlight the mechanosensitive properties
of TRPV4 channel as an intriguing target for therapeutic interventions for hereditary
human diseases. However, the results of this work are a first approach to study
mechanosensitive properties of TRPV4 and how it participates in the pathophysiology.
Efforts are needed to understand the underlying mechanisms. This study was
performed in N2a”*" 3 mouse neuroblastoma cell line. In addition, the constructs
used were from mouse TRPV4. Experiments performed with human TRPV4 constructs
are needed to give more insights into the findings of this work. However, human and
mouse TRPV4 are highly conserved. Mouse models with TRPV4 point mutations could
be also useful to obtain a deeper understanding of the mechanisms that underlie
human phenotypes. For instance, knock-in mice models for disease-causing mutations
for Piezo2 have shown to present a similar phenotype as the orthologous human
mutations (202). Additionally, more functional characterizations of different mutations
considering structural features, possible tether mechanism, tissue-type specific, and
context-dependent are needed to reveal all the mechanisms underlying the

pathophysiology of TRPV4 disease-causing mutations.
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7.3 Abbreviations

ARD
ATP
CAM
CBD
CD98hc
CDH23
CMT2C
Cryo-EM
DNA
DRG
ECM

Erev
FDAB
GFP
HEK-293
hiPSC
HSPC
IA

MA
MET
ms
MscL
N2a

nM

Nm
NOMP
pA

Ankyrin Domain Repeats
Adenosine Triphosphate
Calmodulin-Binding Domain

Calmodulin-Binding Domain

Transmembrane Solute Carrier Family 3 Member 2

Cadherin 23

Charcot-Marie-Tooth Disease Type 2c
Cryo-Elctron Micoscopy
Deoxyribonucleic Acid

Dorsal Root Ganglia

Extracellular Matrix

Reversal Potential

Familial Digital Arthropathy-Brachydactyly
Green Florecence Protein

Human Embryonic Kidney Cells 293
Human Induced Pluripotent Stem Cells
High-Speed Pressure Clamp
Intermediate Adapting

Mechanically Activated lon Channels
Mechano-Electrical Transduction
Millisecond

Mechanosensitive Channel Large Conductance
Neuro 2a Cells

Nanomolar

Nanmometer

NO-Mechano-Potential

Picoampere
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PACSIN Protein Kinase C And Casein Kinase Substrate In Neurons

PCDH15 Protocadherin 15

PCR Polymerase Chain Reaction

PIP2 Phosphatidylinositol-4,5-Biphosphate

PLA2 Phospholipase 2

PLL Poly-L-Lysine

PRD Proline-Rich Domai

RA Rapidly Adapting

RE Recording Electrode

ROS Reactive Oxygen Species

s.e.m Standard Error Of The Mean

SA Slowly Adapting

SMDK Spondylometaphyseal Dysplasia Kozlowski Type
STIM1 Stromal Interaction Molecule 1

STOML3 Stomatin-Like Protein-3

Tact Time Constant Of Activation

TGF Transforming Growth Factor

Tinac Time Constant Of Inactivation

T™MC Transmembrane Channel-Like Proteins

TREK Potassium Channel Subfamily K Membe

TRP Transient Receptor Potential

TRPA1 Transient Receptor Potential Cation Channel Subfamily A Member 1
TRPV Transient Receptor Potential Vanilloid Sub-Type
TRPV1 Transient Receptor Potential Vanilloid Type 1
TRPV4 Transient Receptor Potential Vanilloid Type 4
VGICs Voltage-Gated lon Channels
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